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For a successful technology, reality must
take precedence over public relations,
for Nature cannot be fooled

Richard Feynman
US physicist and Nobel Laureate
(1918-1988)



Preface

No doubt, the possibility of performing chemical processes as complex as bacteria
inactivation or CO, conversion into fuels, without the concourse of high pressures
or elevated temperatures, and using light as the only energy source, is fascinating
not only from an engineering point of view, but also from a fundamental per-
spective. Yet, and perhaps more importantly, it touches deeply our scientific
curiosity and even our esthetic feelings. In this way, photocatalysis can be very
appealing in a whimsical sense, and we think that the readers can find by them-
selves clear examples of that in the images and schemes displayed through this
book. All these reasons, from the obvious technological relevance to the subjective
psychological allure, may justify the great success of this area of research, which
currently represents a very significant part of the contributions to the journals in
the environmental, energy, materials, and physicochemical fields. Our motivation
to write this book is also rooted in these premises.

In contrast with other textbooks about photocatalysis, the present one is focused
on materials. Accordingly, molecular aspects, which are gaining relevance but are
still a relatively small branch of photocatalysis, are only indirectly considered in
this book. From our understanding, this can be the right time for a monograph on
photocatalysis from a material science angle because, although a variety of pho-
toactive solids have always been assayed for different purposes, the preponderance
of TiO, has been challenged in the last years with the exploration of a number of
new photocatalytically active materials. Furthermore, in order to enhance the
efficiency of these processes, a variety of morphological and chemical modifica-
tions of diverse semiconductors have been obtained by means of increasingly
sophisticated routes. As a consequence, the already long list of photocatalysts
phases and their modifications is increasing day by day. Under this situation, a
guide is necessary to deal with the huge amount of information currently available.
A valuable road-map should allow finding the common principles lying behind the
diversity of materials, but also delimiting the imprecise border between the con-
trasted results and the most speculative studies or those mainly based on wishful
thinking. Some excellent reviews have already addressed, total or partially, the
description of this huge number of photocatalysts, and these papers constitute a
constant reference through the present book. However, the approach chosen here
differs from those articles published in academic journals in three main aspects: (i)

vii



viii Preface

it does not intend to be exhaustive, but to remark the most promising and exten-
sively investigated systems; (ii) it adopts a more integrated view, by considering
most of the photocatalysts globally and in connection with other technologies; (iii)
although the information provided is of interest for the specialist, the less-expe-
rienced scientists can easily follow the text as well. This has been made possible
by including some general chapters to establish a common background for those
readers interested in photocatalysis from different perspectives and with different
skills. In any case, although some references to other chapters are frequently
included to facilitate the comprehension of the themes exposed, each chapter can
be read independently. As a consequence of the selfconsistency of the different
chapters, certain degree of overlapping occurs because, as it is usually the case in
science and technology, frontiers between topics are blurred, and classifications
cannot be immutable without becoming fully artificial. We hope that the readers
will find the organization of this book useful.

Our direct experience as researchers in the field of photocatalysis is rich, but,
obviously, it is limited and partial. Therefore, apart from some aspects such as
style, organization, or selection of materials, this book does not pretend to provide
a personal account of photocatalysis, but it is conceived as a chronicle of the
advances in this technological field. Consequently, this work is necessarily based
on the experience outlined in hundreds of articles and reviews by many scientists,
as it is acknowledged in the ample bibliography of each chapter. Therefore,
although we are the only responsible of any possible error unconsciously intro-
duced in the text, we are fully in debt with all these innumerable authors, many of
them specifically mentioned throughout the text, for their remarkable contribu-
tions. Accordingly, we would like to express here our recognition and admiration
for the efforts of all these scientists, colleagues, and mentors, to get more efficient
photocatalytic processes and a progressively better understanding of the mecha-
nisms operating at molecular scale. Finally, we would like to highline that the
short historical notes included, in particular in Chap. 1, intend to be a tribute to the
pioneering researchers who helped to create this new technological reality.

Publication of this book has been possible by the kind assistance and infinite
patience of Springer Editorial. Equally crucial has been the collaboration of the
following colleagues and friends who have been so kind (or naive) to agree to
participate in this enterprise: Dr. Silvia Sudrez, who has authored Chaps. 9 and 12;
Dr. Sergio Garcia-Rodriguez, author of Chap. 6; and Dr. Victor A. de la Pefia
O’Shea, author of Chap. 10. Furthermore, we have personally acquired, working
on photocatalysis, an enormous debt of gratitude with our introducers and guides
to this wonderful field: Prof. Marc A. Anderson and Dr. Isabel Tejedor-Tejedor, of
the University of Wisconsin at Madison (USA), and Emeritus Professor Javier


http://dx.doi.org/10.1007/978-1-4471-5061-9_1
http://dx.doi.org/10.1007/978-1-4471-5061-9_9
http://dx.doi.org/10.1007/978-1-4471-5061-9_12
http://dx.doi.org/10.1007/978-1-4471-5061-9_6
http://dx.doi.org/10.1007/978-1-4471-5061-9_10

Preface ix

Soria from the Catalysis Institute of CSIC in Madrid (Spain). Finally, but no less
importantly, we would like to thank our couples, friends, and family for their
support. We fully appreciate their generosity in accepting to share our limited time
with this endeavor.

Fernando Fresno

Maria Dolores Hernandez-Alonso
Raquel Portela

Juan M. Coronado
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Chapter 1
A Historical Introduction
to Photocatalysis

Juan M. Coronado

As early as in 1911, 76 years after Berzelius coined the word catalysis, the term
photocatalysis appeared in several scientific communications. In Germany, Eibner
incorporated this concept in his studies on the effect of the illumination of ZnO on
the bleaching of Prussian blue (Eibner 1911). Contemporaneously, the term
photocatalysis achieved additional relevance when it was displayed in the title of a
few articles dealing with the degradation of oxalic acid under illumination in the
presence of uranyl (UO,") salts (Bruner and Kozak 1911; Landau 1913). These
pioneering experiments, performed by recognized scientists in France and Ger-
many, explored the unusual photochemical properties of this cation of the actinide
element, and they laid the foundations of the actinometric measurements, which
are used even now for determining the flux of photons in photochemical reactions.
However, nowadays this process is not usually described as photocatalytic, despite
the fact that it implies the absorption of light by the uranyl ions in solution and
their interaction in an excited state with the organic species to yield CO, and
water. After those seminal reports, the interest on these processes decayed for
almost a decade and the following reference in the literature was published in
1921. In this work, (Baly et al. 1921) studied the production of formaldehyde under
visible light, using colloidal uranium salts and ferric hydroxides as catalysts.
Shortly after, the group of Baur at the ETH of Zurich reported that the irradiation
of a ZnO suspension promoted the reduction of Ag* salts to Ag® (Baur and Perret
1924). A few years later, the influence of rutile in the light-induced aging of paints
and fabrics was recognized (Keidel 1929). Following this research line, (Doodeve
and Kitchener 1938) investigated for the first time the ability of TiO, to act as
photosensitizer for bleaching dyes in the presence of oxygen in the late 1930s. This
work reported that UV absorption produces active oxygen species on the TiO,
surface, causing the discoloration of organic chemicals by photooxidation,
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although TiO, itself remains unchanged after the process. Therefore, some of the
basic features of heterogeneous photocatalysis were already discovered during
these early investigations. However, in the absence of practical applications, these
processes were as much a curiosity and, frequently, an annoying drawback of
inorganic pigments. Consequently, the interest on these characteristics of semi-
conductors almost faded in the following decades, as it can be appreciated in
Fig. 1.1. Nevertheless, some topics related to the interaction of semiconductors
with adsorbed molecules, like the mechanism of photosensitization in the presence
of dyes molecules or the effect of gases on photoconductivity, were investigated in
the late 1950s by the group of Terenin at the University of St. Petersburg (Terenin
1955; Serpone 2012). However, the opportunities of using these photoactive
materials to induce chemical transformations continued to be overlooked at that
time. In the 1960s, this situation started to change slowly when a Russian group
headed by Filimonov (1964) began to explore the odds of using materials such as
ZnO or TiO, for isopropanol photooxidation. In parallel, different Japanese groups
studied the heterogeneous photooxidation of organic solvents in the presence of
ZnO (Kato and Mashio 1964; Ikekawa et al. 1965). Simultaneously, in Germany,
Doerffler and collaborators observed the promotion of carbon monoxide oxidation
over illuminated ZnO (Doerffler 1964). The interest on the photocatalytic oxida-
tion processes continued in the early 1970s with the work by Teichner’s group on
the partial oxidation of paraffins and olefins over TiO, (Formenti et al. 1970),
whereas Tanaka and Blyholde (1970) studied the photocatalytic decomposition of
nitrous oxide.

At that point, this technology was ready for a change of paradigm, and this step
forward was prompted, at least partly, by the economic situation at the beginning
of the 1970s decade. In 1973, crude prices, traditionally stable, skyrocketed
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suddenly due to the embargo of the organization of Arab Petroleum Exporting
Countries (OAPEC), and for the first time the future scarcity of oil became a
serious concern. This oil crisis led to an unprecedented impulse of the research in
alternative energy sources so as to overcome the dependence on petroleum. In
those economically convulse times, two Japanese researchers, Fujishima and
Honda (1972), reported in an article in Nature the electrochemical photolysis of
water using a rutile electrode exposed to near-UV light and connected to a plat-
inum counter electrode through an electrical load. This apparently modest work
opened up a new world of possibilities for the production of clean hydrogen using
abundant and inexpensive water and sunlight. Accordingly, this report is still
immensely popular as it can be inferred from the number of citations that it
accumulates, approaching 6,500 by the end of 2012. However, the influence of this
article was not immediate, and up to late 1970, water splitting basically lied on the
side of photoelectrochemistry. This started to change when Nozik (1977), at that
time working for Allied Chemical Corporation, evidenced that external potential
was not required to split the water molecule and the photoactivity could be boosted
if a noble metal (e.g., Pt) was incorporated. Subsequent investigations by Wagner
and Somorjai (1980) compared the photogeneration of H, over platinized SrTiO;
single crystals with and without potential. In a similar study, Sakata and Kawai
(1981) reported the production of H, and CH4 upon irradiation of Pt/TiO, sus-
pensions in aqueous ethanol with high quantum efficiency: ca. 38 %.

The influence of Fujishima’s work was also important to consolidate the pre-
ponderance of TiO, among photoactive materials because its stability in aqueous
solution was established under a wide range of pH and external potentials.
Therefore, the relevance of this semiconductor progressively increased with works
such as that of Bickley et al. who tested the photooxidation of isopropanol on rutile
TiO, (Bickley et al. 1973). In a similar way, it is worth to highlight the pioneering
studies by Bard’s group at the University of Texas, which showed that cyanide
(CN™) could be efficiently photooxidized to cyanate (CNO™) in alkaline condi-
tions and in the presence of TiO, and oxygen (Frank and Bard 1977).

