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Abstract

Among particulate photocatalysts, particulate TiO; has been used for long time as hydrogen
evolution catalyst. TiO; is abundant, robust and shows high UV photocatalytic activity. For
practical application, however, using solar light instead of UV is highly desirable. The transition
from UV to solar sensitization of TiO; is challenging and often results in sluggish Ha production.
Therefore, design and construction of efficient solar TiO> catalysts is still a primary goal of
work in the field. Intrinsically, low solar photocatalytic activity of TiO, can be tackled either
with doping or nanostructuring, thus improving the solar light harvesting or charge carrier
dynamics. Here, doping and nanostructuring principles in design of efficient solar TiO;
catalysts are studied on self-doped TiO; and rutile needle catalysts. The self-doped TiO, were
synthesized in the reaction between TiO, and sodium-potassium alloy while rutile needles
were prepared from titanium-tetraisopropoxide (TTIP) under acidic conditions. Both
syntheses were run at room temperature. Structural characterization reveals that self-doped
TiO2 adopts hybrid TiO,@Ti**/TiO.@TiO- structure with disordered layer embedded between
TiO; crystalline core and TiO; overlayer, where formed Ti3* ions are in the disordered layer. In
contrast, rutile needles are pure phase rutile crystalline TiO,. However, in needles the
anisotropic crystal growth at temperature of 200 °C is observed that preferentially occurs
along crystal c-axis and triggers morphology change from needle to plate. Study of optical
properties confirms that band gaps in rutile needles are around 3 eV, typical for rutile
polymorph, while light harvesting of self-doped TiO; is greatly enhanced by introduction of
Ti3* in-band electronic states 1.3 eV below conduction band. Thus, these states enhance
working solar spectrum of self-doped TiO>. Common for both TiO, materials, though, is that
they do not expose Ti3* ions or oxygen vacancies at their surfaces. When solar H, production
performance is compared, the rutile needles synthesized under optimized conditions were 30
times as active as an optimized self-doped TiO; catalyst. Also, rutile needle catalyst performs
3 and 4.5 times better comparing with nanoparticulate TiO2 P25 and rutile TiO, benchmarks,
respectively. Finally, correlation of structure and activity in self-doped TiO2 reveals that nature
and spatial distribution of Ti* ions are primary determinants of solar H, production. Even
though Ti3* ions improve working solar spectrum, they also hamper charge carrier dynamics
by introducing new recombination centers, which apparently influences photocatalysis more.
On the other hand, effective shortening of bulk charge carrier diffusion path by
nanostructuring is proven to be the key for improved transport of photogenerated electrons
leading to efficient solar H, production with rutile structures. Thus, well-structured defect-
free TiO, catalysts that separate photogenerated electrons and holes efficiently are good
candidates for H, production under solar light. Alternatively, doped-TiO, structures with
enhanced solar light harvesting can be considered for solar H, production if subsurface
transformation that typically occurs during doping is circumvented.






Zusammenfassung

Unter den partikelférmigen Photokatalysatoren wird seit langem partikelformiges TiO; als
Katalysator fiir die Wasserstoffentwicklung verwendet. TiO; ist reichlich vorhanden, robust
und zeigt eine hohe UV-photokatalytische Aktivitat. Fir die praktische Anwendung ist jedoch
die Verwendung von Sonnenlicht anstelle von UV-Licht héchst wiinschenswert. Der Ubergang
von der UV- zur Sonnensensibilisierung von TiO; ist eine Herausforderung und fiihrt oft zu
einer langsamen Hx-Produktion. Daher sind das Design und die Konstruktion von effizienten
Solar-TiO;-Katalysatoren nach wie vor das Hauptziel der Forschung auf diesem Gebiet. Die
geringe solare photokatalytische Aktivitdt von TiO, kann an entweder durch Dotierung oder
Nanostrukturierung angegangen werden, wodurch die Sonnenlichtaufnahme oder die
Ladungstragerdynamik  verbessert  werden. Hier  werden Dotierungs-  und
Nanostrukturierungsprinzipien beim Design effizienter Solar-TiO,-Katalysatoren an
selbstdotierten TiO2- und Rutil-Nadelkatalysatoren untersucht. Das selbstdotierte TiO, wurde
in der Reaktion zwischen TiO2 und einer Natrium-Kalium-Legierung synthetisiert, wahrend
Rutil-Nadeln aus TTIP unter sauren Bedingungen hergestellt wurden. Beide Synthesen wurden
bei Raumtemperatur durchgefiihrt. Die strukturelle Charakterisierung zeigt, dass
selbstdotiertes TiO2 eine TiO,@Ti3*/TiO.@TiO,-Hybridstruktur mit einer ungeordneten
Schicht annimmt, die zwischen dem kristallinen TiO2-Kern und der TiO2-Deckschicht
eingebettet ist, wobei sich die gebildeten Ti**-lonen in der ungeordneten Schicht befinden. Im
Gegensatz dazu sind Rutil-Nadeln kristallines Rutil-TiO; in reiner Phase. In Nadeln wird jedoch
anisotropes Kristallwachstum bei einer Temperatur von 200 °C beobachtet, das vorzugsweise
entlang der Kristall-c-Achse auftritt und eine Morphologieanderung von der Nadel zur Platte
auslost. Die Untersuchung der optischen Eigenschaften bestétigt, dass die Bandlicken in Rutil-
Nadeln etwa 3 eV betragen, was typisch fiir Rutilpolymorphe ist, wiahrend die Lichtsammlung
von selbstdotiertem TiO> durch die Einfiihrung von Ti3*-elektronischen Zustianden im Band 1,3
eV unterhalb des Leitungsbands stark verbessert wird. Somit verbessern diese Zustande den
nutzbaren Anteil des Sonnenspektrums von selbstdotiertem TiO,. Beiden TiO>-Materialien ist
jedoch gemeinsam, dass sie keine Ti**-lonen oder Sauerstoffleerstellen an ihren Oberflichen
freilegen. Beim Vergleich der solaren Hj-Produktionsleistung waren die unter optimierten
Bedingungen synthetisierten Rutilnadeln 30-mal so aktiv wie ein optimierter selbstdotierter
TiO-Katalysator. AuRerdem schneidet der Rutil-Nadelkatalysator 3- bzw. 4,5-mal besser ab
im Vergleich zu nanopartikuldaren TiO2 P25- bzw. Rutil-TiO2-Benchmarks. SchlieRlich zeigt die
Korrelation von Struktur und Aktivitdt in selbstdotiertem TiO,, dass Ti**-lonen unter der
Oberflache im Volumen die primare Determinante der solaren H,-Produktion sind. Obwohl
Ti3*-lonen den nutzbaren Anteil des Sonnenspektrums vergréRern, behindern sie auch die
Dynamik der Ladungstrager, indem sie neue Rekombinationszentren einfiihren, was die
Photokatalyse offensichtlich starker beeinflusst. Andererseits hat sich die effektive
Verkirzung des Diffusionsweges der Volumenladungstrager durch Nanostrukturierung als
Schliussel zur effizienten solaren H;-Produktion mit Rutilstrukturen erwiesen. Daher sind gut



strukturierte, defektfreie TiO,-Katalysatoren, die photogenerierte Elektronen und Locher
effizient trennen, gute Kandidaten fiir die H,-Produktion unter Sonnenlicht. Alternativ kénnen
dotierte TiO,-Strukturen mit verbesserter Sonnenlichternte fiir die solare H;-Produktion in
Betracht gezogen werden, wenn die Umstrukturierung unter der Oberfliche, die
typischerweise wahrend des Dotierens auftritt, umgangen wird.
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1. Introduction

1.1 Hydrogen — power of the future

The ever-increasing demand for energy results in massive use of fossil fuels and rapid
depletion of the natural reservoirs. The energy in fossil fuels such as coal, oil and natural gas
is stored in chemical bonds and it can be released by their combustion, generating carbon
dioxide (CO3) as a side-product. In 2021 CO; emission worldwide was determined to be 36.3
Gt, the amount of anthropogenic CO; that cannot be captured by the natural carbon cycle,
but instead it accumulates as gaseous CO> in the atmosphere.> 2 As a result, the atmospheric
CO2 concentration increased from 278 ppm at the beginning of the industrial revolution
(around 1750) to 416 ppm in September 2022.%> 4 Elevated concentrations of atmospheric
greenhouse gases (GHGs), particularly CO,, have affected the global environment, causing
climate deviations and threatening the biodiversity.> If world population keeps growing at the
present rate, it is estimated that by the year 2050 the global need for energy will almost
double.® Hence, the need to develop renewable energy resources that do not rely on fossil
fuels becomes inevitable. Solar energy has attracted interest as one such sustainable and clean
energy source. The annual solar irradiation that reaches the earth is estimated to 1.5X10%8
kWh, exceeding global energy consumption by a factor of more than 1X10%’ Hence, it is
obvious that solar light bears an enormous potential to be employed for energy generation
and chemical energy storage.® Among strategies for solar energy conversion, solar hydrogen
(Hz2) production is an attractive way to convert solar energy and store it in Hz, an energy dense
chemical. Hz is an ideal fuel to enable a successful global net zero economy. It has a gravimetric
energy density more than twice than that of conventional fuels like diesel, gasoline, and
natural gas and Hz is a lightweight energy carrier that can be converted to electricity and water
by fuel cells.® However, as of now most of the hydrogen is produced from non-renewable
sources such as natural gas by steam reforming of methane, technologies having significant
CO; footprints.'® Alternatively, H, can be produced by photovoltaic-assisted electrolysis (PV-
E), photocatalysis and photoelectrochemical (PEC) cells, though, not cost-effectively. Based on
techno-economic analyses, the cost of H, produced from renewable resources is predicted to
be the lowest in a photocatalytic system with particulate catalyst.!* Such approach even shows
potential to meet the hydrogen price set by the United States Department of Energy.'’ 12 At
first place the photocatalysis owes its market potential in H> production due to the low
operational cost comparing with either PV-E or PEC.'3 Furthermore, photocatalysis allows the
use of a broad range of raw materials for H, production from water to biomass, thus opening-
up new opportunities for switching from fossil fuels to hydrogen economy.4



1.2 Heterogeneous photocatalysis

In a classical catalysis, reaction kinetics is improved by lowering the activation barrier of the
reaction via an energetically more favorable reaction pathway. Thus, by definition, catalysts
can catalyze only a thermodynamically spontaneous reactions, referred often as downbhill.
Downbhill reactions are those reactions where the change of Gibbs free energy is negative (AGo
< 0). In photocatalysis, light of a specific wavelength is utilized for chemical reactions. The
photons bear excess energy which is then transferred to the photocatalyst. Therefore, beside
downhill reaction photocatalysts can often facilitate reactions with positive change of Gibbs
energy (uphill reaction). A typical example for uphill reactions is water splitting into hydrogen
and oxygen, which will be further discussed.'® Since uphill reactions are inherently non-
spontaneous without energy input of light, similarly to the natural photosynthesis, they are
sometimes called “artificial photosynthesis” in the literature.'® The ability of photocatalysts
to activate reactions with positive change in Gibbs energy is based on spatial separation of the
oxidation and reduction half reactions, generation and inclusion of electronically excited state
in the reaction pathway.!” Therefore, the complex nature of the reactions in a practical sense
is setting numerous requirements on the semiconducting photocatalyst: not only does it have
to absorb maximum amount of the solar spectrum to generate photoexcited charge carriers,
efficiently separate and transfer them to the surface but it has also to expose active catalytic
sites on the surface where redox reactions occur and to allow for optimal adsorption and
desorption of reactants and reaction products, respectively. In the following these aspects of
heterogeneous photocatalyst will be explained in more detail.

1.2.1 Light absorption, solar spectrum and air mass

Photocatalysis starts with the activation of photocatalyst through the illumination with light
of specific wavelengths. Semiconductors are very often used as heterogeneous
photocatalysts. In semiconductors, absorption of photon of energy higher than the band gap
between conduction band (CB) and valence band (VB) excites the electron from VB to the CB
while leaving the positive hole in VB. Ideally, the light that is required for heterogeneous
photocatalytic processes should be provided by solar irradiation. As already mentioned, the
sun irradiation bears an enormous energy potential. By every fusion reaction of protons into
helium that occurs in the sun a net energy of 26.7 MeV is generated according to equation
1.1:

41HY +2e” > *He?* +2v,+6Y (eg. 1.1)



where H* is a proton, e is an electron, *He?* is a helium, ue is an electron neutrino, and y is a
gamma ray photon.

The nuclear reactions proceed with a loss of sun mass at a rate of 4X103 kgs™, where the sun
mass is estimated to be around 2X10%° kg.'* The solar radiation is relatively uniform in the
space. However, the terrestrial sunlight radiation intensity fluctuates periodically due to earth
motion. Furthermore, it depends on the characteristics of the atmosphere, where factors like
latitude, declination, weather conditions should be taken into consideration (fig 1, left).'8 In
general, the longer the path lengths the light traverses through terrestrial atmosphere, the
larger the loss of the sunlight due to scattering and absorption. Therefore, the solar radiation
that reaches the earth’s surface without being absorbed or scattered is called direct radiation.
Otherwise, it is called diffuse radiation. Solar radiation in the vacuum considering the absence
of the atmosphere is conventionally measured at the distance of 1 UA (astronomical unit,
representing the average sun-earth distance of 1.5X10° km). The radiation outside the
atmosphere at 1 UA is 1.367 kWm™. This is called a solar constant. On earth surface, the
average radiation is attenuated to about 1 kwm=.%°

Zenith

200 -

K/— Extraterrestial radiation

Direct radiation, AM = 1.5 B

Lo}

Specific irradiance [Wm-2 nm-1]

0.0 T R Y.L T AP B I
500 1000 1500 2000 2500 3000

Wavelength, A [nm]

Figure 1. Comparison of extraterrestial and direct AM 1.5 solar irradiation spectrum (left).
Reproduced from’ ©2011 CRC Press; the visual representation of AM 0, AM 1, and AM 1.5
(right). Reproduced from'® ©2021 Elsevier

A measure of attenuation of light by the atmosphere is air mass (AM) and relates to the optical
path length through the atmosphere determined by the zenith angle (fig. 1, right). The AM can
be calculated according to equation 1.2:

1

AM = cos (eq.1.2)

where Cis the angle between the overhead and actual position of the sun (solar zenith angle).
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Accordingly, due to the lack of the atmosphere, the AM value in vacuum is zero. In the case
the sun is at a zenith light traverses the shortest path through atmosphere and AM = 1, while
for the solar zenith angle of 48.2 degrees the AM equals 1.5. AM 1.5 was introduced in the
1970s based on a solar irradiation analysis, describing well the overall annual average,
considering the variation of the earth-sun distance with season. Ever since the AM 1.5
spectrum is indispensable in standard photovoltaic and solar energy conversion tests.

1.2.2 Band structure and Fermi level

An important criterion to characterize solid materials is their electrical conductivity, which is
related to the distribution of electrons in the material. Solids can be considered as a network
of atoms, in which their number determines behavior and properties of the material.
According to molecular orbital theory, molecular orbitals (MOs) are formed by a linear
combination of atomic orbitals (AOs) in a way that the number of formed MOs equals to the
number of contributing AOs. Furthermore, according to the Pauli principle of exclusion two
electrons cannot be identical, which means that at least one quantum number out of four has
to be different. Therefore, the larger the number of atoms that material is consisted of, the
larger the overlapping of electronic states and smaller the energy difference between VB and
CB. In a semiconductor at 0 K all filled states form the VB while the unoccupied states form
CB. The ratio between the number of filled energy levels (ngjeq) to the number of total energy
levels (nyotg;) as a function of temperature in a semiconductor is described by Fermi-Dirac
statistics (eq. 1.3):’

Nfilled 1 (eq. 13)
- — eqg. 1.
Niotal 1+ e% a

where Ef is Fermi level and k is the Boltzmann constant.

In materials at T > OK these energy bands may either overlap or be separated, resulting in
electronic structures of metals, semiconductors, or insulators (fig. 2, top). For semiconductors
and insulators, VB and CB are separated by the band gap (AEg), which defines the energy that
is required to excite an electron form VB into CB. In photocatalysis, for instance, if a VB
electron can be excited with a UV/Vis photon, then material is considered to be a
semiconductor. Otherwise, it is regarded as insulator.

Apart from the band structure, a relevant parameter of semiconductors is the position of the
Fermi level within the band gap. From a perspective of thermodynamics, the Fermi level will
describe the electrochemical potential of electrons in the solid.” In the case that the
semiconductor material has the same effective densities of states in the CB and VB, the Fermi
level is located on the half way from VB and CB and the material is referred to as an intrinsic

4



semiconductor. However, when the semiconductor is, for example doped, the position of the
Fermi level may differ in terms of the properties of the doping element (fig. 2, bottom). Thus,
if the dopant accepts electrons from the semiconductor this results in the shift of the Fermi
level closer to the VB, yielding an excess of positive charge and making the material a p-type
semiconductor. Conversely, when the dopant donates electrons to the semiconductor the
Fermi level is than pushed closer to the CB due to the excess negative charge resulting in an
n-type semiconductor.

. Insulator
Semiconductor

Metal

Intrinsic p-type n-type
semiconductor semiconductor semiconductor

Figure 2. Band models for metal, semiconductor, and insulator (top) and positions of Fermi
level in intrinsic, p-type, and n-type semiconductors (bottom). Teal, orange and blue
rectangles represent valence band, conduction band and Fermi level, respectively.

1.2.3 Thermodynamic aspects of heterogeneous photocatalysis

Electrons from VB can be photoexcited into CB if a spectral energy greater
than the band gap of the semiconductor is applied, leaving positively charged holes in the VB
(fig. 3, top left). Regardless of the energy state within the conduction band which the electron
is excited to, it will instantaneously relax to the bottom of the conduction band.?° Thus, the
most important states from the photocatalysis point of view are conduction band minimum
(CBM), in the case of TiO, made up by the Ti 3d states, and valence band maximum (VBM),
made up by O 2p states.?! The optical transitions in semiconductors are often classified in two
groups, direct and indirect transitions. In the case that transition does not require a change in
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momentum, it is referred as being direct. Conversely, the indirect transition beside photon
also requires an additional phonon.??

After the charge carriers are photogenerated it is most desirable that the excited carriers
become spatially separated and migrate to the surface of the semiconductor, where they can
take part in a charge transfer reaction with adsorbed species (fig. 3, right). However, charge
transfer competes with charge recombination, phenomena where oppositely charged carriers
react with each other whereupon they lose their potential for chemical reaction. Charge
recombination can already occur in the bulk of the semiconductor, known as volume
recombination (VR), or it can happen on the surface of the semiconductor, known as surface
recombination (SR). A variety of factors such as charge carrier concentration, their mobility,
defect density, trapping properties and electrical fields can influence the rate of
recombination in a semiconductor.?®> Therefore, a material dependent quantity of the
recombination probability, “diffusion length”, is introduced to describe the average distance
that charge carriers can migrate before a recombination event occurs.?* In this respect, it may
be beneficial to use nanomaterials for photocatalysis: if the particle size is smaller, then the
distance that the charge carriers need to migrate before they reach the surface is shorter and
the ratio with respect to the diffusion length is more favorable.?> Alternatively, it may be
possible to improve charge transport by doping the semiconductor.?® Then the charge carriers
can migrate over larger distances having a higher chance to reach the semiconductor surface.
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Figure 3. Schematic representation of the processes occurring in heterogeneous
photocatalysis. Adapted from?°



To carry out redox reactions, the involved energy levels should be positioned in the proper
way to make reduction and oxidation reactions thermodynamically feasible (fig. 3, bottom
left). The thermodynamic requirement for spontaneous electron flow is that the electron
always has to fall down to a lower energy level.?? Applied to photocatalysis, the principle
implies that a reduction reaction on the surface of the semiconductor is feasible if the excited
electron is at a more negative potential than the acceptor level of the molecule to be reduced,
while for the oxidation reaction the electron in the donor level of the molecule to be oxidized
has to be at a more negative potential to fill up the hole in the semiconductor valence band.
This is usually described in the way that it is necessary that the band edges straddle the redox
potentials of the desired reaction.?? Apart for thermodynamics, due to the kinetic barriers it
is often needed that an overpotential for the oxidation or reduction reaction is applied. An
active photocatalyst reduces the required overpotential, however, running the reactions
without any overpotential is not possible even in the case of the best catalysts.?

When excited, the overall concentration of charge carriers in the semiconductor can increase,
leading to a non-equilibrated thermodynamic potential. In that case positions of the CBM and
VBM should not be taken as a definite factor that describes the feasibility of the reaction, but
instead quasi-Fermi-levels related to the electrons Erx and holes Erp should be considered
instead (fig. 2, bottom).” The quasi-Fermi-levels align to Er with increasing distance from the
surface of the semiconductor due to the low penetration depth of photons into a
semiconductor, so that the excitation is limited to the volume close to the surface of the
material.?! In some cases, however, the concentration of majority carriers consisting of
electrons in the case of n-type semiconductors or holes in case of p-type semiconductors, is
not significantly increased due to the excitation. For this reason taking the position of the band
edges for thermodynamic feasibility of the reaction is a good approximation, especially in the
case of Ti0,.%!

1.2.4 Mass transport

Apart from the requirement that charge carriers have to exist sufficiently long and reach the
semiconductor’s surface, they need to be used for a specific chemical reaction at a catalytically
active site on the surface that adsorbs the reactants, stabilizes the reaction intermediates, and
desorbs the reaction products. Thus, the overall heterogeneous catalytic process includes not
only the photophysical aspect but also mass transport.?’ The mass transport on the
heterogeneous catalyst in liquid phase can be presented with 5 principal steps: (1) transport
of the reactant through the fluid bulk to the boundary layer, (2) diffusion of the reactant
through the boundary layer to the surface of the catalyst and adsorption on the active catalytic
site, (3) catalytic surface reaction, (4) desorption of the product from the surface of the
catalyst and diffusion through the boundary layer and (5) transport of the product back into
the fluid bulk (fig. 4).



Heterogeneous catalysts often possess structural diversity with a plethora of different
structural and electronic arrangements of surface atoms that are potentially favorable to
direct the reaction to the desired pathway. The active sites are not necessarily located at ideal
crystal surfaces, but instead they can be found at a defective site or even at a motif such as
vacancies, kinks, and steps. In general, common for all the defective sites is that atoms at such
sites are undercoordinated.?® The more atoms the site is missing, the higher the affinity of the
atoms to fill up their coordination spheres by adsorption. However, adsorption strength for
reactants and reaction products should be tailored with special care, otherwise the overall
reaction can be adversely affected. For example, in the case that a reactant is bonded weakly
to the catalyst surface, it may result in a lack of the reactant for the reaction leading to an
inefficient catalytic process. On the other hand, if a reactant is bonded to strongly to the
surface of the catalyst, the catalyst can become poisoned by the reactant, preventing the
reaction to occur. Finally, in the case where products are adsorbed too strongly to the surface
of the catalyst, active sites at the catalyst surface cannot be re-formed for the next catalytic
cycle, resulting in the inactivation of the catalyst.

Figure 4. Schematic representation of an overall heterogeneous catalytic process at a
catalyst surface. Black and teal spheres represent the catalyst surface and catalytically active
site. Red and blue spheres are reactant and reaction product, respectively. Small blue
spheres build a boundary layer. The arrow indicates the direction of the catalytic process.
Adapted from?’



1.3 TiO; as a photocatalyst

TiO2 is one of the most researched metal oxide semiconductor materials. It is naturally
abundant, accessible and does not pose environmental risk. Due to its high refractive index,
more than half of the produced TiO; is used for pigments and coatings. TiO; shows
extraordinary optical and electrical properties, as well as high tolerance towards a wide range
of application conditions, which pave its way to advanced technology applications such as
water and air purification, gas sensing, photovoltaics and photocatalysis.

After five decades from the first specific utilization of TiO, properties in photocatalysis that
was introduced in Honda’s and Fujishima’s pioneering work in the field of water splitting, this
first generation of TiO»-based materials was then further explored for its performance in e.g.,
CO; reduction.?® 3° Since then, TiO, has been utilized in heterogeneous photocatalysis also as
promotor, additive and supporting material.?®

Among the three photocatalytically most relevant polymorphs of titanium
dioxide, rutile, anatase, and brookite, anatase is believed to be the photocatalytically most
active one.?! It possesses a tetragonal crystal structure and can be regarded as a heavy n-type
semiconductor, mainly due to its numerous defect sites. Anatase has long-lived
photogenerated charge carriers and can be easily synthesized in sub-10 nm range which are
considered as the main driving forces for efficient photocatalysis. However, long-lived holes
in rutile TiO, are beneficial, for example, in a multi-hole process such as water oxidation.3!
Beside structure and charge dynamics, TiO2 properties such as band gap and band positions
are important parameters in determining if this photochemical system is suitable for the given
reaction.? 32 Therefore, this chapter will introduce the crystal phases of TiO,, solar light
harvesting by TiO,, charge carrier dynamics, trapping, recombination as well as a concept of
TiO2 band bending .

1.3.1 Crystal phases of TiO;

TiO2 crystals are based on different spatial stacking arrangement of Ti polyhedra, with six- to
nine-fold coordinated titanium cations with oxygen atoms forming in total 11 polymorphs of
TiO.33 Beside the three photocatalytically relevant polymorphs, rutile, anatase and brookite,
TiO; has 3 more crystalline forms that are stable at atmospheric pressure: TiO; (B), hollandite-
like TiO2 (H), ramsdellite-like TiO2 (R) as well as five high-pressure TiO; phases: columbite-like
TiO2 (ll), baddeleyte-like TiO2 (Ol), cotunnite-like TiO, (Oll), and fluorite-like cubic phases.
Among the TiO; polymorphs, the rutile phase is the most common phase that appears in
nature.” The natural rutile crystals are usually impure, which greatly limits their application.
Pure synthetic rutile TiO, can be produced on industrial scale from ilmenite (FeTiOs) by the
9



chloride or sulfate process.” In the chloride process FeTiOs is chlorinated to TiCls, further
purified and burned to TiO;. In the sulfate process, instead, FeTiOs is dissolved in sulfuric acid,
whereby titanyl sulfate is formed and precipitated. Afterwards a calcination step to TiO; is
conducted. Alternatively, rutile TiO; can be produced from anatase by thermal treatment.3*
The enthalpy of formation increases in the order AH¢(rutile) < AH¢(brookite) <AH¢(anatase),
while the surface energy reveals the reverse trend.3® The latter induces an effect on the crystal
formation especially for very small particles. On this account, it is proposed that TiO; particles
less than 11 nm in size are thermodynamically the most stable as anatase, between 11 and 35
nm as brookite, and at sizes greater than 35 nm as rutile.3® Furthermore, the synthesis of pure
phases can be limited by impurities consisting of the other phases which is typically the case
with brookite. Therefore, only bulk and surface crystal structure of rutile and anatase
polymorphs will be further discussed.

1.3.1.1 Rutile TiO:

Rutile crystals are formed by chains of distorted TiOs octahedra where each Ti atom is
surrounded by 6 oxygen atoms. Rutile has a tetragonal structure with space Dan® — P4,/mnm
space group (fig. 5, top left). A unit cell of rutile TiO2 contains two TiO; units. Each O atom is
coordinated to three Ti atoms through one long (apical) and two short (equatorial) bonds. The
stacking of the octahedra in rutile is shown in fig. 5, bottom left. Here, each TiOs octahedron
is in contact with 10 neighbors, with two of them sharing oxygen edge pairs while with eight
sharing corner oxygen atoms. In this way rutile forms channels along the c-crystal axis.3” The
density of the rutile phase is 4.25 gcm™3. The channels allow intercalation of small atoms into
the TiO, framework such as alkaline metals. Intercalation compounds are formed with lithium
(ionic radius of 76 pm) and sodium (102 pm) due to the size match with the channel
diameter.383% |n the case of potassium (138 pm), which is significantly bigger than either Li or
Na, intercalation in rutile and, generally in TiO>, does not occur.3®

The shape of rutile crystals plays a role in determining the surface termination (fig. 5, right).
Generally, atoms in crystal bulk are coordinatively saturated, while atoms at the crystal
surface may be undercoordinated. The degree of undercoordination of atoms as well as the
share of undercoordinated atoms in the surface structure depends on its geometry (fig. 6).
The most stable surface of a rutile crystal is a (110) surface.?® It exposes two different kinds of
Ti atoms, coordinatively saturated Tisc atoms, and Tisc atoms that have one dangling bond
perpendicular to the surface. Furthermore, it exposes fully coordinated Osc and
undercoordinated Ozc. The Osc atoms lie within the main surface plane, while the O,c atoms
are projected out of the plane. The Oyc atoms are considered to be removed easily, for
instance, by thermal annealing which results in the formation of Tisc point defects and causes
an increase in surface energy.*® The surface, however, tends to release the excess energy by
e.g. water adsorption, by which reduced Ti3*(Tisc) atoms are reoxidized.*
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The undefective (110) surface in rutile does not dissociate water. Water dissociation is only
observed on surface defect sites and it has been shown that dissociation on such sites is
exothermic.*>% The reactivity of the (110) surface can be explained as follows: water
molecules adsorbs on Tisc surface atoms regardless if the surface is perfect or not, in the way
that O-H bonds point away from the surface. In the case of an undefective surface, the
distance between the hydrogen atoms in a water molecule and a bridging O,c atom projected
out of the surface plane exceeds 3 angstroms. Thus, this does not allow the development of
hydrogen-bonding interactions between the water hydrogen atoms and bridging oxygen
atoms.*® These interactions facilitate the proton transfer, thus promoting the dissociation of
water. Comparing with the undefective case, defective (110) surface adsorbs water molecule
on Tisc atoms located at oxygen vacant site, allows hydrogen-bonding and promotes water
dissociation.

% & s
$o

Figure 5. Unit cell (top left) and spatial arrangement of TiOs octahedra (bottom left) in rutile

TiO2. Reproduced from*® © 2014 American Chemical Society. Equilibrium crystal shape of
rutile TiO, through the Wulff construction and the evolved other shapes of rutile TiO; (right).
Reproduced from*” © 2014 American Chemical Society

Beside (110) surface, (100) surface constructs the body of the rutile crystal. It is more
corrugated than the (110) orientation. It consists of Tisc atoms in the center of the oxygen
truncated octahedra, ridges of O,c atoms in the uppermost layer, and Osc atoms at a level
lower than that of the Tisc atoms.*C It resembles a periodic array of ridges and troughs parallel
to the (001) direction. Water adsorbs on the stoichiometric (100) surface associatively, while
adsorption tends to be dissociative on a surface rich in Ti3* ions.*°
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The cap of the rutile crystal can be terminated with various surfaces. Among them following
surfaces are common: (101), (011), (111), (001).%8 The content of undercoordinated atoms in
these surfaces is higher compared with the surfaces making the body of the crystals. They
usually expose Tiac, Tisc, O2c and Osc atoms, where dissociative water adsorption is more
probable to occur than the associative.*°

Figure 6. Schematic representation of rutile (110), (100), (101), (011) and (001) ideal surfaces.
Reproduced from?® © 2014 American Chemical Society

The stability of the crystal surface can be explained in terms of unsaturation density and

surface energy. The unsaturation density is defined as the number of the broken bonds per

nm? of the surface titanium and oxygen atoms relative to their bulk coordination (Tisc and

Osc). The unsaturation density calculated for the (110), (100), (101), and (001) surface are

10.23, 14.4,15.59, and 18.5, respectively.*® These unsaturation density values correspond well

to the calculated surface energies that predicts an increase in energy in the following order:
12



(110) < (100) < (011) < (001).%® %0 On this account, it can be concluded that surfaces at the
crystal body are more stable comparing with the surfaces exposed at the crystal cap.

1.3.1.2 Anatase TiO2 and anatase-rutile mixed-phase TiO;

Like in rutile, the anatase phase is formed by chains of distorted TiOe octahedra where each
Ti atom is surrounded by 6 oxygen atoms. It has a tetragonal structure with Dan!® — 141/amd
space group (fig. 7, left). In the anatase phase, the conventional unit cell is composed of four
TiO2 units. Each O atom is coordinated to three Ti atoms lying in the same plane through one
long (apical) and two short (equatorial) bonds. In anatase, the TiOs octahedron is in contact
with eight neighbors, with four sharing an edge and with another four sharing a corner. By
this, 3D framework structure is formed with the distorted cubic close-packed oxygen lattice.3’
The density of anatase is 3.89 gcm=, which makes it less dense than the rutile phase.
Moreover, the anatase structure offers 2D diffusion paths along both a- and b-axes for Na
diffusion, making the Na intercalation into anatase more feasible comparing with rutile
polymorph that allows intercalation only along c-axis.”! Beside the bulk structure of the
crystal, the energy state of exposed crystal surfaces may be relevant in promoting
intercalation.>® For example, it was found that the (101) surface, which exhibits low energy
density, hinders sodium uptake, while the surfaces of intermediate energy, such as (100),
seemed favorable for the intercalation.>? >3

The anatase nanocrystals usually expose (101), (100), (001), (110), and (103) surfaces. Most of
the shapes, however, exhibit the (101) and the (001) surfaces, which are of high concern in
terms of application of anatase TiO, for instance, in catalysis. Nevertheless, all anatase
surfaces exhibit undercoordination.*® For example, (101) surface exposes both Tisc and Tigc,
as well as Ozc and Osc. On the (001) face, Tisc, O2c and Osc are exposed, while Tiac and Oyc are
exposed on the first layer of the (110) surface. Following the principle of unsaturation density,
the calculated surface energies in an anatase crystal are proposed to increase in the order:
(101), (100), (103)taceted, (001), (103)smooth, and (110) surface, indicating that the (101) surface
is the most stable one. >#>6

A very prominent type of polycrystalline titania is a titania composed of anatase and rutile
phases. The most important mixed-phase titania formulation is AEROXIDE® TiO, P25
(abbreviated: P25). Originally, it is produced by Degussa, now part of Evonik Industries. P25
shows high photocatalytic activity for a range of reactions and possesses remarkable stability
against corrosion.3% 5758 Given its high potential in photocatalysis, effort has been made to
determine the phase composition as well as interface connections between anatase and
rutile. On one hand, a general consensus considers P25 as a powder with variable phase
composition.>® Typically, it consists of anatase and rutile in the ratio 80:20 to 70:30. Moreover,
some small amounts of amorphous phases have also been found in P25.%° On the other hand,
the exact character of interface and charge flow are not fully understood yet. It was proposed
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that P25 consists of a unique microcrystalline structure, where the anatase crystallites are in
an intimate contact to an overlayer of rutile or an anatase-rutile interparticle contact is
established.?% 81 Conversely, it was also shown that P25 contains separated particles, where
either the anatase or the rutile structure exists.®2 However, as in most of the cases, the truth
might be somewhere in between. Most likely, individual anatase and rutile particles comprise
the majority of P25, but also minor amounts of anatase-rutile heterojunction structures could
be formed.®® Nevertheless, the anatase-rutile interface and band alignment can direct the
charge flow in the mixed-phase TiO;, thus influencing the charge separation and
photocatalytic activity. Initially, a type-Il (rutile) band alignment was suggested, which
considers transfer of photogenerated electrons from anatase to rutile, and the transfer of
photogenerated holes from rutile to anatase.®* More recently, a type-ll (anatase) band
alignment has been reported as well. Here, the electrons flow from rutile to anatase, with
holes moving in the opposite direction.®> ¢ Despite the fact that fundamentals of P25 remain
controversial up to now, P25 is still one of the most widely applied TiO2 catalysts, often serving
as a benchmark. However, clarification of the structure-function relationship of P25 will be an
impetus for understanding of TiO; behavior in photocatalytic reactions and will allow
knowledge-guided design of TiO; catalysts in the future.

\
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Figure 7. Unit cell (left) and spatial arrangement of TiOs octahedra (middle) in anatase TiO.
Reproduced from*® © 2014 American Chemical Society. Equilibrium crystal shape of anatase
TiO2 through the Wulff construction and the evolved other shapes of anatase TiO; (right).
Reproduced from*” © 2014 American Chemical Society

1.3.2 Solar light harvesting by TiO»

With a bandgap of 3.2 eV, anatase TiO; has a light absorption onset at 384 nm. Such light falls

in the ultraviolet spectral region and limits efficient solar light utilization by TiO,. Poor light
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utilization decreases its solar photocatalytic activity as well.32 Therefore, the light harvesting
ability of TiO; has been often modulated via bandgap engineering by e.g. TiO, doping. The
doping of TiO2 with both, non-metals and metals, has been extensively investigated in the
past. 876° The VB of TiO; is composed of O 2p orbitals and the CB is formed from Ti 3d orbitals.
Thus, doping with non-metals and metals will affect the band structure differently. TiO, doping
with anions usually affect the VB and introduces impurity states within the bandgap at
different energy levels depending on the dopant.”? For example, TiO, doping with nitrogen
introduces N 2p electronic states that are almost fully localized on N atoms and lie few tenths
of an eV above the VB of TiO,.”* Moreover, doping with two nonmetal elements or a
combination of nonmetals and metals have been demonstrated to enhance the visible light
absorption of TiO> material.”?7* In the case of metal doping, Ti** cations in TiO, are replaced,
typically with other transition-metal cations, and electronic states of dopants are introduced
within the TiO, band gap. The in-band state can then act as an electron donor or electron
acceptor, thus enhancing light harvesting ability of doped TiO2. In Cr3*-doped TiO,, for
instance, the visible light absorption is attributed to the photoinduced transition of Cr3* 3d
electrons into CB of TiO,.”®> Similar to the nonmetals, TiO, doping with two metals has been
found beneficial for TiOz light harvesting.”® However, despite being beneficial in terms of light
harvesting, the doping with foreign elements often reduces the efficiency of TiO;
photocatalytic activity. The acknowledged challenges regarding the doped-TiO2 includes
material’s instability and introduction of deep localized levels that act as charge carrier
recombination centers.”” Furthermore, the thermodynamic and kinetic inability of such states
to participate in the redox reactions have been recognized as factors as well.””- 78

A new paradigm in TiO2 doping has been introduced by self-doping.”® The self-doping, in
general, implies doping of the materials with the same atom that composes the material, but
in a different oxidation state. In the case of TiO,, self-doping introduces Ti3* cations on the
expense of Ti* sites, also introducing disorder into the TiO, framework. Moreover, the Ti3*
states form new energy states 0.8 to 1.2 eV below CB of TiO,, responsible for the blue color of
the self-doped TiO,. The reduction of Ti* to Ti** cation is given by following equation:

Ti*" + e~ - Ti3* (eq. 1.4)

Electrons necessary for Ti** reduction to Ti3* state can be typically provided either by
treatment of TiO; in reducing atmosphere at high temperatures and pressures, or by a
reaction with reducing agents, although methods such as vacuum annealing, high energy
particle bombardment or combustion have been also applied.”®#3 For practical application,
strategies relying on reducing atmosphere or particle bombardment have limitations in the
way that complicated and expensive facilities are often required. Therefore, a more
convenient approach employing a reducing agent can in prospective fill the gap. Moreover,
the selection of reducing reagents that can facilitate Ti** reduction to Ti3* is rather broad. For
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example, hydride-based inorganic reductants such as NaBHa or hydrogen-free active metals
like Li, Na, Mg, Al have been employed.8% 848 Experimental conditions for TiO; self-doping
depend on the potential of the reducing agent. Thus, Mg or Al need higher temperatures to
facilitate Ti** to Ti** transition due to their lower reducing ability, while alkaline metals possess
enough reducing power to run the reaction already at room temperature. Although it can be
expected that self-doped TiO, are not stable materials under storage or operational
conditions, in fact, they show high stability against Ti3* reoxidation as well as color bleaching.
81, 86, 87 As mentioned previously, the self-doping of TiO, unlocks visible and near-IR light
absorption of the material due to the favorable position of the Ti3* states within the bandgap,
making self-doped TiO; one of the best known solar light absorbers amongst TiO; materials,
with a light absorption that covers over 60% of the whole solar spectrum.® Also, self-doped
TiO; exhibits high photocatalytic activity e.g. for solar H, production.”® 81,84-86,90 |n general, in
self-doped TiO, the influence of doping except with Ti3* is often neglected, due to the
convenience of capturing excess electrons by Ti** centers. However, doping with, for instance,
used reducing agent could be a reason for the high stability and good photocatalytic
performance of self-doped TiOs.

Choosing TiO, polymorphs with more favorable optical properties such as rutile can be an
alternative approach to TiO2 doping. The bandgap in rutile is 3.0 eV, 0.2 eV narrower than that
of anatase TiO,. The energy of 3.0 eV corresponds to the light absorption onset at 410 nm.
Therefore, in comparison with anatase, the absorption onset in rutile is 25 nm red-shifted. The
main drawback of rutile TiO, despite being the most thermodynamically stable polymorph
with promising light harvesting capabilities, is fast recombination of the photogenerated
charge carriers, which hinders its application in photocatalysis.’’®®* The charge carrier
recombination in TiOz and strategies for its improvement will be discussed next.

1.3.3 Charge carrier dynamics, trapping and recombination

Band-gap illumination of TiO; results in the photogeneration of charge carriers (eq. 1.5). The
charge carrier generation is a very fast process taking place at femtosecond scale.®® Afterward,
carriers can follow one of the following scenarios: freely move through the crystal; couple with
the crystal lattice (eq. 1.6-1.7); or annihilate by recombination (eq. 1.8).° ®* For instance, free
electrons can interact with Ti 3d orbitals of lattice Ti** ions forming Ti** ions. Charge-phonon
interactions are usually referred to as polarons, and depending on the degree of charge
localization small or large polarons form.** The configuration of a small polaron implies that
the coupled electron resides in close proximity of the trapping lattice site. Moreover, the small
polaron can be activated e.g., thermally or optically, when it starts to exhibit hopping mobility.
In the case that electron hopping occurs over a large number of lattice sites, such polaronic
configuration is then considered to be a large polaron. The energy required to activate a small
polaron describes the strength of charge-phonon interactions. In the case that thermal energy
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is sufficient for activation, the small polaron is considered as a shallow trap. Conversely, the
small polaron is a deep trap if optical energy is necessary for its activation.

Photogeneration of charge carriers:

TiO, + hv - e~ + h* (eq. 1.5)
Trapping of electrons:
A
e” + Ti** - Tigl:rallow - e}_lopping (eq. 1.6)
hy (eq.1.7)

- 4+ 3+ -
e” + Ti"" - Tldeep = €hopping

Bulk charge recombination:

= +
€bulk/shallow/deep + hgy = A/hv (eq. 1.8)

In TiOy, a considerable amount of photogenerated charge carriers spontaneously recombine
directly or at the trapping sites releasing the excess energy in the form of heat or light.
Although the recombination can occur in the bulk or at the surface, the bulk recombination is
rather dominant pathway in Ti0,.°% 9 The charge carrier lifetimes and decay kinetics strongly
depend on the TiO; crystal phase. In anatase electrons show slow nonexponential decay
kinetics with a fraction of long-lived electrons that can survive more than 1 ms.?> ?3 On one
hand, the slower decay kinetics is assigned to a bimolecular mechanism, where two fully
dissociated charge carriers directly recombine.’> °> On the other hand, a multiple-trapping-
dominated charge transport mechanism that involves shallow trapping states has been
suggested to allow electrons to avoid quick recombination.®? °3 Based on this mechanism, it is
expected that the use of nanoparticles may be beneficial to prolong charge carrier lifetimes,
since nanoparticles have a higher defect density comparing with e.g. defect-free single
crystals.?® In the case of rutile, electrons and holes exhibit fast exponential decay kinetics.*?
Thus, photogenerated charge carriers in rutile live shorter than in anatase, and free electrons
live shorter comparing with holes.? %6 |n fact, free electrons become deeply trapped within
few picoseconds presumably due to the high density of bulk defects. 23 %% 97.98 Then, trapped
electrons in form of small or large polarons recombine with free holes. °® Hence, unlike for
anatase, reducing the number of crystal defects is considered an effective way to suppress
recombination in rutile.®® Alternatively, charge carrier dynamics can be improved by
decreasing the size of the rutile particles.”?

If charge carriers evade unfavorable trapping and recombination the valence band holes and
conduction band electrons migrate to the catalyst’s surface. There, they can initiate interfacial
charge transfer to a surface adsorbed acceptor or donor molecule by redox reactions or
undergo surface charge recombination (eq. 1.9-1.11). From a catalytic point of view, the
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longer lifetime of free electrons in anatase is beneficial for the reactions where electron
transfer is involved, while deep electron trapping in rutile in most of the cases fails to increase
the overall activity even if lifetime of the holes is prolonged.