Therefore, it seems clear that photocatalysis, along its already centennial his-
tory, has acquired knowledge from very different disciplines. Evidently, photo-
chemistry, catalysis and, to a lesser extent, semiconductor physics have
historically shaped our understanding of this phenomena, which depends on the
solid interactions with radiation but also on surface reactivity. Interestingly,
photoelectrocatalysis, as a closely related process, has contributed enormously to
boost energetic applications, and both technologies have growth intertwined. Most
recently, nanotechnology has provided new exciting possibilities for the devel-
opment of more efficient and sophisticated photocatalytic materials, although it has
also brought new concerns related to the toxicity of nanostructured solids.
Although it was once considered a problem for promoting the discoloration of
paints and dyes, photocatalysis progressively has evolved to become a well-
established technology, which holds the promise of many environmentally friendly
solutions for the society demands.
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Chapter 2

Photons, Electrons and Holes:
Fundamentals of Photocatalysis
with Semiconductors

Juan Manuel Coronado

Although not all the heterogeneous photocatalysts are semiconductors, as it will be
discussed extensively in Chap. 9, this type of solids represents, by far, the most
representative and widely investigated photoactive materials. For that reason, it is
important to gain some elementary insight into the physicochemical properties of
the semiconductors, in order to understand the ultimate basis of their behaviour.
Accordingly, the fundamentals of the electronic structure of semiconductors, as
well as the mechanism of their interaction with light, will be accounted for in this
chapter. However, in contrast to other applications of semiconductors, surface
characteristics are paramount for establishing the efficiency of photocatalysts. This
fact connects with the second pillar of photocatalysis: the surface reactivity, which
implies the interaction between photogenerated charge carriers and adsorbed
species. Nevertheless, it is also important to keep in mind that differences in
photocatalysis with thermally activated, conventional catalysis are not irrelevant,
and they must be recalled when designing materials with improved performance.
On the other side, there is also a strong link between photocatalysis and electro-
chemistry, which, as it was mentioned in the previous chapter, is rooted in the
historical development of these functional materials, but is also correlated with the
redox nature of the processes discussed here. All these aspects are conveniently
described in this chapter, which also outlines the parameters used for determining
the efficiency of photocatalytic materials.
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2.1 Bonds and Bands: The Electronic Structure
of Semiconductors

Semiconductors constitute a family of materials with huge technological rele-
vance. In fact, the information revolution, which started with the first computers in
the second half of the twentieth century, and it is still unfolding with the devel-
opment of even more complex networks for data transmission and storage, relies
on the exploitation of the archetypical semiconductor material: silicon (Nelson
2003). This is the basic constituent of current transistors and diodes in any kind of
electronic devices from computers to cell phones. In the field of energy, the
photovoltaic (PV) cells, in a similar way to photocatalysts, take advantage of the
interaction of light with semiconductors for electrical power generation. Nowa-
days, these devices constitute one of the most promising technologies for the
exploitation of renewable technologies, and solar PV farms are currently taking off
as a large-scale supplier of power in certain Western countries such as Germany,
Portugal or Spain (Campoccia et al. 2009). Considering this technological success,
a straightforward question arises: What is special about semiconductors? The key
to the answer is the particular electronic structure of these solids, which is the topic
of this section.

2.1.1 Metals, Semiconductors and Insulators

When two atoms are brought together to form a molecule, their atomic orbitals are
shared to yield bonding (low energy) and antibonding (high energy) molecular
orbitals. Valence electrons occupy the new orbitals in such a way that the energy
of the systems is minimized, and this means, in a typical case, that only the
bonding orbitals are filled. If the number of atoms which constitute the molecule
increases, the number of molecular orbitals will grow progressively (Duffy 1990;
Hoffmann 1989). At the same time, the energy difference between discrete levels
of the same character (bonding or antibonding) will diminish gradually. Similarly,
the energy difference from the highest bonding to the lowest antibonding orbital
will slightly decrease, but it will stay comparatively large (see Fig. 2.1). In the
limit, if the amount of atoms implied in bonding approaches the Avogadro’s
number, as it occurs in conventional solids, the energy levels of the electrons
contributing to bonding will develop a virtual continuum of energy levels known
as valence band (VB). In the same way, the more energetic antibonding orbitals
will merge to form a continuous band of unoccupied states called conduction band
(CB). At this point, there are two possible situations, as sketched in Fig. 2.1, either
the unoccupied or the occupied states will merge together in more electronic levels
than bonding electrons, or, alternatively, a void band with no available energy
states will develop between the occupied and unoccupied levels. The first situation
corresponds to metallic bonding, which is typical of relatively weak and not
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directional interactions between atoms of the same kind, while the second type of
materials, more common in phases with directional covalent bonds, can corre-
spond to either semiconductor or insulating solids, depending on the magnitude of
the forbidden band (Duffy 1990; Hoffmann 1989).

An important parameter for establishing the electronic properties of a solid is
the Fermi level, which is related to the chemical potential of the electrons, and it
can be defined as the highest unoccupied level at the temperature of absolute zero
(Georgia State University 2011; Hoffmann 1989; Nelson 2003). Thus, in the case
of a metal at 0 K, all the positive charge carriers will be allocated in the states of
lower possible energy and the Fermi level will correspond to the less energetic
empty state; however, for semiconductors, this level is situated within the for-
bidden band, and consequently, it does not correspond to any real energy state. As
it will be discussed later, since the presence of impurities affects the electronic
distribution, it can cause remarkable shifts in the Fermi level.

Distinction between materials of different electronic characteristics is a ques-
tion of grade, as it can be appreciated in Table 2.1, and often, frontiers are
established in a rather arbitrary manner. Thus, solids with a band gap exceeding
4 eV are usually considered as electrical insulators. On the other extreme, some
solids of small band gap, such as Ge (0.74 eV), are sometimes referred to as
semimetals (Nelson 2003). Nevertheless, in general, there is a clear-cut difference
in the properties of metallic and semiconductor materials. Metals are very good
electronic and thermal conductors, because as these materials possess a continuous
range of energy states, electrons can move freely through the solid. However,
increasing the temperature is detrimental for electrical conductivity (as opposed to
thermal conductivity), because the increment of the vibration of the lattice (i.e.
phonons) opposes resistance to the movement of electrons. The dependence of the
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semiconductor resistivity on the temperature is more complex, but for intrinsic
semiconductors at relatively high temperatures (<400 K), conductivity shows an
exponential increment with temperature. This is due to the fact that as a conse-
quence of thermal activation, some electrons can leap to the conduction band.
According to the Boltzmann approximation, the density of electrons in the con-
duction band, n;, can be estimated by the following equation (Nelson 2003):

n? = N.N,e Fe/kBT (2.1)

where N, and N, are the density of states of the conduction and valence bands,
respectively, E, is the band-gap energy, Kz is the Boltzmann constant, and
T represents the temperature. Besides, from this formula, it can be deduced that at
a given temperature, the larger the band-gap energy, the lower the conductivity is,
since the number of carriers depends exponentially on the inverse of band-gap
energy.

2.1.2 Some Hints of Quantum Theory of Band Structure

In order to determine the energy levels of a solid, as in the case of molecules, we
need to solve the Schrodinger’s equation for the whole polyatomic system.
However, as crystalline solids possess a periodic arrangement of atoms, this
implies that bonding electrons are also submitted to a period potential, and this fact
should also be introduced in the calculations. This is the approach of the tight-
binding model, which was developed in 1928 by the Swiss-born physicist Felix
Bloch, and is frequently utilized for describing the electronic structure of solids
(Duffy 1990; Hoffmann 1989). As the lattice becomes sufficiently large to be taken
as infinite and the electrons are delocalized throughout the whole solid, the
probability density must be affected by the periodicity. To fulfil these conditions,
the wave function of the electrons must simultaneously consider the mobility of
the electrons and the periodic array of atoms in the crystals. Mathematically, this
requires a wave function s of the type

W (k, r) = wu;(r) ™" (2.2)

which is known as Bloch function. The factor u; (r)' corresponds to the wave
function of the atom i placed at the distance r, and ¢'*" is a plane wave similar to
that used for describing free electrons. In this last term of the Eq. 2.2, the
parameter k accounts for the translational symmetry and it is an appropriate
quantum number, which is related to the linear momentum of electrons. As
periodicity implies repetition, k can only range from O to £n/a, where a accounts

! Implicitly, the effective-mass approximation is adopted here (see Sect. 2.3), because the weak
dependence of u; (r) with k is neglected.
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k

Fig. 2.2 Diagram of the energy variation with k for a one-dimensional homoatomic chain
(Adapted from Hoffmann 1989)

for the unit cell spacing. Within these limits, k can take as many values as a
number of atoms are implied in the bonding. The variation of energy, E (k), with
k for each wave function is what engenders the system of bands. This can be
illustrated by considering the simplest possible case of a one-dimensional homo-
atomic crystal (Hoffmann 1989; Duffy 1990), which is schematically represented
in Fig. 2.2. As it is shown in this graph, when k is zero, then the associated wave
has a wavelength,2 A, equal to infinite, and all the atoms in the lattice present a
bonding character. This situation represents the maximum energy gain over free
atoms, and consequently, it represents the bottom of the valence band. On the
contrary, if k is now equal to n/a, 4 becomes 2a. In energy terms, this situation
corresponds to the interaction between atoms separated by 2a, which is clearly the
less favourable case, with no bonding interaction between the chain of atoms, and
it represents the top of the valence band. For values of k between 0 and m/a, a
variable number of atoms participate in bonding, generating all possible inter-
mediate energy states and, accordingly, giving rise to the continuum of states of
the valence band. The same reasoning can be applied to the antibonding orbitals to
explain the development of the conduction band, although in this case maximum
interaction corresponds to minimum energy. On the other hand, the width of the
bands depends on the degree of overlapping between atomic orbitals. Thus, if the
orbitals are highly localized in the atoms, then the bands are narrow and the
mobility of the electrons is limited. On the contrary, if the overlapping between
neighbour atoms increases, so does the dispersion or width of the band.
Obviously, this oversimplified vision ignores not only the existence of different
types of atoms or the three-dimensional structure of solids, but also the contri-
bution of the different types of orbitals to the configuration of the band structure. In
this respect, it is worth noting that direction is also a crucial factor for correlating
k and E (k). Thus, the value k = n/a defines the Brillouin zone boundary in a
particular direction, but when this limit is taking in all the relevant directions, it
generates a polyhedron in the reciprocal space. These geometric bodies delineate
the possible values of k. For the sake of simplicity, what is usually represented is
the variation of energy in certain important directions designated with capital

2 This wavelength derives from the Broglie relationship, A = h/p, where h is the Heisenberg
constant and p is the momentum.
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Greek letters starting from the origin, which is denoted by I'. A simple example of
this is represented in Fig. 2.3 in a two-dimensional graph.