Redox reaction at the surface of the catalyst:
eour + A > A” (eq. 1.9)

ht,+ D - D* (eq. 1.10)

Surface charge recombination:

st + . .
€surface T hsurface - A/hv (eq. 1.11)

1.3.4 Band bending in TiO2

The band bending model strives to explain a behavior of electronic bands near interfaces.
According to the model, bands would be flat in a stoichiometric and clean semiconductor.
However, in practice that often is not the case. The band bending can be induced by e.g.,
deviation from stoichiometry, adsorption and desorption processes, light illumination, and
metal-semiconductor interfaces. Afterwards, a redistribution of the charges within the
semiconducting material occurs causing a non-equilibrated state.!® To reestablish the
equilibrium, electrons start to migrate from the surface to the bulk of the semiconductor, a
phenomenon known as downward band bending, and from the bulk to the surface, which is
referred to as upward band bending.?3 Eventually, the band bending can impact the separation
and migration of charge carriers in a semiconductor as well as across the interface with an
adsorbate and a co-catalyst, which could be beneficial for better understanding photocatalytic
processes.0!

The clean TiO; surface in the dark is considered to be non-stoichiometric due to the
undercoordinated surface atoms.?® Such defects can be understood as unpaired electrons that
predominantly reside in Ti 3d orbitals in form of Ti** cations, acting as donor-like states.*% %4
As a consequence, electrons accumulate in the space charge region (accumulation layer) of
TiO; inducing the downward band bending.?® However, as soon as TiO; is exposed to the
ambient atmosphere, the adsorption of present water can occur. As already discussed, water
adsorption at TiO; surface is strongly dependent on the structure of the surface. Thus, in case
water adsorbs associatively at the TiO; surface, no charge transfer is expected to happen.?
The effect is ascribed to the low electronegativity of H,0 (<4.5 eV).192 The water dissociation
occurs only in the presence of Tisc on oxygen vacant site by a charge transfer from the 3d Ti
orbitals of Ti3* to the molecular orbitals of OH.19 Based on this, it can be concluded that
dissociative adsorption of gas phase water at TiO; surface leads to upward band bending due
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to the formation of negatively charged species at the surface and thus to the decrease of
charge carrier density in the space charge layer.?® Therefore, the direction in which bands are
bent strongly depends on the surface composition.

When TiO; is illuminated with a light of energy higher than its band gap, photogenerated
charge carriers are created in the outer surface region of the material due to the limited light
penetration.?! In the space charge region, charge carrier recombination is less likely to occur
since electrons and holes move in different directions due to the near surface electric field.
Upon continuous illumination the bands flatten resulting in the annihilation of the electric
field. On one hand side the band flattening can be explained as a surface effect due to the
move of free electrons to the bulk, while free holes accumulate at the surface where the
negative charge is neutralized.'°* Alternatively, it can be explained by a band shifting in the
bulk region, as the number of electrons increases in the bulk upon illumination.?3
Nevertheless, the TiO; behavior under illumination could indicate that photogenerated
electrons in pure TiO2 may not be available directly at the surface which negatively affects
reduction reactions. The accumulation of electrons in TiO, occurs through formation of Ti3*
ions that gradually turn the color of TiO, from white to blue.10> 106

bulk surface

Figure 8. Influence of Pt particle on photogenerated charge carrier dynamics in TiO2. The red
and green spheres represent CB electron and VB hole, respectively. The straight arrow
indicates the direction of CB electron transfer due to the Schottky barrier, and the dotted
arrow indicates the actual transfer to the Pt contact. Adapted from?3

The accumulation of electrons could be mitigated, for instance, if the surface of TiO2 is brought
in contact with noble metals. During the in-situ photodeposition of metal particles, the growth
of particles onto the TiO; surface is driven by the reduction of metal ions with photogenerated
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electrons under photocatalytic conditions. A typical example of such a system is the
combination of Pt and TiO,.

Based on the Schottky barrier model, photogenerated electrons would be expected to be
repelled from the interface due to the accumulation of holes in the charge space layer.?
Nevertheless, this combination is, in fact, catalytically active and often serves as a
photocatalyst for H, production. It has been shown for Pt/TiO; that both trapped electrons
and free bulk electrons migrate to the Pt contact and thus to the TiO; surface. 197198 Moreover,
the probability of electron migration from TiO, to Pt enhances as the Pt coverage increases.'®’
The same conclusion can be applied for the Pt/TiO, P25 catalysts, that is that Pt facilitates
electron transfer from P25 allowing subsequent reduction reaction of protons to occur.®
However, the electron migration never reaches unity, since residual Ti®* ions can be detected
in Pt/Ti0,.1%° Nevertheless, the deviation from Schottky-type electrical contact in the Pt/TiO>
catalyst may occur due to the small contact area at the co-catalyst/semiconductor interface

that cannot effectively generate electric field.*

1.4 Hydrogen production by heterogeneous photocatalysis on TiO;

The utilization of sunlight to produce hydrogen via photocatalysis holds a great promise for
scale-up of renewable energy. Since the first report on hydrogen production from water with
TiO2-based photoelectrochemical cell, the concept of hydrogen production was quickly
extended to particulate photocatalysis as well as hydrogen production from water/alcohol
mixtures.?> 110 111 Many semiconductor materials were reported to produce hydrogen,
including metal oxides and chalcogenides.'>'% Though numerous chalcogenide systems have
been reported to be photocatalytically active, often they suffer from a lack of stability which
ruins their catalytic performance over time. 1> 116 For instance, CdS is showing H, production
from methanol and water just at high pH owing to the higher stability of CdS to photocorrosion
in alkaline environment.''’ In non-oxide semiconductors, anions such as sulfide (S*) are
thermodynamically unstable in aqueous solution and will be oxidized by holes under
illumination to neutral or positive valence states, S or SO4%, respectively.'*® Considering this,
inorganic electron donors like sulfides or sulfites (SO3%), very efficient hole scavengers, are a
good choice for H, production on chalcogenides.’'® However, to produce H; in the resource
wise manner, it would be more meaningful to use particulate photocatalysts that have a high
stability in aqueous environment e.g., TiO,. Hence, the photocatalytic H, production from
water and water/alcohol mixture on TiO> catalysts will be discussed next.
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1.4.1 The photocatalytic H2 production from water

The photocatalytic H, production from water, known as overall water splitting (OWS), cleaves
water over a photocatalyst into H, and O3 in the ratio 2:1 (fig. 9). The OWS is an uphill process
with an associated increase in Gibbs free energy of AG®= 237 kimol? (eq. 1.12).1*° During
reaction, the photoexcited electrons and holes diffuse to the surface of the particle and
participate in half-reactions, hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER) as given by equations 1.13 and eq. 1.14:

Water splitting:
2H,0 - 2H, + 0, (eq.1.12)

Hydrogen evolution reaction:
2HY + 2™ > H, (eq. 1.13)

Oxygen evolution reaction:
2H,0 + 4h* - 0, + 4H* (eq. 1.14)

Considering thermodynamics, the CBM of the photocatalyst must be at more negative
potential than the H*H, potential (0-(0.059-pH)), V versus NHE), whereas the VMB must be
more positive than the 0,/H,0 potential (1.23-(0.059-pH)), V versus NHE).** accounting for
this, the energy input required for this reaction equals the photon energy of 1.23 eV in the
case of one-step photoexcitation. However, in the practice a photon energy of at least 2 eV is
necessary in order to account, in addition to the thermodynamic water splitting potential, for
overpotential and ohmic drop losses.’?® Generally, oxides with two specific electronic
structures are active in water splitting: transition metal cations with d° electronic
configuration (Ti**, Ta®>*, W®), and metal cations with d'° configurations (Ga3*, Sn**, Sb>*).
Beside semiconductors, indispensable components of water-splitting photocatalytic systems
are co-catalysts, whose main function is to catalyze the HER and OER by decreasing the
overpotentials.’*® Commonly used co-catalysts that promote HER are Pt, Rh, Ru, Ir and Ni,
whereas oxides of Co, Fe, Ni, Mn, Ru and Ir accelerate the OER.% Since 1972 and pioneering
work on PEC water splitting on TiO; electrodes, TiO, and various titanates were studied in the
water splitting process.?6 31, 110,113,121, 122 5 r example, water vapor can be split into H> and O,
when a thin layer of NaOH is applied to a Pt/TiO, catalyst.??! Furthermore, OWS is achieved
even with a two-step system that combines anatase and rutile TiO, phases, as the hydrogen
evolution photocatalyst (HEP) and oxygen evolution photocatalyst (OEP), respectively, and
1037/I" redox couple as an aqueous shuttle.!?® As typical case in photocatalysis on TiO, the
effect of its polymorphism on OWS has been addressed. Initially, it has been reported that
OWS only proceeds over rutile TiO3, but not with anatase and brookite. The rutile activity has
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been ascribed to the intrinsic nature of the rutile surface in respect to the photoreduction of
0,.2 However, the OWS becomes feasible when anatase or brookite polymorphs were treated
with ultraviolet irradiation for prolonged time, which introduces numerous trapped states
near the valence bands in anatase and brookite, reducing the driving force for water
oxidation.'?? Despite the achieved progress, overally, the efficiency of OWS systems based on
TiO2 catalysts remained rather low. To a large extent this is due to the energy demanding
nature of OER.??* Consequently, a substantial amount of resources is spent on making O, the
OWS by-product with low market value.® Hence, thermodynamically more favorable H»
production from alcohols and sugars could be an alternative to the H, production from water
provided that the oxidation potential of such molecules is considerably more negative than

the oxidation potential of water.'®

_ Reduction co-catalyst
4H* + 0, b

4H*

2H,0

Oxidation co-catalyst

Figure 9. Schematic illustration of the photocatalytic overall water splitting process. Adapted
from?6

1.4.2 Photocatalytic H» production from water/alcohol mixture

The presence of electron donors in photocatalytic H, production from water leads to an
increase in the H; production rate by overcoming the kinetic limitations of the oxidation
process.'?® These electron donors are more easily oxidized than water due to the less
demanding oxidation potentials and lower overpotentials due to the intermediates that need
to be stabilized.® In this way, faster oxidation chemistry removes holes from the
semiconductor and thus improves the lifetime of the photogenerated electrons resulting in
the higher H, production rates.

Various organic compounds such as alcohols, organic acids or amines can be used as electron
donors in photocatalytic Hz production. In the case of TiO,, however, due to its high stability
against (photo)corrosion, alcohols like methanol, ethanol, 2-propanol and glycerol have been
utilized, with methanol being used most frequently. This can be ascribed to the fact that short
chain alcohols have a higher initial performance due to the complete oxidation that requires
a smaller number of reaction intermediates.?” The commonly used HER co-catalyst with TiO>
is platinum owing to its optimal binding energy to H, which leads to a remarkably low
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overpotential.’?® Table 1 summarizes the state of the art in H production on self-doped TiO>
and rutile TiO, considering the relevant factors e.g., type of incident light, water/ methanol
ratio and amount of used co-catalyst.

During H; production on a Pt/TiO; catalyst methanol is oxidized by holes from TiO, and protons
get reduced to H; by electrons on Pt. Methanol is initially oxidized to formaldehyde, and can
be further decomposed to CO, depending on the reaction conditions and reaction time.'?° The
overall methanol decomposition is given by equations 1.15-1.18.1% 130 During methanol
oxidation by VB holes, hydroxymethyl radicals are formed, which can subsequently inject
excess electrons into the conduction band of TiO; in a process known as “current doubling”.
23, 131 The current doubling considers that, beside photogenerated electrons, there will be
extra electrons in the catalyst which can facilitate the reduction of protons. However, it has
been shown that the amount of the electron current never doubles comparing to the hole
current, where the extent of photocurrent doubling depends on factors such as crystal doping,
methanol concentration or light intensity.’3% 132 For instance, low doping level of TiO; and the
solvent acidity lowers the photocurrent doubling effect.3!

Methanol oxidation to formaldehyde:

hv,TiO .1.15
CH30H ) ——— HCHO g, + Hj (g) (eq. 1.15)
Formaldehyde oxidation to formic acid:
hv,TiO, (eq. 1.16)
Formic acid oxidation to CO:
hv,TiO, (eq.1.17)
HCOOH(]) — COZ ) + HZ ®
Overall reaction:
hv,TiO, (eq. 1.18)

H, production only occurs in the absence of molecular oxygen. When O; is present,
hydroxymethyl radicals and the photogenerated CB electrons react with dissolved oxygen
molecules according to equations 1.19 and 1.20, where the former one allows formation of
formaldehyde as the dominant stable product in a quantitative reaction.3°

Reaction of hydroxymethyl radical with molecular oxygen:
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Reaction of a conduction band electron with molecular oxygen: (eq. 1.20)
ecg + 0, = 05

As already mentioned, alcohols such as methanol, ethanol or glycerol can serve as donor
molecules in Hy production. Upon reaction, the stoichiometric amount of H; and CO; is
produced according to equation 1.21.1%7 134

Overall decomposition of donor molecules:

hv,TiO .1.21
CeH, 0, + (2x — 2)H,0 ———3 xCO, + (2x — 2+ (y/2))H, (eq. 1.21)

However, when tert-butyl alcohol is used as donor in H, production, no Hz can be evolved in
the reaction, thus indicating that solely alcohols with a hydrogen atom in the a-position can
lead to H, production.t’

H. production from water/methanol mixture (AGo = 16.1 kimol?) results, generally, in a lower
amount of energy that can be stored in comparison with H; production from water (AGo = 237
kimol?) .130.135 However, if overall decomposition is considered as sum of three reactions (eq.
1.15-1.17), then the first two reactions, methanol oxidation to formaldehyde and
formaldehyde oxidation to formic acid, have a positive change of free Gibbs energy, while the
formic acid oxidation to CO; has a large negative change of Gibbs energy.’3 Although it
represents an intrinsic barrier for the undesired reactions of produced Hy, in the same time it
lowers the solar energy conversion that can be achieved by decomposition of alcohols. Having
said that limiting the formic acid oxidation in the methanol decomposition would be the way
to achieve the optimal ratio in terms of amount of Ha that is produced and solar energy that
is converted in the reaction. In prospective, the approach of selective oxidation of donor
molecules would be meaningful in H, production and biomass valorization through the
production of oxidation products from renewables with high added value other than CO,.% 12°

1.5 Aims and outline of the thesis

A huge photocatalytic potential of TiOy, particularly due to the high UV activity and stability
against (photo)corrosion in wide range of operation conditions, makes it one of the most
studied semiconductor photocatalysts. In practice, however, transition from UV to solar
illumination is associated with substantial decrease in photocatalytic activity. For this reason,
design and construction of efficient solar TiO; catalysts is still primary goal of work in the field.
Intrinsically, photocatalytic activity of TiO, can be modulated by either doping or
nanostructuring. While doping mainly strives to enhance solar light harvesting of TiO,,
nanostructuring deals with improvement of charge carrier dynamics by shortening bulk charge

carrier diffusion path in TiO,. Therefore, the aim of this thesis is to design highly efficient TiO;
25



catalysts for solar H, production following doping and nanostructuring principles. It also aims
to correlate the structure with photocatalytic activity and provide guideline for design of next
generation TiO, catalysts for solar application. The effect of TiO, doping on solar light
harvesting and photocatalytic H, production is studied with self-doped TiO,. At the beginning,
the synthesis of the material is introduced and co-doping of structure with the elements
present in the reaction medium is addressed by studying surface and bulk composition.
Further, a spatial distribution of Ti3* ions within TiO, framework is scrutinized followed by
assessing the impact of Ti3* ions on solar light harvesting in self-doped TiO,. Here, it is also
shown how light absorption can be modulated in self-doped samples. To conclude the in-
depth characterization of the material, a structural model of self-doped TiO; is proposed.
Finally, the solar H, production is tested and influence of Ti3* ions on photocatalytic activity
under solar light in self-doped TiO, are discussed. In the next chapter impact of
nanostructuring on TiO; is investigated on rutile structures. After the synthesis of rutile
needles is introduced, morphology and structure of rutile samples is analyzed. Since rutile TiO>
in general shows structural anisotropy, the needle structures are studied in two
crystallographic directions, in crystal ab plane and along c-axis. Further, optical absorption as
well as analysis of surface states is performed to check for defects and chemical impurities in
rutile needles. The solar H, production of rutile needles is benchmarked with nanoparticulate
rutile TiO2 and TiO2 P25. Real potential of best performing rutile catalyst in solar H> production
is confirmed in Hz production test under direct sun illumination. Lastly, the structure-activity
relationship is established, and key structural feature of rutile catalyst is identified.
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2. Experimental

2.1 Catalyst synthesis

2.1.1 Synthesis of blue titania in reaction with Na/K alloy (B-TiO.)

Attention: All synthetic steps involving Na/K alloy should be carried out with extreme
caution under strict exclusion of air or moisture while appropriate personal protection
(hood, blast shields, face shield, protective and fire-resistant clothing) should be used and
worn all the time.

B-TiO, was synthesized in reaction with liquid Na/K alloy originally proposed for
functionalization of carbon nanotubes.'3® In a typical synthesis, TiO> (1.00 g, TiO> nanopowder,
Sigma-Aldrich) was added to an oven-dried 250 mL flat-bottom flask containing a glass-coated
magnetic stirring bar. The flask was placed in a drying oven heated at 110 °C for 4 h. Then, the
flask was sealed with a rubber septum and transferred to an Ar glovebox (02 and H.0
concentrations < 0.1 ppm) where anhydrous 1,2-dimethoxyethane (DME, 100 mL) and Na/K
alloy were added with syringe. Once the reagents were added, the flask was removed from
the glovebox and ultrasonicated for 15 min to yield a blue suspension, which was afterwards
vigorously stirred at room temperature. The amount of added Na/K alloy and reaction times
are summarized in Table 2.

Table 2. Experimental details on amount of added Na/K alloy and reaction times during the
synthesis of blue titania samples

Sample Amount of added Na/K / mL Reaction time / days
B_TiO; 0.45 70
B_TiO,_0.05 0.05 1*
B_Ti0,_0.25 0.25 5
B_TiO,_0.5 0.5 5
B_TiO,_1 5
B_TiO,_2 2 5
B_TiO,_4 5
Blue rutile TiO2 0.45 5

*Na/K alloy was completely reacted after 15 min of sonication
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Methanol (10 mL) was then added to quench any excess of alloy, and the mixture was stirred
at room temperature for 10 min. For workup, the reaction mixture was filtered through a 0.1
um PTFE membrane. The filter cake was washed with 0.2 M HCI (500 mL) and deionized water
until the test reaction on Cl- was negative (Ag* test was used to examine the residual CI7). The
as-purified material was freeze-dried overnight.

2.1.2 Synthesis of grey titania by thermal annealing of B-TiO; (G-TiO2)

B-TiO, (500 mg) was added to a combustion boat and placed inside a tubular furnace. The
tube was flushed with 100 mL/min flow of Ar for 1 h and then annealing was performed under
Ar flow (100 mL/min) at 400 °C for 1 h. A heating ramp of 5 K/min was applied. After annealing,
the powder was cooled down to room temperature inside the furnace under Ar flow and
sample was denoted as G-TiO;. G-TiO; (250 mg) was then washed with 0.2 M HCI (200 mL) and
deionized water until negative reaction on Cl, and as-purified material was freeze-dried
overnight and denoted as G-TiO2/AC, where AC stands for acid cleaning.

2.1.3 Synthesis of rutile needles under ambient conditions

TiO2 rutile needle samples were synthesized from aqueous solution by crystallization at
ambient conditions.'®” In a typical synthesis of rutile TiO> needles, 190 mL deionized water
and 8 mL concentrated HNO3 were mixed. After 30 min of stirring 12.5 mL isopropanol (IPA)
were added and the mixture was kept stirring. After further stirring of 30 min, 3.8 mL of
titanium-tetraisopropoxide (TTIP) were added and a white solid was obtained. The reaction
was sonicated for 10 min and afterwards left at room temperature for 4 days to let rutile TiO2
needles form. The white solid was recovered from the mixture by centrifugation, washed
copiously with water and dried at 120 and 200 °C, where depending on the applied
temperature samples were denoted as rTiOz-needle_120 and rTiOz-needle_200, respectively.

2.2 Photocatalytic H, production testing

In this work, Hz production tests were performed in a home-built set-up with top-illuminated
reactor. In the following, the most important characteristics of the reactor and set-up for H;
production tests will be discussed.

The body of the top-illuminated reactor is made from stainless steel which includes various
connections for different purposes (fig. 10). On the top side of the body is a DN 40 CF
connection. The connection allows sealing of the reactor with a lid. The lid is a view port flange
containing a flat quartz window straddled by two stainless steel discs. The quartz glass enables
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irradiation of the catalyst with high transparency for solar light while the flat glass surface
reduces light loss due to light scattering. The glass-metal contacts in the lid are sealed with
two elastomeric O-rings from top and bottom side. Beside DN 40 CF connection, there are two
Swagelok® Tube Fitting connections on the reactor body. These are used for gas management
during catalytic test, as an inlet and an outlet for purging (inert) gas and reaction products.
The catalysts are tested in form of a slurry. The catalyst slurry is added in a quartz dish which
is then placed in the central cavity of the reactor. The catalyst slurry is agitated by a magnetic
stirrer during the H; production test. The temperature of the reaction is kept constant by
external water circulation. The top-illuminated reactor was operated in flow mode allowing
on-line product detection by means of a mass spectrometer (MS).

—
P4 Two-wayvalve Gas pipe
MS detection * Three-way valve |——— Water pipe
exhaust

Condenser

Flow
controller

Figure 10. Schematic illustration of the reactor (left) and set-up for H, production (right)

Flow mode operation is achieved by over-flow of Ar where the flow rate of the gas is controlled
by a flow controller. After passing through the reactor, Ar is enriched with produced H» in the
reaction as well as gas-phase methanol and water. To reduce the amount of organics and
water in the downstream gas, a condenser is installed in the gas line between reactor and MS.
The temperature of the condenser is controlled by in-house cooling water circulation. After
capturing the volatile organics in the condenser, produced H; is quantified by MS as H;
production rate in mmolg*h according to equation 2.1:

CH, * Qar " 60
Meae  Voy - 1000

H, production rate = (eqg. 2.1)
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where cy, is the concentration of hydrogen in parts per million (ppm), Qar is the flow of Ar in
mLmin, mcat is the mass of catalyst in mg, and Vm 25 «c is molar volume of gas derived from
ideal gas law:

n-R-T
V= _p (eq. 2.2)

in which n is amount of gas in mol, R is universal gas constant of 8.314 Jmol1K?, T is absolute
temperature of 298.15 K, and p is pressure of 101325 Pa.

Beside produced H,, a formic acid in the liquid phase after catalytic reaction is analyzed by
high-performance liquid chromatography (HPLC).

The H; production tests are run under simulated solar light irradiation. In this thesis a 300 W
xenon (Xe) lamp (Newport) is used as the light source for solar simulation. This light source
emits photons in UV, visible and infrared spectral range. The output spectrum was corrected
with an AM 1.5 filter (Newport) and the output light intensity was set to 100 mWcm™2. The
light beam is directed by a reflecting mirror, so that top-illumination geometry of the reactor
is achieved. In addition to the AM 1.5 (solar light), one H; production experiment was done by
direct sun utilization as a light source (sun light). The experiment was run in total for 2 h and
light intensity was 65 mWcm™. In the experiment with sun irradiation, the top-illumination
reactor could not be used due to technical reasons. First, the reactor does not allow whole
volume of the catalyst slurry to be irradiated by light since it casts shadow. Second, the reactor
cannot be tilted towards the sun due to the limited volume of the cavity. Therefore, to
mitigate the drawbacks of the top-illuminated reactor under sun light irradiation, the reaction
here was run in a 50 mL cylindrical pyrex glass Schlenk reactor keeping all the other reaction
conditions the same. To obtain a defined illuminated surface, the pyrex reactor is tilted which
leads to an increase of the illuminated area compared with the top-illuminated reactor. To
compare H; production activities under solar and sun light, the H, production rates (mmolg"
'h-1) were normalized in terms of light intensity and illuminated area according to the equation
2.3:

Specific H ducti ) H, production rate (eq. 2.3
= eq. <Z.
pecllic Tz Production fate Light intensity - [lluminated area a

where specific Hz2 production rate is in mmolgth*mW-3, H, production rate in mmolg*h?, light
intensity in mWcm2 and illuminated area in cm™.
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Experimental description:

15 mg TiO; catalyst was dispersed in 15 mL (1:1 V/V) water-methanol mixture and H2PtCls (0.5
wt% Pt) was added by means of a micropipette. Then, the reaction mixture was sonicated for
1 min. After sonication, the quartz dish with the catalyst slurry was transferred to the reactor
and the reactor was closed. The slurry was agitated by a magnetic stirrer. The oxygen was
removed by purging of Ar at a rate of 10 mLmin for 3 h unless it was mentioned otherwise.
Reaction temperature was kept at 25 °C. After 3 h, the reaction was started by switching on
the light source. The solar simulated or direct sun light was used in H; production tests. At the
beginning of the test, photo deposition of Pt proceeds in parallel with the H, production. The
illumination time was 2.5 h. Additionally, to test the tolerance of the samples on switching off
the light source (day-night), a test with three illumination cycles was applied. In this test two
light intervals were interrupted by 30 min dark interval. H, production was monitored by on-
line MS and photocatalytic activity of TiO2 catalysts is plotted either as mmolg*h? or
mmolgth*mW-1. After photocatalytic test aliquot of catalyst slurry is filtered through 0.1 um
PTFE syringe filter with glass fibers (Captiva, Agilent) and tested for formic acid by HPLC.

Additional to the flow mode photocatalytic tests, few batch mode H> production tests under
solar light were performed as well. The 50 mL cylindrical pyrex Schlenk reactor was used for
batch tests. The catalyst slurry was prepared following the procedure used for flow mode test.
Afterwards, the slurry was bubbled with Ar for 30 min to remove oxygen. The slurry was
agitated by a magnetic stirrer and the reaction temperature was kept at 25 °C. After 30 min of
Ar bubbling, the reactor was closed, and the light source was switched on. The reaction was
run for 2.5 h and headspace gas was sampled by a degassed 5 mL gas-tight syringe. The
produced H; in the reaction was quantified by gas chromatography (GC) and plotted as
mmolg? according to equation 2.4:

Vexp

H, production = (eq. 2.4)

Meat Vm,25 °Cc

where Veyp is experimentally determined volume of Hz in mL, mcat is the mass of catalyst in mg,
and Vm, 25 °c is molar volume of ideal gas at 25 °C. Pressure increase in batch experiments was
not accounted for.

2.3 Catalyst characterization

2.3.1 X-ray diffraction (XRD)

The crystal structure of semiconductor photocatalysts can strongly influence the
photocatalytic activity, therefore XRD is an important characterization technique for
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crystalline semiconductor catalysts. X-ray diffraction is based on the interaction of lattice
atoms with a monochromatic beam of incident X-rays that causes their constructive and
destructive interference (fig. 11). Diffraction signals are obtained only in case when
constructive interferences occur. The condition for constructive interference is given by
Bragg’s law (eq. 2.5)38. This law relates the wavelength of electromagnetic radiation to the
diffraction angle and the interplanar spacing in the crystalline sample:

nA = 2dsin0 (eq. 2.5)

in which, n is the order of a reflection, A is the wavelength of applied X-rays, d is the distance
between parallel crystal planes and 0 is the angle between the incident beam and a crystal
plane, known as Bragg angle. The Bragg law is important in indexing X-ray diffraction patterns
as well as for d-spacing calculation.

Incident X-rays Diffracted X-rays

2
7

Figure 11. Diffraction of X-rays by a crystal.

Apart from that, XRD data is used to determine mean crystallite size in crystalline samples.
The mean crystallite size (D) can be estimated from diffraction peak broadening according to
the Scherrer’s formula (eq. 2.6):13°

_ K
" PBcosH

(eq. 2.6)

where K is the dimensionless shape factor with a value of 0.9, A is the wavelength of X-rays, B
is the full width at half maximum (FWHM) and 6 is the diffraction (Bragg) angle.
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Experimental description:

XRD powder patterns were recorded on a Panalytical X'Pert diffractometer equipped with a
Xcelerator detector using automatic divergence slits and Cu Kal/a2 radiation (40 kV, 40 mA;
A= 0.15406 nm, 0.154443 nm). Cu beta-radiation was excluded using a nickel filter foil. The
collected data were converted from automatic divergence slits to fixed divergence slits (0.25°)
before data analysis to obtain the correct intensities. Peak positions and profile were fitted
with Pseudo-Voigt function. Phase identification was done by using the PDF-2 database of the
International Center of Diffraction Data (ICDD).

2.3.2 Transmission electron microscopy (TEM)

TEM utilizes high energy electrons for signal generation. Electrons are one type of ionizing
radiation, the radiation capable of removing inner-shell electrons from the attractive field of
the nucleus by energy transfer. Advantage of using ionizing radiation is that it produces a wide
range of secondary signals from specimen which can be used in imaging and analytical
electron microscopy providing useful information about structure, morphology, and
elemental composition of the specimen. Some of the secondary signals generated in TEM are
summarized in fig. 12.140
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Figure 12. Signals generated when a high-energy beam of electrons interacts with a thin

specimen. Adapted from14°
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A bright field (BF) detector creates two-dimensional images by projecting direct beam
electrons that either passed unscattered or were scattered to very low angles onto a screen.
The BF image without specimen is bright. Thus, dark pixels in the BF image are spots where
strong scattering occur due to the presence of the material since less electrons are reaching
the detector.

In scanning transmission electron microcopy (STEM), unlikely in static-beam TEM, the imaging
signal is generated by scanning the electron beam on the specimen and forward beam
scattered electrons are detected by an electron detector (scintillation or semiconductor). The
working principle of STEM is the same as used in other scanning-beam instruments such as a
scanning electron microscope (SEM) or scanning-tunneling microscope (STM). As the probe is
scanned, scattered electrons form a dark field image, bright signal on a dark background. The
annular dark field (ADF) detector is used to collect electrons that were scattered by the
specimen. The configuration allows maximization of the Rutherford-scattering effect while
diffraction contrast effects are smoothed out, which is favorable for electron energy-loss
spectroscopy (EELS). The most common ADF detector is called the high angle annular darkfield
detector (HAADF) allowing atomic resolution high Z-contrast imaging of the specimen.

Electron energy-loss spectroscopy (EELS) is the analysis of the energy distribution of electrons
coming through the specimen that suffered inelastic (electron-electron) collisions. The
energy-loss events can tell about chemical and electronic structure of the specimen.
Comparing with energy dispersive X-ray spectroscopy (XEDS) for determination of chemical
composition, EELS generally offers better spatial resolution and analytical sensitivity as well as
detection of light elements, which are difficult to analyze with XEDS. Moreover, due to the
difference in electronic structure, EELS is capable to distinguish between different crystal
phases of material. For example, it can distinguish between the anatase and rutile crystal
phase in TiO».

Experimental description:

The TEM measurements were performed either at 80 or 200 kV with a TEM Zeiss EM902 or
probe aberration-corrected JEM-ARM200F (JEOL, Corrector: CEOS), respectively. The JEM-
ARM200F microscope is equipped with an Enfinium ER (Gatan, USA) electron energy loss
spectrometer (EELS) for chemical analysis. STEM imaging was performed using High-Angle
Annular Dark Field (HAADF) while the annular dark field (ADF) detector was used during EELS
acquisition. The sample was deposited on a Cu-grid (mesh 300) with a holey carbon film
without pre-treatment and transferred to the microscope.

2.3.3 Diffuse reflectance UV-Vis-NIR spectroscopy (DRS)

Interaction of incident light photon with matter can lead to interplay of different optical
phenomena e.g., reflection, refraction, transmission, and absorption, which extent is
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dependent of the materials’ properties. The flat material surface, for example, favors specular,
mirror-like reflection, to occur. Here, the angle of incident and specular light is equal (fig. 13,
left). In contrast, in the case of rough surfaces as well as when photons penetrate deeper into
solid, light starts to reflect in various direction leading to diffuse reflection. (fig. 13, right). A
use of an integrating sphere is indispensable whenever fluctuations of the light beam received
by the detector occur due to e.g. diffuse reflection. The integrating sphere is a spherical cavity
whose inner wall is coated with a highly reflective material such as barium sulfate where light
undergoes multiple reflections until the reflected light enters the detector. The information
about the sample from DRS is available only in the case when diffuse reflection interferes with
light absorption of the material. Therefore, DRS measures scattering of the light in the UV-Vis-
NIR spectral range on the semiconductor, which varies with wavelength to give the reflectance
spectrum that is recorded.

Specular Incident Incident
reflection : light light

Diffuse
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Figure 13. Specular and diffuse reflection of incident light photon

Optical absorption of the TiO; can be estimated from DRS data by applying a Kubelka-Munk
function:

F _ K _ 1- Roo)2
(Reo) = ST TR (eq. 2.7)

where R, is the reflectance of an infinitely thick specimen, while K and S are an absorption
and scattering coefficients, respectively.!*! Alternatively, apparent absorption can be derived
from DRS data by applying a following equation:

Apparent absorption = log(1/R) (eq. 2.8)
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where R is diffuse reflectance.

In this thesis eq 2.8 is used over eq. 2.7 for the estimation of the absorption of TiO, samples
from reflectance data due to two reasons (fig. 14). First, later formula gives a stronger signal
in Vis and NIR spectral region than that is obtained using the former one; second, it allows
more convenient comparison of the results since this method prevails in literature reporting
optical absorption of colored TiO> materials. Sometimes this fact is not so apparent, but
commercially available softwares (e.g. Perkin Elmer) employs eq. 2.8 for conversion of
reflectance data into absorbance. In case of rutile samples, eq. 2.8 become useful as an
indicator of the absence of Vis absorption since it is more sensitive in the Vis spectral region.
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Figure 14. Comparison of Vis-NIR absorption of B-TiO, derived from reflectance data using
F(R.) and log1/R formula

The onset of absorption edge (band gap) is determined by Tauc method based on the
assumption that the energy-dependent absorption coefficient a can be expressed as follows:

(a-hv)*Y = B(hv — Ey) (eq. 2.9)
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where h is the Planck constant, v is the photon’s frequency, y is the factor that describes
electron transition, Ej is the band gap energy, and B is a constant. Putting F(Ry) (eq. 2.8)
instead of a allows band gap calculation from diffuse reflectance data (eq. 2.10)

(F(Re) - hv)'/Y = B(hv — E) (eq. 2.10)

Experimental description:

Diffuse reflectance UV-Vis-NIR spectra of TiO, samples were measured on a Perkin Elmer
Lambda 365 spectrophotometer equipped with the integrating sphere. The spectra were
recorded in the range between 250 - 1100 nm with 0.5 nm resolution in a powder cell. Barium
sulphate powder was used as reference material for background measurement.

2.3.4 X-ray photoelectron (XP) spectroscopy

X-ray photoelectron spectroscopy is a surface-sensitive spectroscopic technique that
measures the elemental composition as well as the chemical state of the elements at the
surface of a solid catalyst. It is based on the principle of the photoelectric effect. XP spectra
are obtained by irradiating a material with a beam of aluminum or magnesium Ka X-rays while
simultaneously measuring the kinetic energy (KE) of electrons that escape from the depth of
up to 10 nm (fig. 15)%42.

2|93/2 ® ® ® ®

2p,, *—e

2s ® ®
hv

1s ® o

Figure 15. Schematic diagram of photoelectron emission from x-ray bombardment of a
material surface

The electrons ejected from the sample are collected by a hemispherical electron energy
analyzer which measures the kinetic energy of the ejected electrons. The kinetic energy of
electrons can then be used to determine the binding energy (BE) of the respective electron
from equation 2.1143
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BE = hv — KE — ¢ (eq. 2.12)

in which h is the Planck’s constant, v is the frequency of incident X-ray and ¢ is the work
function of the spectrometer. Each ejected electron from an element has a characteristic
binding energy and the value of this binding energy is used to identify the element and core
level of the electron by comparison with values from binding energy databases.

The peak positions can also be used to determine oxidation states of the element. In general,
the binding energy increases by increasing oxidation state, where the peak position is typically
shifting between 0-3 eV.

Experimental description:

The X-ray photoelectron measurements were performed on an ESCALAB 220iXL
(ThermoFisher Scientific, Waltham, MA, USA) with monochromatic Al Ka radiation (E = 1486.6
eV). Samples are prepared on a stainless-steel holder with conductive double-sided adhesive
carbon tape. The electron binding energies were obtained with charge compensation using a
flood electron source and referenced to the C 1s peak of C-C and C-H bonds at 284.8 eV.

2.3.5 Electron paramagnetic resonance (EPR)

Electron paramagnetic resonance is a method of choice to study paramagnetic electrons in
organic and inorganic samples. An electron has a spin quantum number, s = %, which has
magnetic components ms = % and ms = -%. In the absence of a magnetic field, the energy of
the two ms states equals. However, a strong external magnetic field generates a difference
between the energy levels of the electron spins states, ms = +% and ms = =%, which results in
resonance absorption of an applied microwave energy (fig. 16). The energy difference
between the two states is dependent on the strength of the magnetic field (eq. 2.12). This is
called the Zeeman effect.

AE = hv = g.ugB, (eq.2.12)

where AE is the energy difference between the spin levels, ge is the g-factor (for free electrons
= 2.0023), us is the Bohr magneton (9.274 - 10%* JT), Bo is the strength of the external
magnetic field (gauss or Tesla), h is the Planck’s constant (6.626 - 103* Js), v is the microwave
frequency (GHz or MHz). From the relationship, there are two important factors to note. The
first one is that two spin states have the same energy when there is no applied magnetic field
and the second one is that the energy difference between the two spin states increases
linearly with increasing magnetic field strength. EPR spectrometers generally can vary either
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the strength of the external magnetic field or the frequency of the microwave radiation.
Usually, however, most of the spectrometers work in the way that magnetic field is changing
while holding the frequency constant. Due to technical reasons, controlling the external
magnetic field is more convenient. EPR spectra can be recorded in different frequency regions,
the most important ones are L-band (1-2 GHz), S-band (2-4 GHz), X-band (8-10 GHz), Q-band
(~35 GHz) and W-band (~90 GHz).
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Figure 16. Electron Zeeman interaction for a spin S = 1/2 system in the presence of an
external magnetic field

In this work, a continuous wave (CW) X-band frequency EPR spectrometer was used. During
CW acquisition of the spectra the applied microwave frequency is held constant. In this case,
the magnetic field is varied until the resonance condition is fulfilled and the microwave energy
matches the energy difference for the allowed spin transitions. The spectra were recorded in
the dark which allows studying paramagnetic centers for instance that have been formed upon
self-doping of titania.

Experimental description:

The EPR measurements in X-band (microwave frequency = 9.8 GHz) were performed at 96 and
296 K by an EMX CW-micro spectrometer (Bruker Biospin GmbH, Rheinstetten, Germany). The
samples were measured under the same conditions (microwave power: 6.9 mW, attenuation:
15 dB, receiver gain: 1 x 10%, modulation frequency: 100 kHz, modulation amplitude: 5 G). g
values have been calculated from the resonance field Bp and the resonance frequency v using
the resonance condition hv = gBBo. The calibration of the g values was performed using DPPH
(2,2-diphenyl-1-picrylhydrazyl, g = 2.0036 + 0.00004).

39



2.3.6 Atomic absorption spectroscopy (AAS)

Atomic absorption spectroscopy is a technique used to determine the content of metals in the
specimen. It relies on the phenomenon that atoms can absorb light at a characteristic
wavelength once heat energy from a flame has converted the sample into free ground state
atoms (fig. 17). When light of this wavelength is provided, the light is absorbed by the atom
while electrons move from the ground state to the excited state. Depending on the photon
energy, electron transitions to higher excited states are possible as well. For AAS analysis,
however, the wavelength of the ground state to the first excited level is typically of most
interest because this transition is the most intense.

Energy level 3

Figure 17. Excitation of an atom by a photon

The signal in AAS is generated as the difference between the amount of light emitted from the
lamp and light that reaches the detector. The Beer Lambert law describes the relationship
between light absorption and concentration of the metal. According to the law, the amount
of light absorbed is proportional to the number of atoms excited from the ground state in the
flame (eq. 2.13)44

A = abc (eq. 2.13)

where A is the absorbance, a is the constant for a given system, b is the length of the cell and
c is the concentration of the analyte atoms in the flame.

This expression predicts a linear relationship between absorbance and concentration as long
as a and b remain constant.
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Experimental description:

A quantitative analysis of sodium and potassium was performed on a contrAA800D (Analytic
Jena) with flame atomization and short arc Xe lamp. The sample (40 mg) was placed in quartz
crucible where sodium and potassium were extracted from the sample by aqua regia. The
acidic solution containing alkaline metal ions were atomized in an air/acetylene flame and
sodium and potassium were quantified by measuring the absorbance at 589 and 766 nm,
respectively, where their content was shown as weight percent (wt%).

2.3.7 Analysis of carbon impurities

Elemental analysis is used for rapid determination of carbon in various samples from organic
matrices to inorganic materials. The working principle of the carbon analysis relies on high-
temperature catalytic combustion of the sample in an oxygen enriched atmosphere. The
combustion oxidizes solid carbon from the sample into gaseous CO; which was then carried
out by a gas flow and analyzed by an IR detector. For example, in our studies, carbon analysis
was applied to determine the amount of carbon impurities in the self-doped TiO2, samples.
The advantage of the combustion method is that total carbon impurities, both surface and
bulk, can be determined.

Experimental description:

A multianalyzer TruSpec (Leco) was used for the quantitative analysis of carbon. The sample
(10 mg) was placed in a Ag crucible where the sample is catalytically combusted in O2/He flow
at 1100 °C. The CO; that has been formed during combustion was quantified by an IR detector
and the carbon content was shown as weight percent (wt%).
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3. Impact of Ti** ions on light harvesting and
photocatalytic activity of self-doped TiO; as seen
from solar Hz production

3.1 Synthesis of self-doped TiO, and composition analysis

Self-doped blue titanium dioxide (B-TiO2) was synthesized in the reaction of TiO; and
sodium-potassium alloy (Na/K) in dimethoxyethane (DME) at room temperature (fig
18).136

Na/K alloy, DME, r.t.

Ar,400°C,1h

Figure 18. Synthesis of blue titania in reaction of TiO, with Na/K alloy and synthesis of
grey titania by thermal annealing at 400°C for 1h in Ar atmosphere.

The reaction is based on a reduction of Ti** ion to Ti3* ion with electrons from Na/K

alloy according to the equation 3.1:

Ti** + e~ - Ti3* (eq. 3.1)

In general, the reaction between TiO; and Na/K alloy could proceed in two ways: by
transfer of solvated electrons to TiO; or by direct electron transfer from Na/K to TiO;
and subsequent injection of electrons into empty 3d orbitals of Ti** ion. For example,
when reaction is attempted in the absence of TiO2, a “blue solution” of solvated
electrons in DME cannot be obtained under applied reaction conditions.'*® This implies
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that reaction involving transfer of solvated electrons from solution to the TiO; is not
likely to occur. Hence, the reaction mechanism that considers direct electron transfer
from Na/K alloy to TiO, framework is presumably the dominant in the synthesis of B-
TiOs.

Further, the transfer of electrons can occur, for example, by a contact of Na/K alloy
with the surface of TiO; or in the TiO; bulk, where the latter would require intercalation
of alkaline metals into TiO, framework. The intercalation, generally, depends on the
properties of intercalant and structure of the host.37, 38 51,52,136,146, 147 \When compared
with layered inorganic hosts e.g., graphene nanoribbons, where alkaline metals easily
intercalate and deintercalate from the graphene host, in TiO, fast
intercalation/deintercalation is less likely to occur.3® The diffusion channels in TiO3,
where intercalation predominantly happens, reduce the contact area with surrounding
media and limit the diffusion rate in and out of TiO,. Thus, diffusion in TiO, takes longer,
while stable TiO; intercalation compounds are expected to be formed. Another aspect
where TiO; structure differs from graphene nanoribbons is structural rigidity of TiOa.
The TiO; structure does not allow excessive lattice expansion as in case of layered
material (particularly interlayer distance), therefore, the size match between
intercalant and diffusion channels in TiO, is becoming a primary determinant if
intercalation compound can be formed.38 >1 52,146, 147 \Whjle the intercalation of smaller
Na is feasible into TiO; framework, potassium intercalation is restricted due to its big
radius. Thus, formation of Na-TiO; intercalation compound could be potentially
expected in the reaction of TiO2 with Na/K alloy.