Apart from the position of the energy levels, another important aspect that
needs to be defined is the number of electrons than can be allocated to each band.
According to the Pauli’s exclusion principle, each state can be only occupied by
two electrons with different spin orientations. As in crystals, energy levels are
defined by k; thus, in cubic lattices, it is found that there are (1/271)3 levels per unit
crystal volume (Nelson 2003). Considering that energy depends on k, it is possible
to define a density of states, DOS, as the number of states within an energy
interval. In general, DOS is proportional to the inverse slope of the E (k) versus
k curve. These transformations are represented in the real space, in contrast to
those of the Brillouin zone, which are plotted in the reciprocal space (Hoffmann
1989), as it can be appreciated in Fig. 2.4. The computer calculation of DOS for a
given semiconductor frequently allows establishing the relative contribution of
atomic orbitals to these states, providing an intuitive picture of the chemical
bonding established on the solid. This is known as “projection” of the DOS. In this
way, narrow bands represent more localized states with increasing atomic prop-
erties, as opposed to wider bands which allow the delocalization of electrons
through the entire semiconductor mass. On the other hand, it is important to
emphasize that filling of these levels by available electrons obviously establishes
the lowest occupied level, and thus, it defines the electronic characteristics of the
solid such as the Fermi level.

2.1.3 Classifying Semiconductors

The degree of overlapping between different types of orbitals depends on their
direction and symmetry, and therefore, variation of energy with k adopts a different
form for each band. As a consequence, the separation of the top of the VB and the
bottom of the CB depends on this quantum number. According to this, two distinct
scenarios can be envisaged, as it is schematically shown in Fig. 2.5; the minimum
band gap is observed for the same value of k, or, alternatively, the smallest
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separation corresponds to two different k values. The first case defines direct
semiconductors, while the second one accounts for indirect semiconductors. Such
division implies important differences in the optical behaviour of these materials.
In order to make the electronic transition allowed, indirect energy jumps require
coupling with the phonons of the solid. Thus, electronic transitions involving a
change in k have lower probability to occur than those with no change in k (Duffy
1990; Nelson 2003). Accordingly, indirect semiconductors such as silicon are
poorer absorbers than direct-type materials such as GaAs. Typically, optical
spectra of direct semiconductors show a sharp onset when wavelength approaches
band-gap energy, while a more gradual increase is expected for indirect semi-
conductors. Therefore, as it is illustrated in Fig. 2.5b, the type of semiconductor
could be distinguished from their UV-vis spectra by considering the presence or
absence of some “tailing” before the step-like band-gap absorption. In practice,
this classification is not so straightforward, because other phenomena, such as
impurities or superficial states in large surface area materials, also result in a less
marked optical transition. As a consequence, identification of the type of semi-
conductor using exclusively optical spectra is frequently difficult or even
misleading.

More rigorously, the band gap of a semiconductor can be estimated from optical
measurements using the equation that relates the absorption coefficient, o(1), with
the variation in energy (E = hv):

a(2) = B(hv — Eg)" (hv) ™ (2.3)
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Fig. 2.5 Left Schematic showing the interband transition in direct (GaAs) and indirect (Si)
semiconductors. Right Optical absorption spectra for silicon, gallium arsenide and germanium are
shown. Note the gallium arsenide steep direct absorption edge at about 0.87 pm. Adapted from
Miller (2007). Copyright Photonic Spectra

where the exponent n equals %2 or 2 for direct and indirect semiconductors,
respectively, B is a constant, and E, is the band-gap energy (Fernandez-Garcia
et al. 2004). Thus, from the extrapolation of the linear range of the plot of B(hv —
Eg)n versus hv, the E, can be obtained as the intersect with the abscise axis.

Up to now, only pure semiconductors have been considered, but the presence of
impurities, either artificially added or intrinsically present, has a significant
influence on modulating the electronic properties of these materials (Duffy 1990;
Nelson 2003). Electronic industry requires extremely high-purity silicon with
foreign atom content lower than one in 10°. This type of materials, virtually pure,
is known as intrinsic semiconductors. However, many technological applications
may require the introduction of a small and finely controlled amount of impurities
to tune the electronic properties of the material (e.g. conductivity). This process is
referred to as doping and results in the creation of additional electronic levels.
These states, if the density of dopant atoms is low, are localized because chemical
differences preclude effective bonding with the other atoms of the semiconductor
lattice. Nevertheless, if the impurity states occur within the band gap, they have a
remarkable influence on the Fermi level and, therefore, on the relative concen-
tration of negative (electrons) and positive (holes) carriers (Nelson 2003).

At this point, there are two different situations to be considered, as schemati-
cally depicted in Fig. 2.6. If dopants have extra valence electrons to share with
adjacent atoms, as in the archetypical case of phosphorus-doped silicon, they act as
donors and the semiconductor is called n-type. As a consequence of the presence
of such additional electrons, which are placed in localized states, the Fermi level is
shifted to higher energy. As additional electrons are loosely bound, they can be
easily ionized. Thermal activation can provide the energy, typically a few meV,
required to promote the electrons to the conduction band. Consequently, in n-type
semiconductors, the density of electrons is increased, and accordingly, they
become the majority carriers, while holes are the minority ones. With respect to
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Fig. 2.6 Band diagram for intrinsic, p-type and n-type semiconductors

the intrinsic case, the total density of carriers is increased, and more interestingly,
it can be modulated by changing the dopant concentration. In this way, provided
that impurity atoms are fully ionized and its concentration is larger than that of the
intrinsic carriers, the density of electrons is approximately equal to that of het-
eroatoms (Nelson 2003). Thus, considering that conductivity, g, is given by

o= q(un + wp) (2.4)

where ¢ is the charge of the carrier, and » and p are the concentrations of positive
and negative carriers, respectively, and y is the mobility; it becomes obvious that
increasing the carrier density rises conductivity. On the other hand, charge carrier
transport in a semiconductor can be conveniently described by the effective-mass
approximation (EMA). In this approach, carriers can be treated as semiclassical
particles, in such a way that the larger the effective mass of the particle (relative to
that of a free electron), m’", the more localized it is and the less likely it is to move
through the lattice. This approach allows to use the Newton’s mechanics for
charge particles in electromagnetic field, and it can derived from neglecting the
dependence of the u(r) with k in the Bloch function (Eq. 2.2).

The counterpart of donor doping is the incorporation of acceptor atoms to create
a p-type semiconductor. This is the case, for example, of the incorporation of a
trivalent atom such as boron or nitrogen in silicon. In contrast to the former case,
the additional energy levels created by the dopant are lacking electrons to com-
plete bonding with neighbour atoms, and consequently, they trap electrons and
generate holes in the valence bands. Therefore, in this case, the Fermi level is
displaced to lower energy and the majority carriers are holes, in a density roughly
equal to the concentration of acceptor atoms (Nelson 2003).

If the concentration of dopants, either donors or acceptors, increases, the number
of states rises accordingly, and this can lead to a decrease in the band gap of the
semiconductor. This fact can be visualized as a “tailing” of the absorption edge in
the optical spectra. Heavy doping (density of heteroatoms >10'" cm™) increases
the intrinsic carrier density. However, in general, the density of defect sites will also
grow accordingly, and because they act as recombination centres, the efficiency of
the semiconductor for photoexcitation is deteriorated. Consequently, doping level is
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usually kept low, typically between 10> and 10'® ¢cm ™2 for silicon. In addition, self-
doping is also possible such as in the case of TiO, where the presence of some Ti**
centres originates n-type conductivity (Henderson 2011).

2.2 The Photoexcitation Process

In the early 1800s, Christian von Grotthus and John Draper formulated the first law
of photochemistry, which states that only the light absorbed by a substance can
produce a photochemical change (Ohtani 2010). Photocatalysis is not an exception
to this general principle, and therefore, photons of energy larger than the band gap
must be absorbed to initiate any chemical transformation. Although this may be
seen as an obvious statement, it implies that if the spectrum of the light source
does not match closely the electronic structure of the semiconductor, many pho-
tons may be lost without any productive interaction with the solid. Consequently,
the selection of the excitation source affects critically the energetic efficiency of
the process. Considering that the sunlight is the ideal excitation source for envi-
ronmental reasons, the search of semiconductors with the adequate band gap is a
crucial concern of many researchers on photocatalysis, as it is widely discussed in
the following chapters.

Although the most relevant process for the semiconductor photochemistry is
band-gap excitation, other events take place simultaneously upon illumination, as
it is schematically shown in Fig. 2.7. Solids reflect a certain proportion of light (as
high as 3040 % in silicon films). Besides, photons can be scattered by semi-
conductors without any energy gain or loss, as extensively occurs in white powders
of TiO, and ZnO. On the other hand, irradiation can also promote electrons from
localized states, and it can also cause the relaxation of an electron to the valence
band by the stimulated emission of a photon. Consequently, all these optical

Reflection

H Scattering

| Photogeneration

Discrete states
tranTtions

hv

%estimulated emission
v

h+

semiconductor

Fig. 2.7 Schematic of the main types of interaction of light with a semiconductor
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phenomena must be considered as they affect the efficiency of the photogeneration
process, which cause the separation of electrons and holes, and is the primary
event in the photocatalytic phenomena.

The absorption coefficient, o, can be related to the imaginary part of the
refractive index of the semiconductor (Nelson 2003), and it accounts for the
attenuation of light intensity when it goes through a solid. If the material is
homogeneous, the Beer—Lambert law can be applied, and therefore

1(x) = Ie™ (2.5)

where x refers to the thickness of the material and I, refers to the light intensity.
The value of o depends on the nature of the semiconductor, but, in general terms,
as it has been mentioned in the previous section, in indirect semiconductors, it is
lower and rises more smoothly when decreasing wavelength than in direct ones.
An example of this can be observed in Fig. 2.5b.

Charge separation in semiconductors is a very rapid event, which occurs in the
femtoseconds scale (Hoffmann et al. 1995). In the case of TiO,, excitation is usually
thought to occur through an excitonic state, where the electron is bound as a quasi-
particle to the hole, prior to charge separation (Henderson 2011) according to

TiO, + hv — (e h*) — e + hi. (2.5)

However, the stability of the exciton state varies with the nature of the semi-
conductor, and in general, it is difficult to characterize. In the case of semiconductors
with high dielectric constant, such as TiO,, separation is facilitated because carriers
moving away from each other are screened by the lattice. Photogenerated charge
separation can be measured by different techniques, among which the most direct is
photoconductivity monitoring, an example of which is shown in Fig. 2.8, although
an increase in the featureless background of the infrared spectrum (Drude absorp-
tion) has also been observed upon irradiation of TiO, (Thompson and Yates 2006).
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(b) irradiated with 340 nm
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On the other hand, trap centres, such as Ti** in TiO,, play a very relevant role in the
carrier dynamics because they provide localized states, which can be thermally or
radiatively excited. Finally, it is important to note that if the energy of the incident
photons overpasses that of the band gap, the excess of energy is transferred to the
carriers as kinetic energy. However, due to the interactions with the lattice, this
excess of energy is quickly released as heat or, in other words, by phonon excitation
(Nelson 2003). Therefore, illumination with light of shorter wavelength than the
band gap is inefficient because it does not increase the density of charge carriers and
part of the photons’ energy is lost as heat. Another important consequence of this
rapid thermal decay is that the redox potential of the charge carriers is fixed by the
band gap and is basically independent of the photon wavelength. Nevertheless, in the
case of holes, thermalization is not so rapid and some enhancement of the whole
oxidation capacity has been reported for photons with energy in excess of band gap
(Henderson 2011).