Generally, the reaction between Na/K and TiO, proceeds slowly. During reaction, three
distinct stages in the reaction dynamics were observed: first, a 15 minutes sonication
of reaction mixture caused that initially white suspension turns the color to light blue;
second, in the first few days of reaction the alloy was rapidly consumed and the blue
tone of B-TiO; progressively darkened; third, the reaction of TiO, with the rest of the
Na/K alloy was substantially slowed down, taking in total 70 days for completion.
Moreover, during the third stage no further change in the color of B-TiO2 occurred.
Taken together, it can be inferred that first two stages in the synthesis, particularly the
second one, is the one where self-doping of TiO; grossly takes place. After synthesis
the B-TiO; was worked-up with diluted HCI (0.2 M) to wash away alkaline impurities
from the surface of material. Its blue color remained unchanged after work-up and
color of as-prepared B-TiO, has not bleached over two years of storing the sample
under ambient conditions.

The TiO; intercalation compounds with alkaline metals, particularly Na-TiO,, are prone
to Na deintercalation when exposed to elevated temperatures.*® Thus, to check for Na
intercalation into B-TiO;, the sample was thermally annealed. Here, an annealing
atmosphere and temperature are meaningful input parameters. For instance, if the
oxidative atmosphere is employed during annealing, the present oxygen will reoxidize
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Ti3* ion to Ti*" ion, which can screen an effect that Na deintercalation may have on Ti**
ions in B-TiO,. Also, if the annealing temperature exceeds the onset temperature of
anatase-to-rutile transformation, phase transformation can induce that Na diffuses out
of TiO, framework due to the different structure in anatase and rutile polymorphs,
particularly structure of diffusion channels.?” >! Therefore, in such case it will become
hard to entangle extent to which heating of B-TiO, impacts the Na deintercalation from
the effect of phase transformation.

To determine the phase transformation temperature in B-TiO;, in situ XRD
measurement was carried out. The evolution of B-TiO; crystal structure was monitored
from room temperature to 800 °C in the 10-26° 2 Theta range and results are shown in
figure 19.
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Figure 19. In-situ XRD pattern of blue titania. The pattern was acquired in Bragg-
Brentano geometry using the Mo anode. The inset enlarges the patterns of 2 Theta
region from 11 to 13° where anatase 101 and rutile 110 Bragg peaks appear at 11.5 and
12.4 2 Theta degrees, respectively.
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From XRD patterns it can be noticed that the signal of anatase 101 peak reaches
maximum value at temperature of 450 °C, while above 500 °C rutile 110 peak starts to
enhance suggesting that anatase-to-rutile phase transformation starts taking place.3*
When the temperature is further increased, for example to 800 °C, the anatase
diffraction peak cannot be anymore observed in the pattern, meaning that the anatase
phase is completely transformed into rutile (rutilized). Considering in situ XRD results,
the temperature of B-TiO, annealing was fixed to 400 °C, which balanced between the
thermal healing of anatase phase and anatase-to-rutile phase transformation. The
annealing was carried out in inert atmosphere of argon for 1 h. Upon annealing, the
blue color of B-TiO; turned to grey (G-TiOz). The color shift indicates thermally induced
changes in the B-TiO,. The color of the G-TiO,, like of B-TiO;, has exhibited profound
long-term stability against fading upon storage under ambient conditions.

Now, having the four different TiO; samples (see experimental section), pristine TiO;
(TiO3), self-doped TiO; (B-TiO3), annealed B-TiO; (G-TiO32) and acidic worked-up G-TiO;
(G-TiO2/AC), surface and bulk elemental analysis was carried out aiming to check
following hypotheses related to self-doping reaction mechanism:

e The intercalation of Na into TiO; is involved in the formation of B-TiOx.

e Na deintercalation from B-TiO; during annealing is caused by thermal effect that
does not require phase transformation.

e Acidic work-up efficiently removes metal impurities from the surface of TiO,, but
not intercalated impurities from the TiO; bulk.

The elemental analysis of TiO; samples was performed by XPS, AAS, and multianalyzer
and results are summarized in figure 20. XP analysis was carried out to study the surface
impurities in the TiO2 samples. Figure 20 left shows normalized survey XP spectrain the
range of 0 to 1200 eV. In all four samples Ti and O were the main surfaces constituents,
while some carbon can be observed as well. Based on the XP spectra, the surface of
TiO2 and B-TiO2 samples seem to be comparable. An absence of Na and K signals in B-
TiO; suggests that work-up with diluted HCI removes alkaline impurities from the B-
TiO2 surface. This is consistent with the literature reporting that Li residues are
completely removed from TiO; surface by a work-up with diluted acid.®® The most
notable differences among the TiO2 surfaces, however, occur after annealing of B-TiO;
and subsequent acidic work-up of G-TiO, sample. In G-TiO; spectra, for example, the
intensity of the peak in Ti Auger region is substantially enhanced. This peak, beside the
Ti Auger signal, can be contributed by Na 1s signal as well, since two signals overlap in
TiO2. In case of G-TiOy, though, it is less likely that the increase in the signal comes from
Ti Auger contribution, because all the other peaks stayed grossly the same. Therefore,
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the signal increase is presumably related to surface Na impurities. The fact that Na
appears at the surface of G-TiO2> may indicate first, that a formed Na-TiO; intercalation
compound is stable against diluted acid and second, that Na deintercalates from B-TiO;
upon annealing. However, it should be mentioned that high resolution XP analysis
would be required to confirm and quantify the amount of sodium at the TiO; surface,
but, as being said previously this is not straightforward since the Na 1s signal overlaps
with Ti Auger signal. Nevertheless, XP analysis can provide valuable insight into trends
of the surface composition of TiO2 samples. Another change in surface composition is
observed in G-TiO2/AC sample. After acidic work-up, Na 1s signal in G-TiO2/AC is
reduced and becomes comparable to the signal detected in TiO; or B-TiO2, meaning
that once Na is exposed to the surface of TiO; it can be washed away with acid. It is also
noteworthy that while the surface content of Na varied from sample to sample,
potassium at the same time was not detected at all at the surfaces of TiO, samples.
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Figure 20. Elemental analysis of TiO, samples. Survey XP spectra (left) and bulk
sodium, potassium, and carbon content (right) in TiO, samples.

The most relevant impurities in TiO, samples, sodium, potassium and carbon were
further analysed by tracking their content in the bulk. The content of bulk impurities in
TiO2 samples is graphically presented in figure 20, right. In TiO2 the amount of sodium,
potassium and carbon was 0.01 wt.%, which implies that pristine TiO, was virtually free
from impurities. The self-doped B-TiO> sample contained comparable amount of
potassium (0.02 wt%) as in case of pristine TiOz, but sodium and carbon content
increased to 0.48 and 1.68 wt%, respectively. The increase of sodium amount in B-TiO;
shows that only sodium diffuses into TiO2 during B-TiO2 synthesis and intercalates into
the TiO, framework, which is consistent with the survey XP results as well as
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literature.®® In G-TiO2, on one hand, no obvious change in sodium and potassium
content was observed. On the other hand, the amount of residual carbon was cut by
half to 0.81 wt%. The partial removal of carbon impurities can be due to the moderate
temperature that was applied during thermal annealing as well as inert atmosphere
and short annealing time. In G-TiO,/AC sample, acidic work-up did not show any effect
on potassium. The potassium amount was small (0.02 wt%) and it is comparable to
either the B-TiO2 or G-TiO2 sample. However, the content of sodium impurities dropped
from 0.55 wt% to 0.03 wt%. The sharp drop in sodium level implies that once present
at the surface, sodium can be removed by diluted acid, substantiating the conclusion
derived from XP data. Even though the carbon content was further decreased by acidic
work-up, the residual amount of carbon in G-TiO,/AC was still relatively high, exceeding
0.5 wt%. The carbon impurities in G-TiO2 and G-TiO2/AC samples, among other, could
be a reason for materials’ grey color and their influence on features of G-TiO; and G-
TiO2/AC will be discussed in the following chapters.

After surface and bulk elemental analysis being carried out, following conclusions on
the three hypotheses based on the data can be drawn:

e The data approves that upon self-doping of TiO, with Na/K alloy, Na intercalates
into TiO; framework. This may suggest that in case of Na, its diffusion into TiO;
precedes the electron transfer reaction. Conversely, the surface electron
transfer appears to be more likely in the case of K since it is restricted to diffuse
into the bulk of TiO..

e Results show that Na-TiO; intercalation compound is stable against diluted acid.
Alternatively, long contact time or high acid concentration could facilitate
diffusion of Na out of B-TiO,. Also, deintercalation of Na from the TiO;
framework can be achieved at elevated temperatures and deintercalation is a
thermally driven process requiring no rutile formation.

e XP and AAS results confirm that washing of samples with diluted HCI efficiently
removes Na from the surface, but not the intercalated one from the bulk. This
raises the question which is often overlooked in the literature reporting self-
doped or colored TiO;, that is that TiO2 can become doped by used reducing
agent along with self-doping with Ti3* ions. Double doping in certain cases can
be a reason for enhanced stability and photocatalytic activity of self-doped TiO;
materials. Also, this shows that the use of surface analysis methods only is not
sufficient for characterization of self-doped samples, but doping should be
studied in the conjunction with analysis methods that allow the bulk to be
studied.
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3.2 Crystal structure and morphology of self-doped TiO,

Since the crystal structure of TiO, samples has been already briefly introduced in the
previous section, here the in-depth structure of TiO; samples as well as microstructural
parameters like crystallite size and interplanar spacing will be discussed. Moreover,
structure and morphology analysis by TEM will be further discussed in the context of
proposed structure based on XRD data.

The XRD pattern of starting TiO, material recorded in the 5-80 2 Theta degree range
contains diffraction peaks indexed to the tetragonal anatase (icdd_pdf 01-076-3177)
and rutile (icdd_pdf_00-021-1276) crystal phases (figure 21, top), which confirms the
mix-phased character of pristine TiO,. Ti3* centres created by self-doping of TiO; in the
reaction with Na/K alloy are expected to disrupt the crystal structure of the TiO; host.®’
86 XRD analysis reveals that upon self-doping, the intensity of anatase diffraction peaks
in B-TiO2 sample decreases compared to pristine TiO,. The signal decrease does not
show facet selectivity, all anatase diffraction peaks are affected by the reaction. While
anatase phase being affected by Na/K alloy, the signals of rutile diffraction peaks at the
same time remained grossly unaltered. Such behavior of mixed-phase TiO, has been
previously observed in the reaction of TiO, with Na metal. There, it was speculated that
chemical inertness of rutile phase might be a reason for selective modification of
anatase phase in mixed-phase Ti02.%” This hypothesis will be addressed later in the
chapter. As a result of thermal treatment, the signals of anatase peaks in G-TiO; are
recovered, though partially, while rutile signals seem to be unaffected by thermal
treatment. This finding is consistent with in situ XRD measurements indicating that at
450 °C the anatase phase exhibits a maximum intensity of diffraction peaks (fig. 19).
For example, longer annealing times at 400 °C could lead to complete healing of the
anatase phase.3* In G-TiO,/AC the acidic work-up did not show much effect on the XRD
pattern, giving the pattern that is very similar to the pattern of G-TiOs.

The changes in microstructural parameters, such as crystallite size and interplanar d-
spacing, induced by self-doping and thermal annealing were further studied on TiO;
samples. The average crystallite size was calculated employing Scherrer method for
two of the most intensive Bragg peaks in anatase phase ((101) and (200)) and rutile
phase ((110) and (111)) that do not overlap with other peaks. The data on crystallite
sizes and d-spacing of anatase and rutile phase for TiO; samples is summarized in Table
3. In pristine TiOy, generally, crystallites of rutile phase are bigger than that of anatase
phase. Also, the crystallites in TiO2 exhibit a phase dependent crystallite size variation,
where smaller anatase crystallites vary more in size due to self-doping and thermal
annealing. For example, the average crystallite size in (101) and (200) anatase planes
in pristine TiO; were 23.5 and 21.1 nm, respectively, while in B-TiO, were reduced to
22.0 and 18.7 nm, respectively. The decrease of average crystallite size in rutile phase

is not
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Table 3. Crystallite size (D) and d-spacing (d) in TiO2 samples

Sample D101/ nm Dzoo/ nm D110/ nm D111/ nm d101/ nm d110/ nm

TiO2 23,5 21,1 31,4 36,0 0,352 0,325
B-TiO2 22,0 18,7 31,1 36,1 0,352 0,325
G-TiO2 23,4 20,6 32,4 34,8 0,352 0,325
G-TiO2/AC 23,3 20,9 32,1 33,8 0,352 0,325

confirmed upon TiO; self-doping. The shrinkage of crystallites in anatase phase may
indicate that amorphous overlayer in B-TiO2 sample is formed as a consequence of self-
doping.®® Such modification of surface layer is a common phenomenon occurring in
post-growth diffusion-based synthetic routes like reaction of crystalline TiO, with Na/K
alloy where amount of inserted Na is relatively low. In some instances, though, alkalis
can be intercalated to greater extent into TiO,; framework such by electrochemical
insertion.'*® The high alkaline content may trigger the formation of titanate phases,
which is sharp contrast comparing with B-TiO;. In the G-TiO; sample it is observed that
anatase crystallites grow in (101) and (200) planes to 23.4 and 20.6 nm, respectively.
According to the results, the crystallites are completely recovered in (101), but not fully
in (200) plane. The acid treatment of G-TiO, sample did not further affect the size of
anatase crystallites. On the other hand, minor changes in rutile crystallites were
observed in G-TiO3, where simultaneous growth of crystallite in (110) rutile plane and
shrinkage in (111) plane are confirmed. The increase of crystallites in crystal ab plane
(110) presumably occurs on the expense of high energy facets, meaning that high
energy surfaces are converted upon thermal annealing to the most thermodynamically
stable (110) surface.?® 0 The similar thermal phenomenon of crystallites can be
operable for the anatase phase as well, which may explain why crystallites in the
thermodynamically most stable (101) plane is completely recovered although the
anatase signal in the XRD pattern is not.*% 150 Despite the subtle thermal effect could
be observed upon annealing, based on XRD data the anatase-to-rutile phase
transformation can be excluded to occur in TiO; samples.

For d-spacing calculation the most intensive anatase (101) and rutile (110) diffraction
signals in TiO2 samples were utilized. The d-spacing was determined employing Bragg
equation. The interplanar spacing for (101) and (110) Bragg diffraction peaks in all TiO,
samples were the same, 0.352 and 0.325 nm, the values that are typical for defect-free
anatase and rutile phase. These results may suggest that the core of the particles that
is left after reaction with Na/K retains the structure of pristine TiO, and allows for
distinguishing between an outer layer with distorted structure and an unmodified
crystalline TiO2 core.
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Now, after the crystal structure of TiO2 samples have been comprehensively discussed,
the selective modification of the anatase phase in mixed-phase TiO, upon self-doping
will be addressed. As mentioned previously, it has been speculated that the chemical
inertness of the rutile phase might be a reason why only anatase becomes affected by
self-doping in mixed-phase Ti02.2” In the case when mixed-phase TiO; was replaced by
pure rutile TiO2 nanoparticles and reaction with Na/K alloy runs under otherwise same
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Figure 21. XRD patterns of TiO,, B-TiO, and G-TiO2 nanoparticles and pdf cards of the
anatase (icdd-pdf-01-076-3177) and rutile (icdd-pdf-00-021-1276) crystal phase (top)
and XRD patterns of rutile TiO2 and blue rutile TiO; (bottom)
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conditions, blue rutile TiO, was obtained. Due to strong similarities with the color
change observed for mixed-phase TiO;, it is expected that self-doping of rutile TiO;
occurred in the reaction with Na/K alloy. To substantiate the experimental observation,
XRD analysis of white and blue rutile TiO, was carried out (figure 21, bottom). From
these patterns it become clear that the intensity of signals in blue rutile TiO; is
decreased comparing with white rutile TiO; in the similar fashion like in the anatase
phase of mixed-phase TiO. This shows that the rutile phase is not chemically inert
under reaction conditions, but more likely the different affinity toward Na/K alloy as

well as the surface energy of anatase and rutile polymorphs might play a role here.”*
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The structure and morphology of the TiO, samples were further studied by
transmission electron microscopy (TEM). High-angle annular dark field scanning
transmission electron microscopy (HAADF)-STEM was employed for structural analysis
and micrographs of TiOz, B-TiO2, and G-TiO; are depicted in figure 22, left. The
micrograph of pristine TiO2 shows that TiO; has faceted particles with a resolved edge
and lattice features, which indicate that the starting material is well crystallized (fig. 22,
top left). In B-TiO; (fig. 22, middle left), the main effect of self-doping is reflected in
roughening of the particle’s surface. Meanwhile the surface of particles is altered, the
crystalline core remains defined. In general, the alteration becomes more pronounced
for particles with smaller diameter. The STEM results on B-TiO; confirm that the surface
layer undergoes modifications in the reaction with Na/K and that Na intercalation is a
diffusion-driven process, meaning that particles with higher surface-to-volume ratio
are modified to a greater extent. In G-TiO. (fig. 22, bottom left) the disordered
overlayer considerably shrank. The particles show more regular edge structure in
comparison with B-TiO2, but less defined than that of pristine TiO,. Thus, the STEM
analysis points out that ascending order of crystallinity in the three samples is as
follows: B-TiO;, G-TiO2 and pristine TiO;. Furthermore, the STEM observations
corroborate the XRD data that suggest the formation of a disordered overlayer in B-
TiO3 as well as partial healing of disordered structures upon thermal annealing. Apart
from structural TEM analysis, the low-magnification bright-field (BF)-TEM images
reveal that particle size distribution and morphology of particles in TiO,, B-TiO2, and G-
TiO, samples (fig. 22, top, middle, bottom right, respectively) did not change either
after self-doping or thermal annealing.
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Fig. 22 HAADF - STEM and BF - TEM images- of Tiz (f.ob left and right), B-TiO, (middle
left and right) and G-TiO, (bottom left and right) nanoparticles
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3.3 Optical properties of self-doped TiO>

The light harvesting ability of TiO, samples was examined by means of diffuse
reflectance spectroscopy (DRS) in the spectral range from 250 to 1100 nm and DRS
spectra are shown in figure 23. The pristine TiO2 exhibits band-to-band transition,
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Figure 23. DRS spectra of TiO;, B-TiO2, G-TiO2 and G-TiO2/AC samples

which implies that the TiO» structure is free of defects that act as color centres. In B-
TiO2 in addition to band gap absorption, strong light absorption in Vis and NIR region
emerges, with NIR absorption being the dominant contributor. The deep Ti** mid-gap
states in B-TiO;, that are introduced by TiO; self-doping induces the sub-band gap
absorption. Consequently, the light harvesting capability of B-TiO: is greatly enhanced,
thereby widening the range of sunlight that B-TiO; can capture and generate charge
carriers for photocatalytic reactions. After thermal annealing the Vis/NIR light
absorption of G-TiO; is still notable, but less intensive than that of the B-TiO, sample.
Also, light absorption in G-TiO; is flipped, with the Vis light being absorbed to higher
extent than the NIR. The reduction in NIR absorption could be assigned to a lack of Ti**
states in G-TiO2. This would, however, mean that thermal annealing induces not only
the Na deintercalation from TiO», but also destabilizes Ti3* ions in the TiO2 framework.
As of now, the influence of thermal annealing on Ti3* centres will not be further
discussed, but instead it will be addressed in the following chapter. The sub-band gap
absorption in G-TiO; can be roughly split into two regions. The first one, that falls
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between 400-500 nm is characterized by an absorption plateau, while the second one
lays above 500 nm and light absorption monotonically decreases throughout the rest
of Vis and in NIR region. The origin of visible light absorption in the G-TiO; sample can
be somewhat controversial and at least two explanations have been offered in the
literature. On one hand, it has been shown that oxygen vacancies present in TiO; act as
color defects, thus enabling absorption of visible light by TiO2.1>! On the other hand,
doping of TiO; with carbon has been proven to enhance visible light absorption of TiO;
in a similar way as in the case of G-Ti0,.5% 1> Since 0.81 wt% of carbon impurities was
detected in G-TiO2 sample, the carbon doping seems more likely to be responsible for
color and light absorption of the sample. The G-TiO,/AC shows light absorption envelop
very similar to that of G-TiO;, but with slightly enhanced intensity. Presumably, the
increased light absorption can be attributed to the chemically clean G-TiO2/AC surface.
After all, it can be concluded that the light harvesting ability of the TiO, samples follows
the order: TiO2<G-TiO2<G-TiO2/AC<B-TiO,.

Next, the band gap of TiO, samples was determined from DRS data using Tauc analysis
and results are presented in figure 24. At the beginning it should be mentioned that all
studied samples show complex Tauc envelops with multiple absorption edges. For
example, pristine TiO; shows two absorption edges, the rutile edge at 3.05 eV and
anatase edge at 3.30 eV, because the sample is a mixed-phase TiO,. However, the
anatase absorption edge is dominant in the Tauc plot, because the anatase phase is the
prevailing crystal phase in pristine TiO,. Therefore, in other TiO2> samples a similar band
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Figure 24. Tauc plots of TiO, B-TiO2, G-TiO; and G-TiO2/AC samples
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gap can be expected and for further discussion only the anatase edge of TiO; will be
considered due to two reasons: rutile is the minor phase in TiO2 and it was not affected
by the reaction with Na/K alloy. Thus, the band gaps of B-TiO2, G-TiO, and G-TiO2/AC
samples are 3.24, 3.29 and 3.26 eV, respectively, showing slight red-shift comparing
with that of the pristine TiO2 sample.'>3 Further, a sub-band gap part of the signal falling
in Vis/NIR region can be used to study in-band electronic states in the samples. In three
samples that show Vis/NIR absorption the analysis of in-band electronic states is
convenient only in the case of B-TiOy. In G-TiO2 and G-TiO2/AC samples, the lack of clear
absorption features and a non-linear absorption decrease hamper further analysis. In
Vis/NIR region the envelope of B-TiO; exhibits an absorption maximum at around 1.3
eV due to the Ti3* deep electronic states in the anatase phase, which reasonably good
matches with the position of Ti3* in-band electronic states in TiO; that has been
reported in the literature. % 154

In the next experiment, the influence of the Ti3* concentration on the intensity of
Vis/NIR light absorption in the self-doped TiO, was studied (fig. 25, left). Here, the self-
doped TiO, samples were prepared applying standard reaction conditions, with
differences being the reaction time (limited to 5 days) and amount of added alloy
(samples are denoted as B-TiO,_x, where x represents the amount of added Na/K alloy
(mL)). Additionally, the amount of bulk sodium, potassium and carbon were quantified
in B-TiO2_x samples (fig. 25, right).