Once the photoinduced separation of electrons and holes occurs, these charge
carriers can promote redox reactions if they are transferred from the bulk of the
semiconductor to adsorbed species with donor or acceptor properties. This phe-
nomenon is the central event of the photocatalytic process, and it will be discussed
in detail in the next section. However, the separation of electrons and holes is only
stable for tens of nanoseconds before they annihilate each other in the process
known as recombination. The two major types of recombination are radiative
(photoluminescence) and non-radiative energy release. Although the actual con-
tribution of each process may be difficult to assess, the proportion of radiative
versus non-radiative recombination events in TiO, is generally believed to be
skewed towards the latter, especially in the case of rutile (Henderson 2011).
However, in other semiconductors such as ZnO, photoluminescence is more rel-
evant (Guo et al. 2009). Photoluminiscence generally occurs at sub-band-gap
energies due to carrier relaxation (thermalization), and for anatase, the timescale is
typically in the order of nanoseconds.

In contrast to radiative recombination, which is due to intrinsic physicochem-
ical characteristics of the semiconductor, non-radiative recombination in trap
states can be limited by carefully engineering the materials properties, so as to
reduce the density of defects. This process can be explained by the Shockley—
Read—Hall model for non-radiative recombination (Thompson and Yates 2006;
Nelson 2003), which describes the capture of mobile electrons and/or holes at trap
centres within the semiconductor. Once trapped, the electron or hole is then
annihilated via recombination with, respectively, holes from the valence band or
electrons from the conduction band, as schematically depicted in Fig. 2.9. The
nature of recombination sites varies, but they are usually described as defect
centres that form localized states within the band gap. At this point, it is worth to
point out that trap sites are distinct than recombination sites because the former
preferentially capture only one type of carrier, either electron or hole, while the
latter interact with both leading to their obliteration. This is so because the time for
thermal activation of the trapped electron or hole is much shorter than the time
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required for capturing a carrier of opposite charge. Therefore, traps slow carriers
down but do not remove them.

The Shockley—Read—Hall mechanism assumes that the semiconductor is non-
degenerate and that the density of trap sites is relatively small compared to the
majority carrier density in the material. Thus, for TiO, single crystals, the con-
centration of hole-trapping sites was estimated to correspond to about 3 x 1077
for each atomic site in the crystal (Thompson and Yates 2006). Even so, recom-
bination is a very important phenomenon since it has been estimated that 85 % of
all excitation events lead to recombination after 10 ns of illumination. The kinetics
of recombination depends on the density of e—/h+ pairs and the presence of
electron scavenger or donors, but it frequently follows a second order on the
concentration of charge carriers (Henderson 2011).

2.3 Charge Carrier Dynamics at Interfaces

In order to prompt chemical transformations, photogenerated charge carriers must
reach the surface and be transferred to adsorbed species. For this to occur, first
electrons and holes must travel through the solid avoiding recombination and they
must be trapped by acceptor and donor molecules, respectively, as schematically
shown in Fig. 2.10 (Linsebigler et al. 1995). The semiconductor can donate
electrons to reduce an electron acceptor (pathway 5), whereas a hole can migrate to
the surface where an electron from a donor species can combine with it (pathway
6). These events constitute the core of the photocatalysis process, as they trigger
the formation and/or the breaking of molecular bonds required for chemical
transformations. These electronic transferences require the interaction between
conduction and valence bands with the localized states of the adsorbed molecules,
which must have the adequate energy to favour the capture of the carrier. In
addition, electrons can also be provided by localized states of trap centres of the
semiconductors, such as Ti** ions in the case of TiO,. In any case, the reduction
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Fig. 2.10 Schematic diagram showing the charge carrier dynamic upon irradiation of a
semiconductor: / electron transport to the surface, 2 hole transport to the surface, 3 surface
recombination, 4 bulk recombination, 5 electron transference to an acceptor molecule and 6 hole
trapping by a donor molecule. Adapted from Linsebigler et al. (1995)

potential of VB holes must be higher than that of the donor species, while the CB
electrons must possess a lower reduction potential than the acceptor species. The
equivalence between the scales of reduction potential and absolute energy can be
seen in Fig. 2.11. Two reference energy levels acquire a particular relevance with
respect to most photocatalytic processes and are usually taken as reference: the
reduction of protons (Enpyg(H'/H,) = 0.0 eV) and the oxidation of water
(Enuge(Oo/H,0) = 1.23 eV). Figure 2.11 displays the energies of valence and
conduction band edges for a series of semiconductor materials. In general, metal
oxide semiconductors have valence band with a main contribution from oxygen 2p
orbitals, which is at 1-3 eV below the O,/H,0 redox couple. Conduction bands of
transition metal oxides are generally constituted by d orbitals of the metal, and the
position of their s is close to, or lower than, the H,O reduction potential (Xu and
Schoonen 2000). Accordingly, these materials are effective photooxidation cata-
lysts, but they present a much more limited reducing power. In contrast, most
transition metal sulphides are characterized by bands of complex structure and
small gaps (<1 eV). Band edges of metal sulphides are usually situated within or
close to both H,O reduction and oxidation potentials. Hence, both the oxidizing
power of the valence band holes and the reducing power of the conduction band
electrons are lower than those of non-transition metals. Finally, other semicon-
ductors such as Si present a conduction band edge well above the water reduction
and oxidation potential, and consequently, they can be effective for water reduc-
tion but not for oxidation.

On the other hand, in aqueous solutions, the photoelectrochemical stability of a
semiconductor is determined by the standard potential for anodic decomposition
relative to the oxidation potential of water. Most metal oxide semiconductors are
kinetically stable against this phenomenon, which is known as photocorrosion,
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while most sulphide semiconductors are unstable and require sacrificial reagents to
stabilize their activity, as it will be described in detail in the following chapters.

2.3.1 Donor and Acceptor Molecules

Although other chemicals such as ozone or hydrogen peroxide have been occa-
sionally used as oxidant, the oxygen molecule is the most commonly used electron
acceptor. This is due to the fact that this compound is readily available and has a
high electron affinity (—0.13 eV) and it is easily adsorbed on the surface of many
semiconductor oxides. In aqueous solution, although the relatively low oxygen
solubility (about 8 mg/L at 25 °C) decreases the concentration at the surface, this
molecule is still the usual oxidant. When an electron is trapped by an oxygen
molecule, a superoxide species is formed according to the reaction:

0, + e — O (ads). (2.6)

This charged molecule has an unpaired electron, and consequently, it is a
radical species. Accordingly, the superoxide radical anion is paramagnetic and it
can be detected, usually at liquid nitrogen temperature (77 K), by means of
electron paramagnetic resonance (EPR) spectroscopy. In addition, this technique
reveals the formation of Ti** by capture of photoelectrons. An example of the EPR
spectrum obtained upon irradiation of TiO, in the presence of oxygen is displayed
in Fig. 2.12. There is an extensive literature on this subject (Coronado et al. 2001),
which accounts for the photoinduced formation of these radicals in TiO,, but also
in other semiconductor oxides such as CeO,, ZrO, and ZnO. In addition, as it will
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discussed below, O~ radicals are simultaneously produced by hole trapping.
Proton transference to the superoxide molecules either from water molecules or
from hydronium ions (protons) yields the neutral hydroperoxyl radical O,H,
according to

0, (ads) + H30%(ads) — OH’ (2.7)
O; (ads) + H,O (ads) — O,H + OH™. (2.8)

Ultimately, hydrogen peroxide, H,O,, is produced by successive trapping of
electrons, as experimentally found during photodegradation of low molecular
weight chemicals over TiO, (Hoffmann et al. 1995). Eventually, this molecule can
decompose into water and oxygen, resuming the cycle. Therefore, generally,
oxygen is not incorporated into the product molecules by the cathodic route, but by
interaction with the intermediates produced from hole trapping (see discussion
below). Nevertheless, as it is experimentally observed by photocurrent experi-
ments in semiconductors such as ZnO (Bao et al. 2011), photoelectrons are very
efficiently scavenged by oxygen molecules, and accordingly, this process increases
the availability of holes for oxidation reactions.

Other oxidant species such as Oz, H,O, and peroxodisulphate (82082_) have
been occasionally used as electron acceptors in order to promote photocatalytic
processes, although the enhancement of the efficiency achieved with these alter-
native reagents does not frequently pay off their higher cost (Malato et al. 2009).
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Hydronium ions can also act as an electron acceptor in anaerobic conditions such
as those of water splitting reactions, as indicated in following chemical reaction:

H;0" (ads) + e— — H,O + H(ads). (2.9)

Eventually, this reaction results in the formation of H,, usually with the par-
ticipation of a co-catalyst. Similarly, CO, can also act as an electron acceptor as it
will be discussed in Sect. 4.3. However, these last two processes, in contrast to the
case of the capture of photoelectron by oxygen molecules, are much less
favourable due to the highly negative reduction potential of water(—0.83 V) and
CO,(—1.90 V).

One of the major mechanistic debates in photocatalytic reactions on metal oxide
semiconductors such as TiO, and ZnO is the relative roles of VB holes for direct
oxidation versus hydroxyl radicals (OH’) for so-called indirect oxidation (Hoff-
mann et al. 1995; Henderson 2011). In this respect, it has been reported that in
photocatalytic oxidation reactions, water is necessary only to replace the terminal
oxygen atoms, which actually trap the holes, and that the photooxidation of
hydroxyl groups from adsorbed water with holes is hindered both thermodynam-
ically and kinetically (Salvador 2007). This discussion is often focused on how OH
radicals are formed, for example, via direct whole oxidation of adsorbed H,O and/
or OH™ according to

H,O + ht — HO + H' (2.10)
HO™ + h" — HO. (2.11)

The involvement of OH' radicals in photocatalytic oxidation is proposed con-
sidering the formation of certain hydroxylated intermediates (i.e. catechol during
photodegradation of phenol) and the detection by ESR of adducts of that radical
with spin trapping molecules such as DMPO (5,5-dimethyl-1-pyrroline-N-oxide).
This molecule forms paramagnetic adducts with the HO" radicals that can be
readily monitored by ESR spectroscopy. An example of this is displayed in
Fig. 2.13, which shows the evolution of the DMPO-OH'" concentration with irra-
diation time for three nanostructured samples of CeO, with different crystallite
size (Hernandez-Alonso et al. 2004). In theory, hydroxyl radicals can act at dis-
tance as they can detach from the surface and interact with molecules in the bulk of
the solution, whereas direct capture of holes requires adsorption of the donor
species. Nevertheless, under many circumstances, the identification of the specific
pathway is difficult, especially because the direct (hole injection) and indirect (OH'
mediated) routes can take place simultaneously depending on the reaction con-
ditions (Henderson 2011). In this respect, it seems that the direct interaction of the
donor molecules with the semiconductor is favoured if their concentration is high
or if the solid surface is not highly hydroxylated.

On the other hand, trapping of holes by oxide or sulphide anions has been
frequently detected by EPR, as it can be appreciated in Fig. 2.12 for the case of
TiO,. Radical species are formed according to
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Fig. 2.13 Evolution of the

signal intensity of the -
DMPO-OH- adduct as a
function of the irradiation
time of with UV lamps for
nanostructured CeO, samples
with an average crystallite
size of 7.3 nm (Black circle),
5.7 nm (Black Triangle) and
5 nm (Black square).
Reproduced with permission
from Herndndez-Alonso et al.
(2004). Copyright Elsevier
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MY —0* —M" + ht — M"" -0~ —M"". (2.12)

Participation of these species in oxidation reactions provides an alternative path
for the transference of holes from the semiconductor to the donor molecules
(Coronado et al. 2001). Similarly, in the case of sulphide semiconductors, for-
mation of S has been reported to take place by hole capture at sulphide ions
(Nakaoka and Nosaka 1997). ESR studies show that different O~ species can be
formed at variable concentrations depending on the morphology of the semicon-
ductor. In any case, secondary reactions of these radicals with organic molecules
can generate additional radical species by deprotonation (e.g. R-CH53) and sub-
sequent oxygen incorporation (e.g. peroxide radicals of the type R-CH,OO)
(Coronado and Soria 2007). On the other hand, interaction between these surface
species may also contribute to recombination, especially if electron- and hole-
derived species react together as in the following process:

0, + M —0~ —M"" — O, + M"" -0 —M"" (2.13)

where the charge transference is reverted. Nevertheless, the complexity and the
inherent difficulties of studying these short-living radicals under realistic condi-
tions clearly warrant further studies in order to gain a more comprehensive
understanding of the initial stages of photocatalytic processes.

2.4 Surface Chemistry and Adsorption

The physicochemical characteristics of the surface are crucial to define the reactivity
of a catalyst, because it is there where the interactions between reactive molecules
and the solid occur. Accordingly, adsorption depends not only on the density of sites,
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but also on their chemical nature, which determines the strength of the bonding with
reagents and products. This relevance of surface properties in photocatalysis con-
stitutes an important additional factor to define the efficiency of the process which is
basically absent in the case of other semiconductor applications such as
photovoltaics.

Surface chemical composition frequently differs from that of the bulk material
because the discontinuity of the crystal imposes an energetic burden, which can be
limited by structural rearrangement and/or adsorption of available molecules. In
this regard, it is essential noting that numerous studies have revealed that water
molecules dissociate on the surface of metallic oxides and sulphides. This process
yields to the formation of hydroxyl groups in the case of oxides, while >SH and
>M-OH moieties are generated on sulphide surfaces (Henderson et al. 2003;
Ronngren et al. 1994). These surface groups complete the coordination of metallic
ions, whereas protons bind to the bridging oxygen or sulphur atoms. An example
of this process can be observed in Fig. 2.14, which shows a scheme of water
adsorption on TiO,. This process reduces the excess of energy caused by the
abrupt discontinuity of the solid structure at the edge of the crystal, and it is so
energetically favourable that occurs even in air with low relative humidity. Con-
sequently, adsorption of reactive molecules is determined, to a great extent, by the
density and specific characteristics of hydroxyl groups at the semiconductor sur-
face. Many organic substances like aromatic compounds are attached to the TiO,
surface by hydrogen bonding (Nagao and Suda 1989), but stronger interactions
with formation of new bonds can be observed for other molecules. In this way,
alcohols such as ethanol can lead to the formation of surface alkoxides of the type
>M-0O-CH,CHj; in the gas phase, while molecules with acid character such as
HCOOH frequently adsorb as carboxylates such as HCOO™ (Henderson 2011).
These surface complexes can adopt different topologies (bidentate, bringing...)
which can also affect their reactivity.
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Table 2.2 PZC of some semiconductors metal oxides and sulphides with relevance in photo-
catalysis (Xu and Schoonen 2000)

Material TiO, KTaO; ZnO  SrTiO; Ga,0s WO; KNbO; ZnS  CdS
PZC 580 855 3.80  8.60 8.47 043  8.62 170 2.00

In aqueous solution, it is necessary to consider the amphoteric character of the
>M-OH species, because the surface charge depends on the pH. Thus, at low pH
values, semiconductor surface is positively charged, while in alkaline conditions, it
is negatively charged. The pH value, at which the concentration of negative and
positive centres is the same, constitutes the so-called point of zero charge (PZC),
which varies with the crystalline phase and chemical composition, but also with
surface characteristics. Table 2.2 shows the PZC on some representative semi-
conductors frequently used as photocatalysts, which varies in a wide range. For
most oxides, it is around 8.5, whereas for sulphides, it is close to 2. In the case of
reactions with ionic species, this parameter is crucial, because it defines the pH
interval at which adsorption is facilitated or hindered by electrostatic interactions.

As for any heterogeneous catalyst, specific area is an important parameter to
establish the photoactivity of a semiconductor. Although materials with larger
surface area (usually estimated by the Brunauer, Emmett and Teller model as
Sger) tend to have better performance, a straightforward correlation between the
available surface and the efficiency of photocatalysts is rarely found. In fact,
paradoxical results can be obtained because under certain circumstances, photo-
catalysts with high surface area can present poorer photoactivity. This is due to the
fact that electronic properties, such as light absorption or the degree of charge
recombination, rather than surface properties are the rate limiting steps. In par-
ticular, materials with larger specific area often display higher defect concentra-
tion, and they show a significant recombination at surface centres. Therefore, an
optimal synthesis procedure for photocatalyst must pursue a balance between the
number of active sites and their specific activity.

Adsorption of reagents on semiconductors is usually described by the Langmuir
isotherm (Hoffmann et al. 1995; Malato et al. 2009), which responds to the fol-
lowing equation:

KC

0=Ttxc

(2.14)
where 0 corresponds to the coverage of a specific chemical, C is the concentration
of such species, and K is the adsorption constant that accounts for the strength of
the interaction. This equation can be deduced assuming that there is only one type
of adsorption centre, that full coverage corresponds to one monolayer and that the
strength of the interaction of the surface with the adsorbate does not vary with
coverage. Obviously, these conditions are very restrictive, and in real situations,
Langmuir isotherms only hold for low concentration ranges, or they require
modifications. In this respect, two different adsorption sites, or competition of two
different adsorbates (e.g. water and organic vapour), are frequently considered
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Fig. 2.15 Adsorption isotherms of: a toluene over a TiO, photocatalyst supported on quartz
fibres in dry (circles) and in humid air (triangles). Reproduced from Maudhuit et al. (2011).
b The dyes Remazol Black 5 (RBS, triangles) and Procion Red (MX-5B, diamonds and circles)
over TiO, Degussa P25 in aqueous solution at natural pH or pH = 3 (circles). Solid line in
A represents the best fitting to the Langmuir adsorption isotherm. Reproduced with permission
from Sahel et al. (2007). Copyright Elsevier

situations for more representative models of adsorption. Figure 2.15 shows two
illustrative examples of adsorption isotherms experimentally obtained with TiO,-
based photocatalysts in very different conditions. These results show that the
adsorption of vapours of hydrocarbons such as toluene in dry air, or of cationic
dyes in aqueous solutions at low concentrations, can be adequately described by
Eq. 2.14. However, in humid air, the competitive adsorption of water, which
quickly forms a surface layer, completely modifies the interaction, and accord-
ingly, the shape of the isotherms no longer responds to the Langmuir model
(Maudhuit et al. 2011) Similarly, in the case of high concentration of dyes, mul-
tilayer adsorption occurs as it is reflected by the rise in the concentration of
adsorbed molecules (see Fig. 2.15b). On the other hand, the results obtained with
dyes also illustrate the strong influence of pH on the adsorption of ionic species.
Thus, results of Fig. 2.15b indicate that for a pH lower than the PZC, the surface of
TiO, is negatively charged and, consequently, retains a limited amount of the
cationic dye Procion Red (Sahel et al. 2007).

2.5 Photocatalysis versus Thermal Catalysis

The term “catalysis” was coined by the Swedish chemist Jons Jacob Berzelius in
1835, and it is currently a central concept in chemistry, which has also pervaded
the popular language. According to a conventional textbook definition, a catalyst is
“a substance that accelerates a reaction but undergoes no net chemical change”
(Atkins 1998). This action is possible because the reaction takes a different path
due to the interaction of the reagents with the catalyst, which leads to lowering of
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the activation energy. As a consequence, the reaction rate can be boosted by
several orders of magnitude. Following this process, the catalysts are recovered in
its initial state, ready for a new cycle of transformation.’ Although homogeneous
substances (e.g. acids) and enzymes are important types of catalysts, only heter-
ogeneous catalysts, which comprise solids used in reactions with liquids or gases,
are relevant in the scope of the present book.

Most heterogeneous catalysts, such as zeolites, Ni Raney and any other, are
thermally activated, and this is an obvious difference with photocatalysts. How-
ever, conventional catalysis and photocatalysis are not mutually exclusive, and a
good example of this can be the Pt/TiO, catalysts, which is very efficient for
volatile organic chemical (VOC) removal at moderate temperature, but it can also
be activated by light. The graph of Fig. 2.16 shows that thermal and photonic
activation can work cooperatively to yield a higher conversion (Kennedy et al.
1998). In the same way, more recently, it has been reported that the purely pho-
tocatalytic oxidation of ethylene is favoured at temperatures in the 100-200 °C
range (Westrich et al. 2011). Nevertheless, the increment of temperature promotes
thermal catalysis according to the expectation of the Arrhenius term of the kinetic
equation, while photocatalytic activity usually goes through a maximum at mod-
erate temperatures which is compatible with the reported apparent activation
energy of a few kilojoules per mol (Malato et al. 2009). This behaviour is due to
the fact that some steps of the process, such as desorption of the products, are
thermally activated. However, as temperature rises, photonic efficiency drops
because thermal agitation promotes recombination, and in parallel, the coverage of

* Obviously, real heterogeneous catalysts frequently suffer deactivation, but such phenomenon
occurs following several cycles (frequently more than ten hundreds), and consequently, recovery
of the initial state (even if imperfect) is still a crucial aspect in catalysis.
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reagent decreases. As a consequence, after the initial promotion, further increase in
temperature is detrimental for photoactivity.