DRS results show that the light harvesting ability of B-TiO,_x samples depend on the
amount of added alloy i.e., Ti3* concentration. Initially, a rapid increase in Vis/NIR light
absorption is observed when the volume of Na/K alloy increases from 0.25 to 1 mL. The
light absorption for the B-TiO,_1 sample reaches its maximum and a further increase
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Figure 25. DRS spectra (left) and content of bulk sodium, potassium and carbon
impurities (right) in B-TiO,_x samples
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in the Na/K amount does not enhance the Vis/NIR absorption in B-TiO,_2 and B-TiO,_4
samples. The DRS results can be substantiated by the development of the color of B-
TiO2_x: the blue color darkens from B-TiO,_0.25 to B-TiO2_0.5 and become dark blue
for the sample B-TiO2_1. For B-TiO,_2 and B-TiO2_4 samples no obvious difference in
color comparing with B-TiO2_1 could be anymore observed. Altogether, this reveals
that the maximum concentration of Ti3* centres in B-TiO2_x samples is likely reached in
the case of 1 mL of added Na/K alloy.

Next, a possible correlation of optical absorption and level of impurities in the B-TiO,_x
samples were studied. Generally, accumulation of either potassium or carbon does not
occur in B-TiO,_x. Their amount is almost constant throughout the B-TiO,_x series and
does not exceed 0.1 wt.%. (fig 25, right). Such low amount of potassium can be
expected since potassium does not intercalate into the TiO; framework. However, in
the case of carbon the results are surprising, particularly concerning the fact that
carbon accumulation in B-TiO, sample was well above 1 wt.%. The reason for a low
amount of carbon in B-TiO,_x samples could be the short reaction time, which would
not allow carbon impurities to accumulate in the disordered layer. On the other hand,
the sodium accumulation in bulk is in sharp contrast either to potassium or carbon
accumulation, presumably because the change in reaction conditions does not affect
Na intercalation. For example, the Na content increases until B-TiO;_1, where the TiO;
framework becomes saturated with intercalated Na and Na content does not further
change. In fact, the Na intercalation and Vis/NIR absorption in B-TiO,_x strongly
correlates. This correlation may imply that impurities other than Na are spectators in
B-TiO2 and suggests that Na can be essential for self-doping and stabilization of Ti** ions
in B-TiO,.

3.4 Study of Ti* ions in self-doped TiO,

Upon TiO; self-doping, the extra electron from Na/K alloy is injected into empty 3d
orbitals of Ti** ion forming Ti3* ion. The increased electron density around Ti cation then
triggers a shift in its bound state as well as change of magnetic properties from
diamagnetic to paramagnetic, which represents a basis for studying self-doped TiO; by
X-ray photoelectron spectroscopy (XP) and electron paramagnetic resonance (EPR),
respectively. Beside Ti3* detection, the combination of these method can reveal the
depth profile of Ti3* centers in self-doped TiO..

At the beginning, the chemical bonding of Ti and O ions at the surface of TiO, samples
will be discussed. The Ti spectra were recorded in the 2p region and results are shown
in figure 26, top. The doublet in the spectra of TiO, samples arises from spin orbit-
splitting Ti 2ps3/2 and Ti 2p1/2 of 5.8 eV that is characteristic for the Ti*" state in Ti0,.28
Herein, the surface differences in the samples are evaluated from the Ti 2ps;; peak,
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which for pristine TiO2 has a binding energy of 458.6 eV. In B-TiO,, the peak is shifted
by ca. 0.4 eV towards Fermi level relative to the Ti 2p3/2 centre in pristine TiO..
Generally, the decrease in binding energy (BE) is an indication of an addition of a
valence electron to the ion which lowers its oxidation state. In addition, the evidence
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Figure 26. High-resolution XP spectra of TiO;, B-TiO;, G-TiO2 and G-TiO2/AC samples in
Ti 2p (top) and O 1s (bottom) region
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for the presence of the surface Ti3* ions could be the emergence of a low BE shoulder
in the Ti** signal. In B-TiO2, however, no shoulder at the low BE side of the Ti** signal is
detected, and the shift of 0.4 eV towards Fermi level is smaller than the shift of 1.5 eV
that is expected in the case when Ti3* ions are present on the TiO surface.'> Also, it
should be kept in mind that uncertainty in BE can be up to + 0.3 eV, which can give rise
to a shift in BE similar to the shift that is observed in B-TiO,. Therefore, Ti 2p results
suggest that Ti3* ions are not exposed at the surface of B-TiO, sample. Considering the
uncertainty of measurements, no further changes in the Ti 2p3/; peak position are
observed either in G-TiO2 or G-TiO2/AC sample, where the Ti 2ps/2 peak is centred at
458.6 and 458.9 eV, respectively. Hence, it can be inferred that the surface of all TiO;
samples is composed only out of Ti** ions.

Figure 26, bottom shows O spectra of TiO, samples recorded in the 1s region. The main
peak and the high BE shoulder in the O 1s region can be attributed to lattice oxygen
and hydroxyl groups, respectively. Here, the surface differences in TiO, samples are
assessed from the lattice oxygen peak centred at 530.0 eV in pristine TiOz. In B-TiO3, G-
TiO2 and G-TiO2/AC samples the lattice oxygen peak is centred at 529.7, 529.6 and
530.1 eV, respectively. For example, the 0.3 eV negative shift in BE observed in B-TiO;
sample relative to the pristine TiOz is assigned in the literature to the oxygen vacancies
that are present in self-doped TiO2.2” In this case, however, similarly to the Ti 2p signal
such small deviations in peak position fall out of reliability range of the measurement
to allow plausibly assignation. Moreover, the negative shift of O 1s is comparable to
the shift in the Ti 2p signal in B-TiO2, which implies that rather the whole spectrum of
B-TiOy is equally affected i.e., slightly negatively shifted. Therefore, XP results suggest
that no oxygen vacancies are present on the surface of the TiO, samples.

In addition, in TiO2 and B-TiO2 the O 1s and Ti 2p peaks show regular BE distance, which
in the case of G-TiO; becomes smaller. These tiny negative shifts in BE have been
observed for metal and metal oxide surfaces due to electrostatic interactions with ionic
adsorbate layers.?®® 157 Therefore, in G-TiO; it is reasonable to assume that
deintercalated Na present on the G-TiO; surface more affects surface oxygen than
titanium, causing the negative shift of the O 1s peak and reducing the O 1s and Ti 2p
BE distance.

Further, analysis of Ti®* ions in TiO2 samples was performed by EPR at an X-band
frequency (9.35 GHz) in the dark. To study relaxation in TiO, samples, the
measurements were conducted at two different temperatures, 96 K and 293 K. The
sample tube and TiO2 did not give measurable signal under applied conditions, so they
will not be further discussed. Also, the G-TiO,/AC sample was not measured, since the
acidic work-up was not expected to have a significant influence on the EPR results of
G-TiOz sample as showcased with previous methods. Therefore, the B-TiO; and G-TiO;
samples were studied, and spectra are shown in figure 27.
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At the beginning, the results of B-TiO; and G-TiO; at low temperatures will be discussed.
The spectrum of B-TiO2 recorded at 96 K indicates the presence of two paramagnetic
centres. The first, more pronounced signal is the broad peak centred at g = 1.94. The
general consensus assigns the signal to the Ti3* centres in Ti0,.19> 158 159 judging from
the peak position, it can be ascribed to the subsurface/bulk Ti3* centres in B-TiO,,
because the surface Ti3* centre would give a high-field signal at 1.92.1%> Therefore, the
EPR data confirms that paramagnetic Ti3* species in B-TiO, are not exposed to the
surface, but they are rather located at the subsurface or the bulk of the material. Apart
from Ti3* peak, the less intensive low-field isotropic signal at g = 2.003 can be observed
as well. The assignation of this features is, however, a matter of heated debate in the
literature.

To a greater extent, it is believed that the signal originates from electrons that become
trapped at oxygen vacant sites, although medium polarized free electrons or carbon
impurities have been proposed to contribute to this feature as well. 8% 159-162 For
example, probably the heaviest critic concerning the oxygen vacancy model is that it
cannot address the lack of interaction of molecular oxygen with oxygen vacant sites.
Known as good electron scavenger, the adsorption of O, would cause an electron
transfer from a vacant site to an O, molecule. As a result, the formation of a superoxide
radical anion (O27), that would give a rhombic signal, is expected to occur.'®®> However,
the isotropic oxygen vacancy peak withstands in the presence of oxygen and the new
signal from O~ does not appear.®® Since the vacancy model left short towards
interaction with Oy, the signal is alternatively assigned to the medium polarized free
electrons, which would explain a slight difference in the observed g value in comparison
with the g value of free electrons (2.003 vs. 2.0023, respectively) as well as the lack of
interaction with oxygen. It should be noted, however, that both models, oxygen
vacancy and medium polarized free electron model, assume that TiO; is free of
impurities. The more realistic scenario is though that lab prepared TiO, samples will
contain leftover impurities e.g., from synthesis of the catalyst. Therefore, a third model
considers that the signal at g = 2.003 originates from impurities, particularly from
residual carbon. The similar signal like this is regularly detected in carbon containing
samples including carbon doped TiO;, graphene oxide and its derivatives, but not in
high-quality graphene.162 164,165 A|so, the signal is common in coals.®® Thus, this might
suggest that the signal derives from trapped electrons most likely at functional groups,
though, the determination of the nature of this peaks was out of the scope of this
thesis.'®* The fact that carbon impurities were confirmed in the B-TiO, cannot be
ignored and, therefore, the peak centred at g =2.003 is to be due to the present carbon
in B-TiOa.

In G-TiO3 the intensity of the two EPR signals change; the intensity of the Ti3* signal

heavily decreases while the carbon signal is intensified. As already shown by the DRS

measurement (fig. 25, left), the amount of Na that intercalates into the TiO, framework

influences the extent to which TiO will be self-doped, thus determines the properties
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of the material. This EPR measurement, on the other hand, shows that Na
deintercalation out of TiO; can result in the annihilation of Ti3* ions. Hence, DRS and
EPR analyses indicate that Na has a profound effect on the formation and stabilization
of Ti3* ions in B-TiO2. The changes in intensity of the carbon peak may be understood
in the way that thermal treatment in inert atmosphere enhances the electron trapping
ability of impurities.

When recorded at 293 K, the EPR envelope of B-TiO> contains signature resonances of
both paramagnetic centres detected at low temperature. However, the intensity of the
Ti3* peak here is substantially weakened, which reveals an adverse effect of
temperature increase on the Ti** signal. The variation of the Ti3* signal with
temperature can be explained by the impact of temperature on the spin-relaxation
time.1®” Generally, spin-relaxation time shortens with temperature and this can be
applied for the majority of paramagnetic signals. At the same time the carbon signal
deflects from the regular temperature behaviour and stays grossly unaffected by
temperature. In G-TiO; at 293 K the Ti3* peak completely vanishes, while only the
carbon peak is detected. As in case with B-TiO;, the carbon peak in G-TiO> shows
irregular behaviour with temperature, the behaviour that is valid in the case of
paramagnetic centres in reduced graphene oxide.!®* Also, the comparable peak
characteristics in B-TiO; and G-TiO2 may suggest the same nature of the trapping sites,
which are likely enhanced by number after thermal annealing.
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Figure 27. CW X-band EPR spectra of B-TiO2 and G-TiO2 nanoparticles recorded at 96 K
and 293 K.
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Finally, the structural changes that are introduced in TiO; framework by self-doping and
thermal annealing were verified by studying Ti and O chemical environments in pristine
TiO3, B-TiO2 and G-TiO; samples on a particle level by scanning transmission electron
microscopy - electron energy-loss spectroscopy (STEM-EELS). The STEM-EELS results
for the three samples are shown in figure 28.

First, figure 28, top left shows an annular dark-field STEM (ADF-STEM) image of pristine
TiO2 with comparable particle size distribution to the one already discussed in figure
22, top right. To differentiate the core from the shell of the nanoparticles, STEM-EELS
analysis was carried out in the Ti-Ls,» and O-K edge region as shown in figure 28, top
right. Analysed surface and bulk regions of pristine TiO2 are enclosed by red squares in
figure 28, top left. The energy-loss near-edge structure (ELNES) of TiO2 in Ti-L3» region
is generally dominated by the main four white lines arising from 2p63d° > 2p°3d*
electronic transition for a tetravalent ion in an octahedral site. The core-hole spin-orbit
coupling gives rise to two main features, L; and L, edges, which further split under the
effect of the octahedral crystal field on the 3d states.'®® Further, the shoulder in the
second white line in the L3 edge is caused by transition from the 2ps/2 to eg (L3-eg) states
and reflects differences in the octahedral coordination of O around Ti in anatase and

rutile, thus representing the basis for distinguishing between the two polymorphs.®°

The shoulder is located at the low energy-loss side of the Lz line in rutile polymorph,
while in anatase it is centred at the high energy-loss end. Apparently, in the case of
pristine TiO; all three measured areas correspond to the anatase polymorph.
Furthermore, the very strong similarities between surface and bulk regions that are
observed herein confirming good crystallinity and well-resolved edge structure in TiOa.
Apart from the Ti-L3» edge, the O-K edge shows two principal features that originate
from the transition between oxygen 2p states hybridized with Ti 3d tz and eg
orbitals.'®® Two defined white lines in the O-K edge of sample in the bulk region and at
the surface further confirm the crystalline nature of the nanoparticles in pristine
TiO,.170

In B-TiOy, the ELNES of Ti-L3> and O-K edges in the bulk region confirms that the core
of the particles retain crystal structure after self-doping with Na/K alloy (fig. 28, middle
right). Also, in this sample anatase and rutile particles have been detected, as indicated
by the position of the L3-eg shoulder on the Ti-L3 > edge of two bulk regions (area 1 and
area 3). However, the main spectral differences in B-TiO; arise from the surface region
(area 2), where peaks become poorly resolved. Moreover, the changes such as low
energy-loss shift of the onset of the Ti-Ls» edge, splitting of the first white line in the L3
edge into two peaks, and broadening of the white lines in O-K edge could be speculated
to occur. However, to approve these secondary changes rather high-resolution EELS
analysis would be required. Nonetheless, STEM-EELS analysis suggests that structure in
surface region of B-TiO; is altered due to presence of Ti3* in TiO2, which induce
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Figure 28. ADF-STEM images (left) and EELS spectra in the Ti-L3> and O-K edge from
surface and bulk regions enclosed by red squares in ADF-STEM images of pristine TiO;
(top), B-TiO2 (middle) and G-TiO, (bottom) samples.
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variations in chemical environment around Ti* ion and eventually lead to the more
complex ELNES structure. 170

The STEM-EELS analysis of G-TiO2 shows that core of the particles has the anatase
structure, thus confirming that temperature during thermal annealing do not affect the
particle core. Conversely to the core of the particles, the thermal annealing shows an
impact on the surface region in G-TiOz. For example, when compared with B-TiO,, it
can be noticed that the edge onsets of surface and bulk Ti after thermal annealing once
again become well aligned. Furthermore, it is found that the first white line in the L3
edge reappears. However, the resolution is still lower than that of TiO,, indicating that
structure in G-TiO2 sample is only partially recovered. Taken together, STEM-EELS
results substantiate the structure reordering in G-TiO, after thermal annealing
accompanied by Ti3* ion reoxidation to the Ti*" state.

Following the unique identification of the core and the shell in B-TiO, and G-TiO,, fine
edge structures were used as a model in the multilinear least-square (MLLS) fitting.
Fitting of ADF-STEM images allows computing of overlay as well as single color phase
distribution maps of the B-TiO; and G-TiO; samples (fig. 29). The overlay image of B-

Anatase

overlay Anatase Rutile Surface surface

Figure 29. Overlaid ADF-STEM images of B-TiO; (top left) and G-TiO (top middle) and
overlay and single-color phase distribution maps derived from EELS fine structures by

MLLS fitting for B-TiO; (bottom) and G-TiO; (right) samples.
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TiOz (fig. 29, bottom) shows that a thick surface layer surrounds anatase and rutile
nanoparticles. Such distribution of a disordered layer in B-TiO; is a bit controversial
concerning the previous characterization, particularly XRD, which indicated that
disorder is introduced solely in the anatase phase after the reaction with Na/K alloy.
The reason for this discrepancy may arise from the fact that rutile particles are
embedded into anatase as indicated by single phase distribution map of anatase, where
smaller anatase particles encircle big rutile particle (fig. 29, bottom). Therefore, the
surface signal most likely arises from modified anatase phase in B-TiO,. To fully clarify
the issue from the EELS standpoint, STEM-EELS analysis of isolated rutile particle would
be highly desired.

In G-TiO,, on the other hand, the surface layer loses its compactness and shrinks
confirming the previous conclusion that the disordered layer restructures upon thermal
annealing due to Na deintercalation and Ti®** ion reoxidation to Ti** ion (fig. 29, right).

3.5 Structural model of self-doped TiO;

The characterization that has been done with TiO; materials aimed to provide
information on structural changes within the TiO, framework after it being self-doped
in the reaction with Na/K alloy. The questions such as Na intercalation as well as
formation and stability of Ti3* ions in the TiO, framework were of particular interest,
and their influence on catalytically relevant features of TiO; material like light
harvesting ability and surface composition. Based on XRD, TEM, EPR, XPS and STEM-
EELS measurements a triple-hybrid TiO.@Ti3*/TiO,@TiO; structural model of B-TiO; is

TiO, — Thin surface Ti**- free anatase layer

Ti**/TiO, — Disordered subsurface Ti** layer

Figure 30. Triple hybrid TiO.@Ti3*/TiO.@TiO; structural model of B-TiO>
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proposed (figure 30).It should be, however, mentioned that this model applies only to
anatase particles in B-TiO.. The first structural segment in the model is an unreacted
anatase crystalline core. The reaction of TiO, with Na/K alloy is a diffusion-based
reaction; therefore, it is limited by the rate of transport of Na through the TiO, matrix.
Generally, the smaller the anatase particle, the bigger the extent of modification with
Na/K alloy. The second structural segment is a disordered layer that surrounds the
anatase crystalline core. The intercalated Na accumulates here and reduces Ti** ion to
Ti3*ion. The disordered layer determines the light harvesting ability of B-TiO;. The third
and outermost segment in B-TiO; structure consists of a thin anatase layer composed
of Ti** ions and is free of intercalated Na. Therefore, according to the
TiO,@Ti**/TiO2@TiO; structural model the advantage of B-TiO; in solar H, production
comparing with pristine TiO> may arise from a wider range of sunlight that B-TiO, can
capture to generate charge carriers.

3.6 Photocatalytic activity of self-doped TiO;

3.6.1 Hz production under 1.5 AM solar simulated light

The catalytic performance of the B-TiO; and G-TiO,/AC samples was investigated in the
photocatalytic H, production from a water/methanol mixture under AM 1.5 simulated solar
light and results are shown in figure 31. The catalytic performance of the B-TiO; and G-TiO2/AC
catalysts was benchmarked with TiO, P25 and in all catalysts nominally 0.5 wt% Pt co-catalyst
was deposited by in situ photoreduction of H,PtCls. Even structurally very similar, G-TiO,/AC
was chosen over G-TiO; catalyst for the H, production test because the surface of the latter
contains deintercalated Na and loosely bound carbon impurities that can hinder deposition of
the co-catalyst and adsorption of an reactant, and thus hamper the H, production on the G-
TiO, catalyst. At time O hours the light illumination was switched on, where in situ
photodeposition of Pt co-catalyst takes place in parallel with the photocatalytic H, production.
The catalysts were tested for 2.5 h and H; production rate in umolg*h! was determined at
the end of the test.

Photocatalytic results for the TiO2 samples indicate that under 1.5 AM illumination the TiO;
P25 benchmark exhibits the highest H, production rate of 400 umolg*h?, followed by G-
TiO2/AC and B-TiO; with the rates of 190 and 44 pumolgth?, respectively. In TiO2 P25 the
photocatalytic activity steadily increases during the test, while the H, production in B-TiO; and
G-TiO2/AC catalysts is stable, especially after the first 30 minutes on. It should be mentioned
that TiO2 samples showed reverse order in photocatalytic activity when compared with their
light harvesting ability. This means that B-TiO,, the material with the most color centers
performs the least efficient. No formic acid is detected after photocatalytic tests with TiO;
samples.
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Figure 31. Photocatalytic H, production on B-TiO;, G-TiO2/AC and TiO; P25 catalysts

3.6.2 Effect of Ti** ions on solar Hz production of self-doped TiO;

To check if the concentration or the nature of color centers play a role in photocatalytic
performance of B-TiO2, a H; production test was run with the B-TiO,_0.05 catalyst
which has the lowest amount of centers that can still turn the color of TiO; to blue. The
test was performed with B-TiO,_0.05 and TiO, P25 catalysts under AM 1.5 illumination.
In this experiment a pyrex glass reactor was used instead of a top-irradiated reactor
with flat quartz window and results are shown in figure 32. The mass-specific activity
of B-TiO2_0.05 and TiO, P25 after 2.5 h of the reaction was 718 and 890 umolg?,
respectively, which makes a decrease in the activity of B-TiO,_0.05 of around 20 %
comparing with TiO; P25 benchmark. Please note that in these experiments a pressure
increase was not accounted for. Thus, these results indicate that the amount of Ti3*
centers plays a role in the deactivation of B-TiO2 samples in the way that Ti3* promotes
TiO, deactivation and this effect is increasing with the of amount of Ti** ions.
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Figure 32. Photocatalytic H, production on B-TiO;, G-TiO2/AC and TiO; P25 catalysts

The hindering effect of Ti** ions in self-doped TiO2 on the photocatalytic H2 production is more
likely related to the Ti3* ion nature and spatial distribution within the TiO, framework. On one
hand, DRS data have shown that in-band Ti3* level can act dually, as donor and acceptor level.
Jugging on this, it can be speculated if this level decreases or increases charge recombination.
On the other hand, combination of XPS and EPR analysis have revealed that Ti3* ions are
preferentially located in the subsurface/bulk region of TiO,. Generally, bulk defects in TiO; are
considered to introduce new charge carrier trapping and recombination centers.’® These
centers would decrease the mobility and diffusibility of the photoexcited charge carriers,
making the energy transfer less efficient, thus degrading the performance of the catalyst. It
turned out that even though the B-TiO: is the better light harvester and most likely produces
more charge carriers, due to the poor charge carrier dynamics less of them would reach the
surface of the catalyst, where redox reactions take place. This is corroborated by the
photocatalytic results of G-TiO,_AC, the material virtually free from Ti3* ions, which exhibited
better photocatalytic activity by a factor more than 4 than that of B-TiO,. Therefore, the choice
of type of defect and their distribution in the TiO, framework are imperatives for the
preparation of efficient doped-TiO, photocatalysts for solar applications.