As mentioned above, catalysis modifies the kinetics of the processes but not the
thermodynamics, and consequently, it can only promote spontaneous reactions or,
in other words, those with negative Gibbs energy (AG) (Ohtani 2010). However,
photocatalysts have the ability to convert light into chemical energy, and this fact
challenges the conventional definition of catalysis because some non-spontaneous
reaction (i.e. those with AG > 0) can be promoted. This feature affords photoca-
talysis the potential to be utilized for storing sunlight energy in the form of
chemicals. In fact, this is the goal of the so-called artificial photosynthesis pro-
cesses like water splitting and CO, photoreduction. In contrast, oxidation reac-
tions, such as those of detoxification treatments, are downhill processes (AG < 0)
and do not accumulate energy, although they must overcome the activation barrier
for the rupture of strong bonds like C-C.

In most applications, it is advantageous to keep the substrate-to-catalyst ratio as
high as possible to reach the efficiency required by the economy of the process. In
this way, even in the relatively unfavourable case of the production of fine
chemicals with expensive noble metal catalysts such Rh and Ir complexes, the
proportion between substrate and catalyst is typically higher than 1,000. This is in
strong contrast to the case of photocatalysts, in which, in a usual assay for the
removal of aqueous pollutants, the molar ratio between the organic molecule and
TiO, is as low as 0.1. This fact gives an indication of the relatively low efficiency
of photocatalysis. These considerations remark the importance of reusing photo-
catalysts many times without a significant lack of efficiency in order to have a
viable technological solution for energy and environmental applications.

2.6 Combining Light and Potential: From
Photoelectrocatalysis to Dye Cells

Since the early developments of photocatalysis (Fujishima et al. 2000), the
application of an electrical bias has been proposed to reduce electron—hole
recombination and, consequently, increase the efficiency of the process. This
implies, as it can be appreciated in the scheme of Fig. 2.17a, that the semicon-
ductor is disposed as an electrode, which is connected to another counter-electrode
and both are placed in an electrolyte solution. Obviously, the photoelectrode
should be irradiated, and for that purpose, the cell is provided with and adequate
window. In a solar photovoltaic cell, photogenerated charges are driven efficiently
in opposite directions by an electric field at the semiconductor/metal junctions. In a
photoelectrochemical cell, a space-charge layer is generated within a thin surface
region of the semiconductor (1—103 nm) at the interface with the solution, in which
the electronic energy bands are bent upwards or downwards in n- and p-type
semiconductors, respectively. When this electrode is photoexcited, electron—hole
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Fig. 2.17 a Schematic diagram of a photoelectrochemical cell: / TiO, electrode, 2 platinum
black counter-electrode, 3 ionic exchange membrane for separation, 4 gas burette, 5 load
resistance and 6 voltameter. Reproduced with permission from Fujishima et al. (2000). Copyright
Elsevier. b Pictorial representation of a dye-sensitized solar cell. Reproduced from Hagfeldt et al.
(2010). Copyright American Chemical Society

pairs are created and separated in the space-charge layer. This type of device has
been usually utilized for hydrogen production from water splitting because
photogenerated electrons can flow to the counter-electrode and reduce protons,
generating hydrogen. This is the case of a TiO, cell, in which the direction of the
current reveals that the oxidation reaction (oxygen evolution) occurs on the
semiconductor and the reduction reaction (hydrogen evolution) at the Pt electrode.
Hydrogen evolution can occur without an external bias if the conduction band
position of the semiconductor electrode is at least as negative as —0.4 V (SHE) in
acid solution or —1.2 V (SHE) in alkaline solution. This is the case among many
other materials of SrTiO3, CaTiO5 and TiO, in acidic conditions. However, one of
the fundamental advantage of photoelectrocatalysis is that by applying an adequate
potential, reactions such as water dissociation can take place over semiconductors
with insufficient conduction band energy (Fujishima et al. 2000), although at
expenses of a higher energy consumption. Similarly to the case of photocatalysis,
photon energy cannot be fully utilized in a single-band-gap device, because
vibrational relaxation causes a loss of energy as heat. In addition, polarization
losses also occur, and accordingly, an increment of the bias over the theoretical
values is normally required. An alternative approach to increase the efficiency of
the energy transformation is the use of tandem cells by combining different
semiconductors. In this respect, using electrodes with layers of GaAs and GalnP,,
an energy yield of as high as 34 % can be achieved (Fujishima et al. 2000).
Another different kinds of photoelectrochemical devices based on semicon-
ductors are dye-sensitized cells (DSCs), proposed for first time in the seminal
paper by O’Regan and Gritzel in 1991 (O’Regan and Gritzel 1991). Although
conceived for electricity production and, therefore, far apart from chemical
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applications, DSCs share some same basic features with photoelectrocatalytic cells
and some type of photocatalysts (see Chap. 16), as it can be appreciated in the
schematic of Fig. 2.17b. Accordingly, although these devices are out of the scope
of this book, an elementary description of their molecular mechanism can be of
interest to gain a deeper understanding of the interaction of light with
semiconductors.

Typically, these cells consist of a mesoporous layer of TiO, nanoparticles that
have been sintered to establish electronic conduction (Hagfeldt et al. 2010). The
semiconductor film has a thickness of about 10 um and porosity in 50-60 % range.
This photoactive oxide is deposited on a transparent conducting oxide such as
fluorine-doped SnO,, on a glass substrate. In addition, a monolayer of a charge-
transfer dye, generally a ruthenium complex with pyridine-derived ligands, is
adsorbed on the surface of the nanocrystalline film. Illumination of this layer
results in the injection of an electron into the conduction band of the oxide, leaving
the dye in its oxidized state. Then, the dye can recover its ground state by electron
transfer from the electrolyte, usually an organic solvent containing the I /I3~
redox couple. The regeneration of the sensitizer impedes the recapture of the
conduction band electron by the oxidized dye. The I;~ ions diffuse a distance
<50 um through the electrolyte to the cathode. In this component, the cycle is
completed by reduction of I35~ species to I by electron transfer with the assistance
of a thin layer of a platinum catalyst (Hagfeldt et al. 2010). These cells are more
adaptable and flexible than those based on Si, but in general, they present lower
efficiency with record values about 12 %. In addition, stability is another important
concern for commercial development of these devices, but steady performance
after 1,000 h of operation has been recently achieved.

2.7 Measuring Efficiency

As in any process, determining the efficiency of photocatalysis is crucial to
establish comparisons between different photoactive systems. However, this is not
a trivial task as it will extensively commented through this book, because the use
of different illumination source with dissimilar power and spectral distribution
(e.g. Xe or Hg lamps, sunlight...), along with the different reactor configurations
(e.g. annular, slurry, flat...), complicates enormously the task of ranking photo-
catalyst materials. In this context, several parameters can be of interest to infer the
performance of photocatalytic reactions. At a very basic level, it is useful to
normalize the reaction rate to the amount of catalyst to provide activity values as
umol h™' g~'. Some normalization with surface area has been also used, but these
values are more prone to be misleading as photocatalysis also depends signifi-
cantly on the bulk properties of the semiconductor and therefore should be used
carefully. More relevant is the concept of quantum yield (QY), as applied to
homogeneous photochemical systems (Ohtani 2010; Herrmann 2010), which is
given by the expression:
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Quantum Yield product rate X number of electrons implied
uantum Yield =

100. (2.15
Flux of absorbed photons ( )

As monitoring of photocatalytic reactions is carried out by chemical analysis,
determining the number of electrons implied requires defining the stoichiometry of
the reaction. On the other hand, because measuring photon absorption is usually
complex, this parameter is very often substituted by the apparent quantum yield or
photonic efficiency, which can be calculated by using the following equation:

product rate X number of electrons implied

Photonic Eficiency = 100.

Flux of incident photons
(2.16)

The apparent quantum yield is smaller than the total quantum yield because the
number of absorbed photons is usually smaller than that of incident ones. How-
ever, it is necessary to keep in mind that this parameter does not provide an
absolute value, because the efficiency in the use of available photons will depend
in certain extend on how the photocatalysts are illuminated in the reactor. In
addition, solar energy conversion is another useful parameter for assessing those
photocatalytic processes used to accumulate solar energy, such as CO, reduction
or water splitting. This can be estimated according to

Energy in the products
Energy of the incident light

Energy Conversion = 100. (2.17)

Finally, it is worth mentioning that in order to overcome the problem derived
from comparing tests performed in different conditions, further development of
standardization procedures will be warranted in the near future. In this respect,
several normalized assays based on diverse photocatalytic reactions carried out in
thoroughly controlled conditions have been recently proposed (Mills et al. 2012).
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Chapter 3
Environmental Applications
of Photocatalysis

Raquel Portela and Maria Dolores Hernandez-Alonso

The advantages of the photocatalytic processes (operation under ambient temperature
and pressure, high stability and low cost of the catalyst, complete mineralization
without selectivity restrictions and possibility of using solar light as energy source)
open a wide range of environmentally friendly applications that are either under
investigation or already in the market. Both the technological and economic relevance
of photocatalysis has increased considerably over the past decade.

The applications of semiconductor photochemistry are usually based on pho-
tooxidation, photoreduction, photosterilization and photoinduced superhydrophi-
licity or a combination thereof. The mechanism for all these phenomena has been
extensively reviewed (Fox and Dulay 1993; Hoffmann et al. 1995; Fujishima et al.
2000), and the fundamentals have been overviewed in Chap. 2. Figure 3.1 sche-
matically shows all the relevant intermediate species which play a role in the
environmental processes discussed in this chapter. The oxidation of surface OH™
to hydroxyl radicals takes place in the photogenerated holes; on the other hand, the
photogenerated electrons reduce adsorbed oxygen to superoxide radical anion
(O* ™), which can be further reduced to hydroperoxyl radical (OOH), to hydrogen
peroxide (H,O,) and finally to water (H,O) or hydroxyl radicals (OH").

In the presence of organic compounds adsorbed on the photocatalyst surface,
these and any subsequent intermediates may be oxidized in several steps until
mineralization to carbon dioxide, water and inorganic acids by the highly oxi-
dizing species generated or by direct reaction with the holes. As it was mentioned
in Chap. 2, there is some debate concerning the mechanism of holes trapping, but it
has been generally accepted that water species adsorbed on terminal Ti atoms trap
the holes to form hydroxyl radicals. On the other hand, it seems that some
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adsorbed compounds may act as electron donors for the oxidation reaction with
holes while others not, reacting only with the generated oxidizing species (Benoit-
Marquie et al. 2000; Villarreal et al. 2004).

The reactive species are also able to oxidize adsorbed inorganic compounds
(NO, to nitrate, SO, and H,S to sulphate, etc.) and to damage the cell wall of
microorganisms, leading to their inactivation and the mineralization of the organic
matter contained therein. Thus, the photocatalytic oxidation technology may be
applied to the complete purification of air and water. The activity will depend on
the catalyst properties (composition, surface area, crystallinity, loading, etc.), the
type and concentration of contaminants and their relative adsorption properties, the
photoreactor configuration, the radiation source (wavelength and irradiance) and
the operational parameters: temperature, dissolved oxygen, pH or humidity
(Chong et al. 2010; Zhao and Yang 2003).

The photoreduction of oxidized compounds by the electrons is also possible,
although most compounds susceptible of reduction cannot compete with oxygen
because of the fast reaction kinetics of the latter. Examples of applications of the
photoreduction ability are CO, capture and transformation into hydrocarbons,
which will be commented in Sect. 4.3, or noble metal recovery. At this respect, the
reactivity of metals has been observed to follow the order Ag > P-
d > Au > Pt > Rh > Ir > Cu = Ni = Fe = 0 (Herrmann et al. 1993).

In the absence of competing adsorbed species, the surface sites available for
reaction with electrons are surface Ti(IV) that are reduced to generate hydrophilic
Ti(II), while surface O®~ are oxidized by the holes giving place to oxygen
vacancies that are filled by hydroxyl ions subsequently absorbed. As a result, under
exposure to suitable radiation, the hydrophilicity of the surface increases up to
contact angles <5° (superhydrophilicity); in the dark, in the presence of oxygen,
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Fig. 3.2 Photoinduced hydrophilicity in a TiO,-coated glass. On the left, the non-irradiated
surface is exposed to (a) water droplets (water contact angle of 72°) and (c) water vapour. On the
right, the irradiated surface is shown, where the (b) increased wettability (contact angle close to
0°) and (d) anti-fogging properties are observed. Reproduced with permission from (Wang et al.
1997). Copyright Nature Publishing Group

the hydrophilicity decreases to the initial contact angle value as the Ti(IIl) sites are
oxidized back to Ti(IV), and the vacancies are filled by the generated O*~ ions.
The photocatalytic superhydrophilicity of TiO,-coated surfaces, shown in Fig. 3.2,
has a wide range of applications related to the anti-fogging effect and the self-
cleaning properties.

In the twenty-first century, and according to the present environmental chal-
lenges and the renewed energy crisis, the research on new photocatalysts for solar
energy production, together with the photoreduction of CO,, is increasing again
(see Chaps. 4 and 14). Additionally, there is a growing interest in other applica-
tions, as shown in Fig. 3.3. The photocatalytic disinfection has gained the attention
of scientists and the industry, and most of the photocatalytic products successfully
commercialized are related to the self-cleaning and anti-fogging properties of
photocatalytically active surfaces.

Therefore, the main applications of the photocatalytic phenomena are related with
the following processes that will be commented in this and subsequent chapters:

e Air treatment: chemical and biological purification of indoor and outdoor air and
off-gas emissions, elimination of odours, ethylene elimination during the storage
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of fruits and vegetables, soil remediation by air stripping and subsequent pho-
tocatalytic treatment, etc.

e Water treatment: wastewater detoxification for biological treatment, discolor-
ation, rendering water suitable for human consumption or for agricultural or
industrial use, etc.

e Active surfaces: self-cleaning, self-sterilizing, self-degrading or anti-fogging
materials (metals, ceramics and tiles, paints, paper, concrete and cements, glass,
textiles, plastics, etc.).

e Green chemistry: photocatalysed reactions for cleaner and cheaper synthetic
routes for the production of chemicals.

e Energy conversion: H, generation from water splitting and photoreduction of
CO, (See Chap. 4).

3.1 Air and Water Treatment

Photocatalytic reactions are characterized by the need of irradiation of the catalyst
to activate the process. As a consequence, an appropriate radiation source, either
artificial or the sun, is required in photocatalytic reactors. Artificial sources can be
arc lamps, incandescent lamps, fluorescent lamps, lasers or light-emitting diodes
(LEDs); the radiation can be concentrated or redirected with the help of reflectors
or fibre optics. Alternatively, solar radiation can be directly collected by the
reactor or with the help of reflectors of different shapes, materials and concen-
tration ratios (Malato et al. 2004).
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In the scientific literature and patents, many photoreactor configurations for
water and air treatment have been proposed, which can be classified according to
the radiation characteristics (solar or artificial, concentrated or not), to the distri-
bution of the catalyst (suspended or immobilized in different kind of substrates), to
the reactor geometry (tubular, annular, multi-annular, flat plate, parallel plate, U-
shaped, fountain, etc.), to the operation mode (batch or continuous), etc.

Once the photocatalyst and radiation source are selected, the design equation of
the photoreactor can be obtained by an experimental approach or by theoretical
analysis using the kinetic equation, mass transfer equations and the radiative
transfer equation (RTE), which leads to simplified or rigorous mathematical
models (Alfano et al. 2000).

The photodegradation rate (r) of chemical pollutants in water and gas phases
has been traditionally reported to be proportional to the fraction of covered sur-
face, following the Langmuir-Hinshelwood (L-H) kinetic equation (Eq. 3.1):

_dC kKC
dt ~ 1+KC

(3.1)

where k is the reaction rate constant, K the pollutant adsorption constant, and C the
concentration of pollutant. However, it is generally agreed that the rate constants
and orders obtained with this kinetic model are only apparent. Alternative kinetic
approaches have been developed in the last years, for example, the direct-indirect
(D-I) model (Monllor-Satoca et al. 2007), where the kinetic constants have a
physical meaning explained by a sequence of primary reactions occurring during
the photocatalytic process.

The efficiency and selectivity of a system will depend on the type and con-
centration of pollutants, the flow rate, the characteristics of the treated air
(humidity) or water (turbidity, pH, ionic strength, dissolved oxygen), the catalyst
properties (crystallinity, porosity, doping, loading, etc.), the radiation intensity and
wavelength distribution, and the reactor design. The effect of temperature should
be insignificant because of the photonic activation of the process, but it may affect
the lamp performance, and high temperatures may favour the recombination of
charge carriers and disfavour the adsorption of pollutants. Therefore, each appli-
cation must be studied first at laboratory scale, as comparison and scaling-up are
difficult tasks.

3.1.1 Water Applications

There is a high demand, fostered by the growing world population and the more
restrictive legislation, for the implementation of effective, economic and envi-
ronmentally benign water treatment technologies. The heterogeneous photocatal-
ysis, alone or combined with other processes, is a clear candidate to improve the
current technological options.
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The microbial population is the major pollutant to be removed in drinking water
purification facilities, and therefore disinfection, which will be treated in Sect. 3.4, is
the main photocatalytic process of interest for this application. Meanwhile, the
contamination in wastewater includes organic matter and different trace contami-
nants from pharmaceuticals, pesticides and personal care products. Industrial
wastewater may additionally contain heavy loads of metals or organic compounds.
Most pollutants, including chlorinated solvents (chloroform, carbon tetrachloride,
trichloroethylene, chlorobenzene, etc.), non-chlorinated solvents (acetone, aceto-
nitrile, benzene, cyclohexane, formaldehyde, phenol, methylbenzene, etc.), insec-
ticides (aldrin, dichlorvos, lindane, parathion, monocrotophos, etc.), pesticides
(atrazine, monuron), dyes (acid orange 7, malachite green), surfactants (triton X-
100) or other emerging contaminants from personal care or pharmaceuticals (ibu-
profen, ofloxacin, progesterone, etc.), can be mineralized by photocatalysis.

The degradation mechanism has been elucidated for some of them (Carp et al.
2004), but contradictory conclusions are often drawn by different researchers due
to the many factors conditioning the photocatalytic processes and the lack of
standardized procedures.

For aqueous phase photocatalytic reactions, TiO, suspensions in continuous-
flow tubular reactors equipped with non-concentrating solar compound parabolic
collectors (CPC) (Ajona and Vidal 2000) are the most widely employed.
Figure 3.4 shows an example.

Despite the fact that most research works in water treatment are performed with
dispersions of powdered TiO,, the need for recovering the catalyst (e.g. sedimen-
tation, filtration) is one important barrier for commercialization (Ferndndez-Ibanez

Fig. 3.4 Solar water detoxification demonstration plant installed at Hidrocen factory (Madrid,
Spain). Left TiO, separation system. Right CPC photoreactor field (Malato et al. 2009). Copyright
Elsevier. Reproduced with permission
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etal. 2003). Therefore, a big deal of effort is devoted to the use of immobilized titania
in different kinds of supports, including adsorbent substrates, and the design of
reactors that maintain a good efficiency despite the reduction in the catalyst surface
area and the mass transfer limitations in immobilized systems. Promising alterna-
tives are hybrid membrane photocatalytic reactors (Chong et al. 2010) or recoverable
magnetic photocatalytic particles (Makovec et al. 2011).

Many books and reviews have already analysed the effect of the different
operational parameters (Chong et al. 2010; Carp et al. 2004). The water pH is one
of the main parameters affecting the performance of aqueous photocatalytic sys-
tems, especially taking into account the low adsorption of pollutants due to water
saturation. At the point of zero charge (PZC) of TiO, (pH range of 4.5-7.0), the
surface charge of the oxide is neutral and, thus, its interaction with polar com-
pounds minimal. The following water—-TiOH equilibrium reactions give place to
polar interactions at different pH values:

pH <PZC : TiOH + H" < TiOH; (pH <3: TiOH; >20%)  (3.2)

pH > PZC : TiOH + OH < TiO™ + Hyo (pH > 10: TiO~ >20%)
(3.3)

Other operating parameters that govern the kinetics and costs, and thus, the
applicability of this technology for water treatment, are the low solubility of
oxygen (and the consequent need for aeration), the radiation absorption in turbid
waters, or the presence of water natural components that act as scavengers of the
reactive species, for example, carbonates or other inorganic anions (Vidal et al.
1999).

An important drawback of TiO, photocatalysis, like for other advanced oxi-
dation technologies (AOTs), is the relatively high operating costs compared to
conventional biological treatments, and particularly the slow kinetics compared to
the homogeneous photo-Fenton reaction, which makes the latter more interesting
for the scientific community despite the consumption of chemicals involved.
Consequently, the applicability of heterogeneous photocatalytic water purification
systems is currently focused on the treatment of non-biodegradable wastewater
and the use of solar radiation, especially in remote areas and developing countries,
or in its coupling with other physical or chemical operations to obtain a synergistic
effect. In this last case, when combined with ultrasonic irradiation, photo-Fenton
reaction, ozonation or electrochemical treatment, the efficiency of the photocata-
lytic process is enhanced by changes in the mechanism, whereas the coupling with
biological treatments, membrane reactors or physical adsorption does not affect the
photocatalytic mechanism but improves the efficiency of the overall process
(Hernandez-Alonso et al. 2002; Augugliaro et al. 2006). The use of photocatalysis
as a pre-treatment step prior to biological water treatment is currently attracting the
attention of researchers due to its reactivity towards non-biodegradable water-
soluble pollutants.
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3.1.2 Air Applications

Atmospheric emissions derived from human activities are causing many
environmental problems including global warming, climate change, stratospheric
ozone depletion and air quality degradation. Photocatalytic processes may help
reducing their impact, competing in many applications with conventional air
treatment technologies such as adsorption, filtering or combustion, particularly for
low-flow and low-concentration emissions. Although the number of scientific
publications related to photocatalytic air treatment is significantly lower than to
water treatment, the situation of the number of patents is reversed (Paz 2010),
indicating that the implementation of photocatalytic systems for air treatment is
nowadays more attractive for the industry.