3.7 Conclusions

Self-doped TiO, were synthesized in the reaction of TiO, with Na/K alloy and self-doped blue
TiO2 powders show outstanding color stability under storing at ambient conditions. The

structural characterization reveals that self-doped TiO, adopt a hydrid TiO,@Ti**/TiO.@TiO>
67



structure with disordered layer embedded between TiO; crystalline core and TiO; overlayer.
The Ti** ions are preferentially formed in the disordered layer and their amount correlates
with the amount of added Na/K alloy i.e., an extent of Na intercalation into TiO; framework.
Further, intercalated Na seems to be crucial for long-term stabilization of Ti3* ions. The Ti3*
ions unlock visible and near infrared light absorption in self-doped TiO2 by introduction of in-
band electronic states 1.3 eV below the conduction band. Platinized B-TiO, (0.5 wt% Pt)
achieves a H; production rate of 44 pumolg'h™? from methanol/water mixture under solar
simulated light (AM 1.5), by factor 9 less than that of TiO, P25 despite the fact that solar light
absorption has been substantially increased in B-TiO,. After the Ti3* ions are removed from
the B-TiO; structure, the activity of G-TiO,/AC catalyst is enhanced by more than 4 times.
When present, Ti3* deactivates self-doped TiO, catalysts and deactivation is an increasing
function of the Ti** amount. Therefore, the nature and spatial distribution of Ti®* ions within
the TiO, framework are primary determinants of H, production in self-doped TiO,. The Ti3*
ions formed in the disordered layer increases the bulk defect density in TiO,, which hamper
charge carrier dynamics and lead to the sluggish H; production. The subsurface transformation
is a common challenge in diffusion-based post-formation doping routes and has been proven
challenging in the case of TiO; self-doping with Na/K alloy as well.
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4. Size effect in rutile structures on photocatalytic
H> production under solar light

4.1 Synthesis of rutile needles

TiO2 rutile nanoneedles were synthesized by hydrolysis of titania-tetraisopropoxide (TTIP)
under acidic conditions at room temperature for 4 days (fig. 33). After workup of the reaction
and drying at elevated temperatures (120 or 200 °C), white nanopowders of rutile needles
were obtained. The reaction conditions such as temperature, Ti-precursor, pH value or ion
concentration in the reaction medium can determine crystal structure and morphology of
resulting TiO2 materials. Hence, in this chapter main factors that influence the synthesis of
rutile needles will be discussed.

o &% TTIP, H,0/i-PrOH, H*, RT, 4 days
‘ vV ¥ &
* ‘0° 4@

Figure 33. Schematic illustration of rutile needle synthesis

Temperature during synthesis can impact the synthesis in several ways. First, low temperature
is required to keep the TiO2 nucleation rate low, which allows formation of pure phase rutile
crystal structures.!’! At temperature as low as 80 °C the anatase crystal phase will start to
crystallize leading to mixed phase TiO> materials. Second, low temperature synthesis of
crystalline TiO; allows formation of nanosized rutile crystals due to the slow crystal growth,
which is in sharp contrast with high temperature synthesis where sub-micro to microcrystals
are typically obtained.?’2 Third, low temperature will retard excessive development of parallel
layers terminated with (110) facets, the key for efficient photocatalysis with rutile polymorph.
The role of (110) facets of rutile catalysts on H, production under solar light will be discussed
in detail in the following sections.

Beside temperature, the choice of the type of Ti-precursor plays a role mainly in determining
the phase composition of TiO,. Here, TTIP is used as Ti-precursor. Generally, other fast
hydrolyzing Ti-compounds such as TiCls or Ti(SOa4); are suitable precursors for obtaining
crystalline oxide at low temperatures.’33 7! In TTIP electronegative isopropoxy groups make

the metal prone to nucleophilic attack of water. The reaction between alkoxide and water, in
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fact, can be considered as a two-step process: a hydrolysis reaction and a condensation?’3.
Among two processes hydrolysis occurs first and results in the formation of Ti-OH bonds.
Furthermore, Ti*" ions increase their coordination from 4-fold tetrahedral in TTIP to 6-fold
octahedral in TiO; by using their vacant d-orbitals to accept oxygen lone pairs from
nucleophilic OH ligands by coordination expansion.'’® Then, the follow up condensation
occurs along with elimination of water molecules. The TiO, formation mechanism can be
explained on the basis of a partial charge model. According to the model, solid polymorphs
form by condensation of octahedral [Ti(OH)x(H20),]"* units in the precursor solution and the
relative amount of each phase varies with the acidity of the aqueous solution since the pH
determines the form of the prevalent octahedral species. Thus, for example, high pH causes
an increase in the number of OH groups coordinated to Ti(IV) centers. Consequently, the
probability for edge-shared bonding is high, favoring the anatase phase where [TiOg]
octahedrons share 4 edges with their neighbors. Conversely, at low pH, the number of OH
ligands are lower and crystallization of rutile phase is preferred since the [TiO¢] octahedron in
rutile phase shares only 2 edges.

Further, the decrease in the pH value of the aqueous solution promotes dissolution-
precipitation mechanism in TiO; synthesis. Under such conditions, dissolution of precipitated
TiOzincreases substantially, which has a primary effect on the rate of TiO; crystallization. Also,
higher acidity can help in keeping the TiO; crystals small.

Concentration of ions in the solution has been also shown to influence the composition of
octahedral Ti-units. The speciation of titanium hydroxochloro complexes upon increasing the
concentration of chloride ions in acidic media at elevated ionic strength have resulted in
formation of [Ti(OH)2(H20)a]*, [Ti(OH)2Cl(H20)s]*, [Ti(OH)2Cl2(OH)21°, [Ti(OH)2Cl3(H20)2]", and
[Ti(OH)2Cl4]> complexes.'’* 175 176 For example, by varying the Ti : Cl ratio in aqueous solution
with HCl and NaCl during TiO2 synthesis, two hydroxochloro complexes [Ti(OH).Clz(H20).] and
[Ti(OH),Cl4]> were dominant in the solution, which promoted crystallization of brookite and
rutile TiO,, respectively.l’” In general, the probability that the rutile phase will crystallize
increases with increasing symmetry of octahedral Ti-units as in case of [Ti(OH)xCls]2.178
Further, the strong ion effect has been confirmed even in the case of counter-ion (5S04>) when
Ti(SO4)2 is employed as Ti-precursor.’! For instance, when the NaOH : Ti(SOa4); ratio is above
3, the rutile phase is formed. Otherwise, the anatase phase crystallizes along the rutile
producing mixed-phase TiO, precipitates. Also, for a NaOH : Ti(SO4), ratio below 3 residual
S04* ions were detected in the TiO; precipitate, which apparently facilitate crystallization of
anatase phase.

In TiO,, the octahedra agglomerate through corner and edge sharing during the condensation
reaction. The condensation reaction itself is comprised of nucleation and crystal growth. The
nucleation precedes the crystal growth and determines the crystal phase which will be grown.
The TiO; nucleus is a unit of three spatially distributed octahedra.'®’ Initially, two octahedra
undergo a condensation reaction and join at a corner. Upon further condensation, the two
will become joined along an edge. When this happens, the cation-cation repulsion causes the
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centers of the two octahedra to move apart, and the shared edge becomes shorter.’’® The
position of the third octahedron determines whether a rutile or an anatase nucleus is formed.
The third octahedron initially joins the two-octahedron cluster at a corner. Then two options
exist: to bond such that a right-angle is formed (basic structural motif of anatase, fig. 34, top
left) or straight angle (structural motif of rutile, fig.34, bottom left). The straight angle
configuration is, however, thermodynamically favorable since it allows largest cation-cation
distances. Nevertheless, the configurations that are possible with three joined octahedra
statistically favor anatase. Hence, faster reaction rate favors anatase formation. After
nucleation, the rutile structure continues to grow through edge and corner sharing (fig. 34,
right). Extension of a rutile nucleus by further octahedra condensation forms linear 1D chains
along the crystal c-axis. Chains then link in crystal ab plane by sharing corner oxygen atomes,
initially forming 2D structures while upon further linking the series of alternate chains
eventually form 3D rutile TiO; framework. Therefore, the reaction conditions for synthesis of
rutile TiO; should be chosen in the way to prevent fast crystal growth and incorporation of
impurities into the structure which would promote formation of metastable anatase phase.
Also, promotion of dissolution of the TiO; precipitate during preparation will be beneficial for
the synthesis of small rutile structures.

Crystal growth along crystal c-axis

' A . Crystal growth in ab plane

Figure 34. Nucleus of anatase (top left) and rutile (bottom left) TiO2 and crystal growth of

rutile polymorph by edge and corner sharing (right)

4.2 Morphology and crystal structure of rutile needles

The morphology of the synthesized rutile nanoneedle samples were studied by TEM analysis.
The two rutile needle morphologies were compared with rutile TiO; and the bright-field TEM
images are shown in figure 35. Low magnification TEM image of rTiO,-needle_120 (fig. 35, top
left) depicts stubbed needle-shape secondary particles about 200 nm long and upwards of 30
nm wide. Samples rTiOz-needles_200 and rutile TiO, (nanoparticulate commercial rutile TiO>
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used as benchmark) (fig. 35, middle and bottom left, respectively) show less uniform
morphology comparing with rTiOz-needles_120. For example, in rTiO2-needles_200
nanoplates around 100 nm long and 20 nm wide can be observed. Also, TEM analysis showed
that rutile TiO2 has a wide size distribution of nearly spherical to oblong nanoparticles (fig. 35,
bottom right).

High magnification TEM image of rTiOz-needles_120 (fig. 35, top right) reveals that needle-
like precipitates are formed by the aggregation of the primary particles which, as indicated by
TEM, are about 5 nm in width. The length of the particles shows more variations, typically they
are 10-20 nm long. Such an ordering mechanism was first proposed in the gelation of clays,8°
and has been extended to explain the formation and growth of transition metal oxides, such

as V205 and Zr0,.181

The factors that have been proposed to explain ordered aggregation are non-uniform surface
charge distribution and anisotropy of the hydration layer. These forces could cause the
aggregation to proceed such that the overall energy is minimized. Aggregation therefore
occurs preferentially along the c-axis as it is the direction of high surface energy for the rutile
structure.'®? However, the aggregation process never allows perfect low energy (110) facets
to develop. Thus, the needles do not develop long parallel sides as they occur in the slow
natural mineral formation of rutile. Instead, the needles develop a compromised oblong
shape. In rTiOz-needles_200 primary particles are not observed, indicating that thermally
induced coalescence of primary particles takes place at 200 °C (fig. 35, middle right). Further
structural analysis cannot be done with present data, but high-resolution TEM analysis would
be required.

The crystal structure of the rutile samples was studied by XRD in the 10 - 80 2 Theta degree
range and results are shown in figure 36. The diffraction patterns of three samples contain
diffraction peaks indexed to the tetragonal rutile crystal phase (icdd_pdf 00-021-1276).
Additionally, in the pattern of rutile TiO, two weak signals at 65.5 and 72.4 2 Theta degrees
correspond to the 221 and 311 Bragg peaks of tetragonal rutile structure. The 221 and 311
peaks have intensity of 2 % relative to the 110 peak in rutile TiO,. Hence, presumably due to
the lower intensity of the signals these peaks were not detected in the patterns of either
rTiO-2-needles_120 or rTiO2-needles_200. Beside rutile diffraction peaks, in the rutile TiO;
pattern a weak feature centered at 25.4 2 Theta degree is detected and can be ascribed to the
anatase (icdd_pdf _01-076-3177) crystal phase. This result implies that the commercial
nanopowder was not phase pure rutile TiO, but contains traces of the anatase crystal phase.

As already noted, the signal intensity and shape in rutile needle samples are weak and broad,
deviating from strong and sharp signals in rutile TiO,. The ascending order of signal breadth in
rutile samples is as follows: rutile TiO3, rTiO2-needles_200, rTiOz-needles_120. Generally, in
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Figure 35. TEM micrographs of rTiOz-needles_120 sample (top left and right), rTiO;-
needles_200 (middle left and right), rutile TiO; (bottom left and right). Scale bar is 200 nm
(left) and 20 nm (right)
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the two needle patterns, the baseline of patterns is comparable with that of the rutile TiO2
and no amorphous phase is observed. Alternatively, the amorphous TiO, phase can be
transformed into anatase during the work up of the reaction. The minimal temperature that
will allow transformation of amorphous TiO; into crystalline anatase TiO; is 80 °C, a
temperature well below either 120 or 200 °C which were used in the synthesis of rTiO,-
needles_120 and rTiO2-needles_200, respectively.!’! Even metastable, the anatase phase that
is once formed does not spontaneously convert to rutile at temperatures below the anatase
to rutile transition temperature. Therefore, if present, patterns of rutile needle samples must
contain the anatase diffraction peaks. Yet again, diffraction peaks of the anatase phase are
not observed in the rTiOz-needles_120 and rTiO;-needles_200 diffraction patterns. Thus,
based on XRD data it can be concluded that rutile needles are synthesized as pure phase rutile
crystalline TiO.

To study the impact of the crystallite size on the broadening of XRD signal in rutile samples,
the crystallite size of (110) and (002) Bragg peaks were deduced from XRD data according to
the Scherrer equation. The two peaks were chosen because they allow studying crystal growth
in two principal growth directions, in ab plane (110) and along the crystal c-axis (002).
Interplanar, d-spacing of (110) and (002) Bragg peaks were calculated by the Bragg equation
and the data on crystallite size and d-spacing are summarized in Table 4.

Rutile TiO,

Intensity / a.u.

rTiO,-needles_200

rutile

10 20 30 40 50 60 70 80
2 Theta / degree

Figure 36. XRD patterns of rutile TiOy, rTiO2-needle_120, rTiO2-needle_200 samples

First, the crystallite size of the three rutile samples varies from sample to sample, where the
biggest crystallites are confirmed in rutile TiO,. The size in ab plane and c-axis are 23.6 and
27.0 nm. In the needle samples, in general, smaller average crystallite sizes are observed,
which depend on the processing temperature of the samples and the crystal direction. In

74



rTiOz2-needle_120 and rTiO,_needle_200 crystallite sizes in ab plane are 6.9 and 9.7 nm,
respectively, by factor 3.4 and 2.4 smaller in comparison with rutile TiO,, indicating that
excessive crystal growth in ab plane at temperatures up to 200 °C does not occur in rutile
needles. Along c-axis sizes are 12.7 and 25.9 nm for rTiO,-needle_120 and rTiO,_needle_200,
respectively, revealing that crystallites double in length by increase in temperature from 120
to 200 °C. Clearly, the thermally induced coalescence of crystallites is more pronounced along
c-axis than in ab plane. The coalescence of crystallites in c-direction, could be explained by
reduction of surface energy. At this point it should be stressed that small grains in rTiO-
needle_120 sample do not develop well-defined facets, however the model rutile crystal that
consists of tetragonal prism terminated by four lateral (110) facets and two pyramidal caps
consisted of four (111) facets each could a be good approximation for further discussion?’.
Generally, (110) facet is the most thermodynamically stable facet in rutile TiO2 having the
lowest surface energy of 15.6 meV / (a.u.?).”® Here, fivefold coordinated Tisc and sixfold
coordinated Tisc atoms are bonding with threefold coordinated Osc and twofold coordinated
0,c atoms in the surface plane, leading to the smallest unsaturation density, i.e. the lowest
number of the broken bonds per nm? of the surface for all facets in rutile Ti0,.28 49 183
Conversely, (111) facets are considered to be high energy facets.’™® In fact, it has been
calculated that the surface energy of the (111) surface is four times larger than that of the
(110) surface due to more broken bonds at (111) surfaces (Tiac, Tisc, O2c).*®* To stabilize in the
solution, such high energy facets in rutile TiO, would dissociatively adsorb water molecules,
by which increase in number of surface -OH groups and surface hydration occurs.?? 18> 186 Thys,
the thick hydration layer would keep the grains separate and stabilize small rutile
nanoparticles. However, with surface dehydration that occurs at 200 °C, the surface hydration
layer shrinks and TiO; particles come closer to one another. Therefore, to reduce surface
energy at high temperatures, the rutile needle system strives to decrease the amount of
exposed (111) facets by aggregation, which induces crystal growth preferentially along c-axis.

At the end, the d-spacing of (110) and (002) Bragg peaks are compared for the three rutile
samples. All samples show a 0.325 nm and 0.148 nm d-spacing of (110) and (002) Bragg peaks,
suggesting that the rutile crystal structure regularly grows in rTiO>-needles_120 and
rTiO2_needles_200 samples. These results imply that bulk doping i.e. incorporation of NO3"
ions into TiO; structure did not occur to a noticable extent in the rutile needle samples, which
is consistent with the growing mechanism indicating that bulk impurities would lead to the
formation of metastable anatase phase along the rutile structures.t’%, 187

Table 4. Crystallite size (D) and d-spacing (d) of rutile TiOy, rTiOz-needle_120, rTiO»-
needle_200 samples

Sample Di1o/ nm Dgo2/nm  diio/ nm dooz2/nm
Rutile TiO3 23.6 27.0 0.325 0.148
rTiOz-needles_120 6.9 12.7 0.325 0.148
rTiO2-needles_200 9.7 25.9 0.325 0.148
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4.3 Optical properties of rutile needles

Diffuse-reflectance UV-Vis-NIR spectroscopy (DRS) was employed to study the optical
properties of the rutile samples. The spectra were recorded in the range 250-1100 nm
and results are shown in figure 37. Rutile TiO2 exhibits characteristic intrinsic
absorption due to band-to-band transition. Moreover, no below-edge absorption in the
Vis region was observed. The absence of Vis absorption suggests that the TiO; structure
in rutile TiO; is free of defects. The DRS spectrum of rTiOz-needles_120 is comparable
with that of rutile TiO> ,showing no below-edge absorption. In the case of rTiO»-
needle_200, however, visible light absorption up to 700 nm can be observed. The
reason for Vis absorption here is not fully clear, but it might originate from structural
defects/stacking faults upon crystal growth by coalescence. It is reasonable to think
that chemical bonding of atoms at joint points can be altered. The weaker bonding at
such sites reduces splitting between bonding and antibonding orbitals compared to
valence and conduction band states and thus gives rise to electronic states within the
semiconductor band gap.'®® However, in spite of them being present, their
concentration seems to be rather low, since rTiOz-needles_200 are a white powder. It
has been shown that calcination at higher temperatures, such as 673 K can eliminate
some of the defects and reduce the visible light absorption in rutile nanoparticles.!33

Rutile TiO,
rTiO,-needles_120
rTiO,-needles_200
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Figure 37. DRS spectra of rutile TiO2, rTiO2-needle_120, rTiO,-needle_200 samples

The onset of the absorption edge in rutile samples was derived from DRS data using Tauc
analysis (fig. 38). The band gap of the rutile TiO; is 3.00 eV. In rTiOz-needles_120 and rTiO3-
needles_200 band gaps are 3.06 and 3.03 eV, respectively, values that are comparable with
that of rutile TiO;. In rTiO,-needles_200, due to the Vis absorption, an additional absorption
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edge at 1.79 eV could be determined by the graphical method (fig. 38, inset). However, it
should be stressed that Vis absorption is very weak, thus it is not expected to have pronounced
influence on photocatalytic performance under solar light, if any.

Rutile TiO,
rTiO,-needles_120
rTiO,-needles_200
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Figure 38. Tauc plots of rutile TiO2, rTiOz-needle_120, rTiOz-needle_200 samples. Inset
enlarges the 1.15 — 2.50 eV energy range in rTiOz-needle_200 sample

4.4 Analysis of surface states in rutile needles

X-ray photoelectron spectroscopy analysis is performed to study the surface chemical
states of the rutile samples (fig. 39). In the Ti 2p spectra of rutile TiO; (fig. 39, top), a
doublet at binding energies of 458.6 and 464.3 eV arises from spin orbit-splitting of Ti
2p3/2 and Ti 2p1/2 of Ti** states in TiO2.1°° In the rutile needles samples peaks are shifted
by 0.1 eV from Fermi level comparing with commercial rutile TiO3, but the spin orbit-
splitting constant of 5.7 eV is the same in all three samples. Please note that uncertainty
of XP measurements is £0.3 eV. Thus, based on binding energy and spin orbit-splitting
constant values, XP analysis indicates the identical chemical state of surface Ti ions in
rutile samples. Beside Ti** ion, no obvious Ti3* signals could be observed in the Ti 2p
region of the rutile samples.

In the O 1s spectra (Fig. 39, bottom), a well-formed peak at 529.8 eV and a weak
shoulder at 531.4 eV are observed in rutile TiOz. In the rutile needle samples once again
0.1 eV high energy shift is observed, which falls within uncertainty range similarly as in
the case of Ti 2p. The peak at a binding energy of 529.8 eV is attributed to the lattice
oxygen in TiOz, while the interpretation of the high binding energy shoulder is
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somewhat complicated since it could arise from multiple hydroxyl groups.'8% 190

Nevertheless, from the O 1s spectra it becomes clear that the shape of the shoulder at
531.4 eVis very similar in rTiO2-needles_200 and rutile TiO,, suggesting similar amount
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Figure 39. High-resolution XP spectra of rutile TiO,, rTiOz-needle_120, rTiO»-
needle_200 samples in the Ti 2p (top) and O 1s (bottom) regions

and nature of hydroxyl groups in both samples. Comparing with them, a higher content
of hydroxyl groups was confirmed in the rTiOz-needles_120 sample. The higher
hydroxyl content suggests enhanced surface hydration of rTiOz-needles_120 through
dissociative adsorption of water, which fits well to the structure data (fig. 35, fig. 36,
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Table 4) explaining the mechanism of crystal growth in rutile needles at temperature
of 200 °C.'8* Therefore, a stronger hydroxyl signal may arise from hydroxyl groups
stabilizing crystal caps in rTiO2>-needles_120. Also, in rutile samples no more high
binding energy features are observed. The absence of a signal at ca. 533 eV indicates
that no physisorption of water occurs at the surface of rutile samples, which agrees
with predictions that adsorption of water on the hydroxylated rutile TiO, (111) surface
is expected to be weak. In fact, the calculated adsorption energy is -0.48 eV, ascribable
to the physisorption of H.O by hydrogen bonding to the surface hydroxides, and it is
close to the water-water interaction energy in solution (ca. -0.4 eV).184 191

Finally, doping of the surface of rutile needles samples with nitrogen was checked by
survey XP analysis in the N 1s region (fig. 40). As already discussed in the morphology
and crystal structure section, bulk doping of rutile needle samples is not likely to occur.
Therefore, if it happens, only the surface of the samples could be doped with nitrogen.
However, as can be seen from the spectra, curves for all three samples in the nitrogen
region are featureless, confirming that the surfaces of the rutile samples are free of
nitrogen impurities.

N 1s region
Rutile TiO,

rTiO,-needles_200

Intensity / a.u.

420 415 410 405 400 395 390 385 380
Binding energy / eV

Figure 40. XP survey spectra of rutile TiOy, rTiOz-needle_120, rTiOz-needle_200 samples in
the N 1s region
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4.5 Photocatalytic activity of rutile needle catalysts in H, production

4.5.1 H; production under 1.5 AM solar simulated light

The catalytic performance of the rutile samples was investigated in the photocatalytic H»
production under AM 1.5 solar simulated light. Figure 41 shows the photocatalytic H;
production of rutile TiOz, rTiO,_needles 120 and rTiO,_needles 200 catalyst from a
water/methanol mixture. The catalytic performance of the rutile catalysts was benchmarked
with TiO2 P25. In all catalysts nominally 0.5 wt% Pt co-catalyst was deposited by in situ
photoreduction of HyPtCls. The samples were tested in three catalytic cycles over 9 hours,
where each cycle consists of 2.5 h irradiation and 0.5 h dark intervals. At time 0 hours the light
illumination was switched on so that the photocatalytic reaction was started. The in situ
photodeposition of the Pt co-catalyst occurs in parallel with the desired catalytic reaction.
From H; production plots it can be seen that the rutile needle catalysts show higher H;
production ability under solar light comparing with either rutile TiO; or TiO2 P25 benchmarks,
where TiO; P25 is more active than rutile TiO,. Also, it can be noticed that within the rutile
samples only rutile TiO, achieved stable operation over all 9 h of test. For example, the
rTiO2_needles_120 catalyst shows exponential decrease in activity within the first 2.5 h. On
the other hand, the sharp decrease is substantially smoothed out in the rTiO,_needles 200
catalyst, though not fully, presumably due to the thermal treatment at 200 °C.
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Figure 41. Photocatalytic H, production on rutile TiOy, rTiO2-needle_120, rTiOz-needle_200
and TiO; P25 catalysts
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Such decrease in the photocatalytic performance, particularly of the rTiO; needles 120
catalyst, might be an indication that the rutile needle structure is not stable under operational
conditions, which discussion will follow-up. Alternatively, it may be also caused by non-
equilibrium processes that take place at the beginning of catalytic tests. Nevertheless, the H;
production rate stabilizes during the second test cycle, and finally in the third cycle all rutile
catalysts show stable operation. Hence, the photocatalytic activity of TiO, catalysts is
determined at the end of third test cycle as H, production rate in mmolg*h and results are
summarized in Table 5.

Table 5. Hz production rate of rTiOz-needle_120, rTiOz-needle_200, rutile TiO, and
TiOz P25 catalysts after 7.5 h of illumination

Sample H> production rate / mmolg*h?
rTiOz-needles_120 1.38
rTiOz-needles_200 0.69
Rutile TiO2 0.31
TiO, P25 0.45

As already mentioned, rTiOz-needles_120 show the highest H, production rate of 1.38 mmolg"
'h- followed by rTiO2-needles_200, TiO2 P25 and rutile TiO2 which produce H> at rates of 0.69,
0.45 and 0.31 mmolgth7, respectively. When compared, rTiO2-needles_120 is twice as active
as rTiOz-needles_200, and 3 and 4.5 times more active comparing with TiO2 P25 and rutile
TiO2. These results reveal that a temperature increase from 120 to 200 °C during the catalyst
preparation strongly influences the catalytic performance of rutile needles and implies that
the structure of the material may be a key in design of efficient rutile catalysts for solar Ha
production. After three tests cycles with TiO2 samples formic acid in liquid phase could not be
detected.

4.5.2 H, production under sun light

In another photocatalytic experiment, the best performing catalyst under AM 1.5 illumination,
rTiOz-needles_120, was re-run in the photocatalytic H, production under direct sun light. The
sun test was aimed to further study stability of the rTiO,-needles_120 catalyst as well as to
benchmark AM 1.5 solar simulated light. Based on H> production rates for different TiO;
materials that are summed-up in Table 1 it can be noticed that photocatalytic activity
fluctuates up to seven times even in the case of benchmark TiO, P25 catalyst. This can partially
be due to the slightly different experimental conditions that were applied e.g., water to
methanol ratio or co-catalyst loading. However, it is less likely that they can account for such
discrepancies alone. On the other hand, even small deviations of output light spectrum,
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particularly in the UV range, from the sun spectrum are known to modulate photocatalytic
activity of TiO, samples. After all, the higher H, production rates would be achieved in the test
under simulated light which, though, would not be available by illumination with sun.

To run the sun light test, the rTiO,-needles_120 catalyst was used that was recovered from
experiment under AM 1.5 light. Therefore, it is expected that the catalyst shows stable
operation under sun light, since the Pt has been already deposited on the catalyst and the Pt-
TiO; interface has formed. Here, it should be mentioned that the test was performed in a
cylindrical pyrex reactor instead of a top-irradiated reactor with flat quartz lid due to technical
reasons (see experimental section). The total reaction time under sun light was limited to 2h.
The H; production rate under sun light is compared with the H, production rate at the third
cycle under AM 1.5 where stable operation was reached. To account for differences in light
intensity as well as illuminated area of the sample in two experiments, the data is presented
as specific Hz production rate in mmolg*h*mW- (see experimental section) and data is shown
in fig. 42.
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Figure 42. Comparison of photocatalytic H, production on rTiOz-needles_120 catalyst under
simulated AM 1.5 solar and direct sun illumination.

As expected, the rTiOz-needles_120 catalyst performed stable over 2h under sun light. When
compared with AM 1.5 illumination, the achieved H, production was about 15 % smaller,
presumably due to the lower inherent efficiency of pyrex reactor. In the cylindrical pyrex
reactor curved side walls can reflect and scatter light more than a flat quartz window, which
causes a decrease in intensity of light that illuminates the catalyst slurry. Although the margin
in transparency of pyrex and quartz glass is expected to be low for solar light, the contribution,
however, cannot be excluded. Nonetheless, two conclusions can be drawn from the H;
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production test under sun light: first, the rTiOz-needles_120 produce H; at constant rate once
the Pt co-catalyst is deposited on the surface of the catalyst and, second, comparable H>
production rates are achieved under AM 1.5 and sun illumination, indicating that AM 1.5 light
plausibly simulates sun light in the laboratory.

To further corroborate catalytic results obtained with the rTiO;-needles_120 catalyst, a
morphology analysis of the catalyst after the sun test was performed by TEM (fig. 43). The
analysis reveals that the used rTiO;-needle-120 catalyst retains its needle-like morphology
with secondary particles 200 nm in length and upwards 30 nm in width (fig 43, left).
Furthermore, the high magnification micrograph shows the primary particles in the catalyst of
about 5 nm in width (fig. 43, right), which is like in the fresh catalyst. The morphology of
rTiO>_needles_120 catalyst is, therefore, comparable before and after photocatalytic tests
under simulated solar and sun light (more than 9 h of under illumination), confirming that the

decrease of H, production rate in fresh catalyst is not likely to be due to structural changes.

Figure 43. TEM micrographs of spare rTiO,_needles_120 catalyst. Scale bar is 200 nm (left)
and 20 nm (right).

4.5.3 Influence of test conditions on photocatalytic performance of rutile catalysts

Since photocatalytic tests under AM 1.5 and sun illumination confirmed that the
rTiO2_needles_120 catalyst shows stable performance in photocatalytic H, production (fig.
42), and TEM analysis of spare rTiO,_needles_120 catalyst confirmed that the structure of the
catalyst is stable under operation conditions (fig. 43), it is time to address in more detail the
decrease in performance observed in fresh rutile needle catalysts at the beginning of the
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photocatalytic tests. As already mentioned, only rutile TiO; showed a stable catalytic
performance in the first test cycle under the applied conditions (fig. 41). Hence, the influence
of the reaction conditions on the initial catalytic performance was investigated in the rutile
TiO catalyst. Here, the standard reaction conditions were kept the same, with the difference
being a purging time. The standard purging time of 3 h was reduced to 1 h, which is denoted
in figure 44 as long and short purge, respectively. It should be noted that 1 h of purge is
sufficient to completely remove oxygen from the reactor.
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Figure 44. Comparison solar H; production over rutile TiO; catalyst after different purging
times applied before photocatalytic reaction

The curve obtained after short purging time was different from the curve obtained after the
long one. The difference is observed at the beginning of the test. A short purging time leads
to higher activity in the early stage of the reaction. Afterward, H, production activity steadily
decreases where the rutile TiO, reaches stable operation after about 2.5 h of illumination. This
result suggests that longer purging time may have an effect on Pt deposition or Pt-TiO;
interface in the rutile TiO, catalysts. Also, the result confirms that the steady-state
performance of the catalyst is not affected by the purging time, as far as the reaction is run
under oxygen free conditions. Thus, although applying the standardized reaction conditions
in catalytic tests is generally recommended, the optimal reaction conditions may vary from
sample to sample. This can in turn hinder the data interpretation as showcased on the
examples of studied rutile catalysts. Obviously, more experiments are needed to optimize the
reaction conditions for rutile needle catalysts for photocatalytic H, production.
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4.6 Structure-activity relationship in rutile needle catalysts

Finally, in this section the influence of the structure of rutile photocatalysts on the H;
production under solar light will be discussed. The rutile samples were characterized in detail
in terms of morphology, crystal structure, surface states and optical properties. Little to no
difference in optical absorption and band gaps among the different rutile samples was
observed (fig. 37 and 38, respectively). Optical absorption is dominated by band-to-band
transition and the band edge onset was around 3 eV, characteristic for rutile TiO,. The surface
of the three rutile samples is free of nitrogen, suggesting that doping with nitrogen did not
occur in these rutile needles catalysts. Also, the surface states in the rutile samples remain
grossly unchanged regardless the applied processing temperature (fig. 39). However, the
change in the processing temperature from 120 to 200 °C induced changes in the morphology
and crystal structure of the rutile needles samples. On one side, primary particles cannot be
anymore observed in rTiO2-needles_200 catalyst, while the morphology of secondary particles
is shifting from needle-like to plate-like (fig. 35). On the other hand, the change in the crystal
structure is illustrated at first place by thermally induced crystal growth (fig. 36, Table 4). Both
crystal growth directions, in the ab plane and along the c-axis, were affected. However, the
crystals grow preferentially in c-direction. Therefore, to study the effect of anisotropic crystal
growth the photocatalytic activity of the three rutile samples is plotted against the crystallite
size of the 110 and 002 Bragg peaks (fig. 45). As can be seen from the graphs, the dependence
of the activity on the crystallite size of both peaks is not linear. The photocatalytic activity data
is then fitted with a nonlinear function, where a reasonably good fit is obtained for the 110
Bragg peak employing an exponential decay function (fig.45, top). When nonlinear fitting of
the photocatalytic data in function of the crystallite size of the 002 Bragg peak is attempted,
no correlation is obtained (fig. 45, bottom). Hence, it can be concluded that the crystallite size
of the 110 Bragg peak may be the key to explain in systematic way H, production on rutile
samples under solar light.

To understand the dependence of the photocatalytic activity in function of the 110 Bragg peak,
we will now discuss charge carrier dynamics as well as facet-dependent charge carrier
separation in rutile TiO,. The charge carrier dynamics have been studied in nanoparticulate
and single crystal rutile TiO..°" °? In general, photogenerated charge carrier decay is
dominated by recombination of trapped electrons with holes which in rutile follows
exponential decay kinetics regardless of the samples morphology. It has been also shown that
bulk rather than surface recombination is the primary determinant of charge carrier lifetime
which can be prolonged by reduction of particle size.®® Hence, charge carrier dynamics
experiments pointing out that decreasing the bulk charge carrier diffusion path by reduction
of particle size via nanostructuring plays an important role in improving transport of the
photogenerated charge carriers and may explain why differences in photocatalytic activity
were observed for small structural changes in undoped rutile TiO,. The nanostructuring effect
in rutile TiO2, however, should not be confused with the effect that aspect ratio has,
particularly on big rutile crystals.'’? In sub-micrometer to micrometer crystals increase of
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aspect ratio likely means that crystals expose more (110) facets which accounts for better
performance rather than the influence of aspect ratio on charge carrier dynamics.
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Figure 45. Structure-activity correlation for (110) (left) and (002) (right) Bragg peaks in rutile
catalysts
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Under illumination of rutile, photogenerated electrons are separated in facet-dependent
manner. It has been demonstrated on rutile particles with exposed (110) and (011) facets that
hexachloroplatinat(lV) is preferentially photodeposited on (110) surfaces as metallic Pt
regardless the facet composition of rutile particles, meaning that photogenerated electrons
accumulate at (110) rutile surfaces.’? In fact, (011) facets lay in the crystal caps, while (110)
facets form the body of the rutile crystal, implying that structural anisotropy may have an
influence on electrical conductivity in rutile TiO2. As a counter-argument to facet selective
deposition of Pt often is offered that preferential adsorption of co-catalyst precursor at
semiconductor surface can drive the Pt deposition.'®® This assumption is based on the similar
Pt coverage patterns obtained after deposition of Pt employing photodeposition and
impregnation methods. However, when Pt photodepostion and impregnation are compared
on rutile TiO,, it shows selective, facet-dependent Pt deposition while impregnation results in
the non-selective coverage of the surface with Pt nanoparticles.'’?> Under dark conditions it
has been observed that for crystallographic azimuths parallel to (110) plane the highest
electrical conductivity is along c-axis.’®* However, in the case of photogenerated electrons the
charge transport is swapped, meaning that highest electron migration is observed in the
direction perpendicular to c-axis i.e., in ab plane.'® Thus, this experiment confirms the
hypothesis that reduction of charge carrier diffusion path leads to enhanced catalytic activity
and additionally demonstrates that electron transport, controlled by crystal growth in ab
plane, is the key for efficient solar H, production on rutile TiO; catalysts.

4.7 Conclusions

In summary, rutile needles with sub-10 nm crystallites were successfully synthesized as white
powders from TTIP by wet method under acidic conditions at room temperature. Structural
characterization results confirm that these needle samples are pure phase rutile
polycrystalline TiO2. Moreover, the data reveal that at 200 °C anisotropic thermally induced
crystal growth occurs, preferentially along crystal c-axis and triggers the change of
morphology from needle to plate. No surface doping with nitrogen is observed in the rutile
needles under the applied conditions, while the onset of the absorption edge is around 3 eV,
typical for the rutile polymorph. The platinized (0.5 wt.% Pt) rutile needle sample rTiO»-
needles_120 achieves high hydrogen production rate of 1.38 mmolgth? from
water/methanol solution under solar simulated light (AM 1.5), a 3- and 4.5-times higher
production rate than that of nanoparticulate TiO, P25 and rutile TiO, benchmarks,
respectively. Moreover, it is found that solar H, production on rutile TiO2 catalysts follows a
decreasing exponential function of crystallite size in ab crystal plane. This effect correlates
with improved charge carrier dynamics due to the shortening of the electron diffusion path.
The results of this experiment provide valuable insights into the structure-activity
relationships in rutile TiO> and considering the advantage and versatility offered by this
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synthesis method, the findings here can have an important impact on making efficient TiO;
photocatalysts for solar applications a reality.
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5. Final conclusions and prospects

Within this thesis the design principles that focus on intrinsic improvement of TiO;
photocatalysts for solar H, production were investigated. On the one hand, the self-doping of
TiO2 was performed to enhance light harvesting and broaden working solar spectrum of TiO,,
which can stimulate charge carrier production in TiO; photocatalysts. On the other hand, it
was investigated how TiO; nanostructuring influences the length of bulk charge carrier
diffusion path and its effect on charge carrier dynamics in TiO,. Finally, the structure of TiO;
photocatalysts was correlated with photocatalytic activity, charge carrier production
compared with charge carrier dynamics, and a guideline for design of next generation TiO;
catalysts for solar application was provided.

In the first part of the thesis the impact of Ti3* ions in self-doped TiO; on light harvesting and
solar H, production was investigated. The blue self-doped TiO; was synthesized in the reaction
of TiO2 with Na/K alloy at room temperature, and it shows outstanding color stability under
storing at ambient conditions The structural characterization reveals that self-doped TiO; has
a hydrid TiO,@Ti**/TiO,@TiO> structure, where the disordered layer is embedded between
the TiO; crystalline core that was left unreacted, and the TiO; overlayer. Further, the Ti3* ions
are preferentially formed in the disordered layer and their amount is a function of the amount
of added Na/K alloy i.e., an extent of Na intercalation into TiO; framework. The intercalated
Na seems to be crucial for long-term stabilization of Ti3* ions. However, due to the thermal
instability of Na-TiO; intercalation product, after 1h at 400°C in Ar atmosphere the
intercalated Na deintercalates from TiO; host. The Ti3* ions unlock visible and near infrared
light absorption in self-doped TiO; by introduction of in-band electronic states 1.3 eV below
the conduction band. In the photocatalytic test, platinized self-doped TiO2 (0.5 wt% Pt)
achieves a H; production rate of 44 umolgth? from methanol/water mixture under solar
simulated light (AM 1.5), which is 9 times less than that of TiO; P25 in spite of the fact that
solar light absorption has been substantially increased in self-doped TiO,. After the Ti3* ions
are removed from the B-TiO; structure, the activity of G-TiO2/AC catalyst is enhanced by a
factor more than 4. When present, Ti3* deactivates self-doped TiO; catalysts and deactivation
is an increasing function of the Ti3* amount. Therefore, the nature and spatial distribution of
Ti* ions within the TiO> framework strongly influence H, production in self-doped TiO,. The
Ti3* ions formed in the disordered layer increases the bulk defect density in TiO2, which
hampers charge carrier dynamics and lead to the sluggish H> production.

In the next section, the size effect of rutile structures on solar H, production was studied. The
rutile needles with sub-10 nm crystallites were successfully synthesized as white powders
from TTIP by wet method under acidic conditions at room temperature. Structural
characterization confirms that these needle samples are pure phase rutile crystalline TiO..
Furthermore, the data reveals that at 200 °C anisotropic thermally induced crystal growth
occurs, preferentially along crystal c-axis and triggers the change of morphology from needle
to plate. The surface analysis indicates that no surface doping with nitrogen occurs in the rutile
needles under the applied conditions. The onset of the absorption edge in rutile needles is
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around 3 eV, the value which is typical for the rutile TiO, polymorph. The platinized (0.5 wt.%
Pt) rutile needle sample rTiO2-needles_120 achieves high hydrogen production rate of 1.38
mmolg*h?! from water/methanol solution under solar simulated light (AM 1.5), a 3- and 4.5-
times higher production rate than that of nanoparticulate TiO, P25 and rutile TiO;
benchmarks, respectively. Beside the photocatalytic test under solar simulated light, the real
potential of rTiO2-needles_120 in solar H; production is confirmed in H; production test under
direct sun illumination. Lastly, it is found that solar H, production on rutile TiO> catalysts
follows a decreasing exponential function of crystallite size in ab crystal plane. The effect
correlates with improved charge carrier dynamics due to the shortening of the electron
diffusion path which allows efficient solar H, production on rutile needle structure.

The results of doping and nanostructuring experiments provide insights into the structure-
activity relationships in self-doped TiO; and rutile needles and suggest that charge carrier
dynamics influences to a larger extent the photocatalytic activity of TiO, photocatalysts
compared to charge carrier production. Thus, well-structured defect-free TiO; catalysts that
separate photogenerated electrons and holes efficiently are good candidates for H;
production under solar light. However, doped-TiO; structures with enhanced solar light
harvesting could also be considered for solar H, production only if post-growth transformation
and degradation of subsurface TiO; layer that typically occur during diffusion-based doping is
circumvented.

Finally, having hands on the efficient photocatalytic system such as rutile needles, in general,
can open-up plethora of new possibilities for the solar photocatalysis research. First and
foremost, further research following the established design guideline could help discovering
more efficient catalysts for solar application in perspective. Second, once rutile needles are
intrinsically optimized, they can serve as a good candidate for construction of e.g.,
heterojunction catalysts, where charge flow can be on purpose engineered within the scheme
and further improve charge carrier dynamics in the system and its solar photocatalytic activity.
Third, the solar H, production tests on rutile needles with industrially relevant electron donors
can be meaningful direction of research. Although short chain alcohol such as methanol is the
electron donor of choice due to the higher initial performance and complete oxidation that
requires smaller number of reaction intermediates, for practical application use of renewable
feedstocks would be advantageous. In that way, the biomass can be valorized by producing
carbon neutral, green hydrogen and added value raw materials. Lastly, running the long-term
photocatalytic tests with rutile needle catalysts would allow the study of deactivation
mechanism of catalyst, which can be a missing piece that could be expected to inspire
development of more advanced catalytic systems in the future, making rutile TiO2 polymorph
more attractive for practical solar application.
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