Laboratory results demonstrate that photocatalysis is suitable for the abatement
of most air pollutants, including organic compounds, such as alkanes (methane,
ethane, propane or hexane), alkenes (ethylene, propylene), alkynes (acetylene,
methylacetylene), aromatics (benzene, toluene), alcohols (methanol, ethanol, 2-
propanol, butanol or tert-butyl-alcohol), aldehydes (formaldehyde, acetaldehyde),
ethers (diethylether, methyl-butyl-ether) or ketones (acetone, methyl-ethyl-
ketone), organic halogenated compounds (trichloroethylene, tetrachloroethylene,
dichloroacetic acid or trichloromethane), and organic and inorganic molecules
containing other type of atoms, such as sulphur (hydrogen sulphide, SOy, diethyl
and dimethyl sulphide or dimethyl disulphide), nitrogen (NOj, diethylamine,
propylamine or pyridine) or silicon (siloxanes). As it was mentioned before, each
application must be studied first at laboratory scale because the efficiency of the
process depends on many parameters and the degradation mechanism depends on
the type of pollutant. For instance, in hydrocarbon oxidation, the carbon atom with
the highest electron density and the least steric obstruction is preferentially
attacked; low molecular weight favours total mineralization over the formation of
partial oxidation products, which are mainly alcohols, ketones and aldehydes. In
the case of alcohols, the main intermediates, for instance, in the photocatalytic
degradation of ethanol, follow this scheme (Nimlos et al. 1996):

CH;CH,OH — CH;CHO — CH3COOH — HCHO — HCOOH — CO,
(3.4)

The aromaticity of hydrocarbons has also proved to influence the performance
and stability of the photocatalysts (Herndndez-Alonso et al. 2011). Nitrogen-,
sulphur- and silicon-containing organic compounds can be mineralized to water
and CO,, but lead to catalyst deactivation by accumulation of nitrate, sulphate and
silicates, which can be removed by washing with water or alkaline solutions (Sun
et al. 2003; Portela et al. 2010). On the other hand, there is still debate concerning
the mechanism of chlorinated compounds (Demeestere et al. 2007). Both hydroxyl
and oxygen radicals have been proposed to initiate the hydrogen abstraction in
saturated compounds or the addition to the double bond in the unsaturated ones as
preferential initial steps, although the direct reaction with the holes has been
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proposed as well. The formation of highly oxidant chlorine radicals in chlorinated
ethenes photodegradation may explain their high reactivity and can be used to
favour the reactivity of a second-adsorbed reactant via hydrogen abstraction.

The application of photocatalysis to remove gaseous pollutants may be limited
under certain conditions, such as excess or defect of humidity or extremely low or
high reactant concentrations. Formation of undesired products or deactivation of
the photocatalyst can be observed as well. In these situations, the synergy between
photocatalysis and adsorption might be of interest. The coupling of both tech-
nologies can be performed in a tandem arrangement, either installing an adsorption
unit as pre-concentration step or using the adsorption as backup system, where the
adsorbent retains unreacted compounds or by-products. Alternatively, the coupling
may be obtained in one single step by utilization of hybrid materials, such as TiO,-
coated or TiO,-incorporated adsorbents, where the adsorption capacity enhances
the photocatalytic activity and, simultaneously, a photocatalytic regeneration of
the adsorbent may take place (Sudrez et al. 2008; Portela et al. 2012).

Photocatalyst deactivation phenomena are more predominant in gas phase than
in aqueous phase, because in the latter the water molecules restore the surface
hydroxylation and assist in the removal of the adsorbed species from the photo-
catalyst surface. In gas phase reactions, intermediate species with slower kinetics
and higher adsorption affinity than the target pollutant cause a deactivation that
may sometimes be reversed by favouring their desorption or their photocatalytic
degradation (Lewandowski and Ollis 2003). Meanwhile, non-volatile final prod-
ucts, such as sulphate, cause irreversible deactivation, and other methods are
necessary to remove them, such as washing or thermal treatment (Portela 2009).

On the contrary, compared to aqueous reactions, gas phase processes have the
advantage of having quantum efficiencies usually 10-fold higher, with negligible
radiation absorption by the gas phase and favoured diffusion of both reagents and
products. Moreover, oxygen is rarely the limiting reactant, and there are no
hydroxyl radical scavengers. However, the humidity of the gas phase is a key
factor; its effect on the conversion and selectivity depends on the target compound.
The presence of a certain amount of water molecules seems necessary to replenish
the surface hydroxyl groups but, on the other hand, water may compete for the
adsorption sites, especially at indoor air pollutant concentration levels. In the
literature, an optimum value of water vapour concentration is usually obtained for
the treatment of air currents (Obee and Brown 1995; Portela et al. 2010).

3.1.2.1 Waste Gas Treatment

Given that industrial emissions are frequently high-flow or high-pollutant concen-
tration air currents, adsorption or incineration usually result more competitive than
photochemical processes. Nonetheless, photocatalytic reduction of CO, emissions
from industrial flue gas streams with simultaneous generation of added-value
chemicals such as methane, methanol and ethanol is being widely explored
(Usubharatana et al. 2006), as it will be reviewed in Chap. 4. Besides, there are some
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examples of field trials for the treatment of industrial air emissions. A large-scale
study for the abatement of volatile organic compounds (VOCs) and nitroglycerine
from solvent multi-base propellant production, performed at the Radford Army
Ammunition Plant (Virginia, USA) selected UV photocatalytic oxidation over other
technologies according to economic, safety and efficiency reasons (Kemme et al.
1999). Another example is the pilot-scale reactor for treatment of off-gases from a
soil vapour extraction well at a chlorinated solvent spill site at the Savannah River
Site (SC, USA). The dilution of the waste stream with ambient air to below 1,000
ppmv avoided the formation of undesirable by-products (phosgene, chloroform,
carbon tetrachloride and pentachloroethane), yielding a conversion >99.5 % with
the formation of only <10 ppmv hexachloroethane during an 8-day uninterrupted
operation (Read et al. 1996). The continuous elimination of malodorous, toxic and
corrosive hydrogen sulphide from the air of a wastewater treatment plant in Madrid
(Spain) was achieved in the original solar tubular reactor provided with a comple-
mentary artificial radiation source shown in Fig. 3.5. During one month operation,
100 % removal efficiency was attained without release of SO, due to the unique
properties of the TiO,—SiMgO, hybrid material; the photocatalyst was distributed
inside the reactor with the help of star-shaped structures that facilitate the air flow
and the irradiation of the opaque flat plates (Sanchez et al. 2009; Portela et al. 2012).
The elimination of methanol from high-flow low-concentration gases emitted in
pulp and paper mills is another promising application (Stokke et al. 2006).

Fig. 3.5 Solar/lamp
photocatalytic reactor for
gaseous H,S elimination field
test at a wastewater treatment
plant in Madrid (Spain).
Design and photography by
Benigno Sanchez (Ciemat).
Reproduced with permission
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3.1.2.2 Outdoor Air Treatment

Despite the high concentration of pollutants derived from anthropogenic emis-
sions, the concentration in the outdoor air is usually in the range of parts per
billion, due to the dilution effect of the atmosphere. Large-area outdoor photo-
catalytic construction materials, for example, walls, roofs or roads, may act not
only as self-cleaning surfaces, as indicated in the next section, but also as air
passive decontamination surfaces that aim to deplete the concentration of typical
urban pollutants: VOCs and, in particular, NO, and SOy.

The promising results obtained in different studies have motivated the investi-
gation of these materials in real conditions. Thus, several streets have been paved
with photocatalytic concrete. NO, concentration has been monitored over different
periods, confirming the photocatalytic removal of NO, at ambient conditions and at
large scale (Chen and Chu 2011). It is worth mentioning the laboratory and macro-
scale tests performed within the framework of the project Photocatalytic Innovative
Covering Applications for Depollution Assessment (PICADA Project 2006).

NO, photooxidation process can be described as a two-stage reaction where
NO, is the first oxidation product and the key precursor for the further oxidation to
nitrate ions. As the active sites of the photocatalyst are blocked by adsorbed
nitrates, the NO, conversion gradually decreases. However, in outdoor applica-
tions, the nitrate species are expected to be washed away by rain as weak nitric
acid and incorporated to the nitrogen cycle by plants and microorganisms (Chen
and Poon 2009; Hiisken et al. 2009; Skalska et al. 2010). The incorporation of
substances with high O, and NO3;™ adsorption capacity, such as alkaline additives,
can retard the deactivation and extend the catalyst lifetime (Ichiura et al. 2003).
Some authors have expressed their concerns about the possible negative effects
that the application of this technology to building materials may cause. For
instance, the formation of gaseous nitrous acid (Langridge et al. 2009) or the
potential toxicity derived from nanoparticles inhalation (Lee et al. 2010).

3.1.2.3 Indoor Air Treatment

The concentration of pollutants indoors is usually slightly higher than outdoors,
but not comparable to the levels of industrial and automotive exhausts. Addi-
tionally, indoor air may be recirculated until satisfactory degradation efficiencies
are reached, which is not possible outdoors and usually not acceptable in high-flow
industrial emissions. Consequently, the interest in the photocatalytic treatment of
indoor air, which includes homes, offices, vehicles or clean-room facilities, among
others, is by far larger than that of outdoor air and has increased very fast over the
last decade (Mo et al. 2009; Wang et al. 2007).

Despite the fact that photocatalytically active indoor surfaces may contribute to
the air purification, indoor air treatment is usually performed in heating, ventilation
and air conditioning (HVAC) or filtering systems, where an artificial radiation
source (UVA, UVB or UVC) and a photocatalyst may be easily incorporated aiming
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at simultaneous photocatalytic disinfection, deodorization and decomposition of
volatile organic compounds. The photocatalyst is usually TiO, immobilized on
opaque substrates, preferably with large exposed geometric area and causing low
pressure drop, such as aluminium honeycomb monoliths or porous filters. The
irradiation, the pollutant adsorption and the fluid dynamics strongly condition the
photoreactor design and its performance and, thus, modular configurations with
groups of lamps located between the photocatalytic units are typically preferred
(Raupp et al. 2001), as shown in Fig. 3.6. However, similarly to what happens in
water treatment, the patents and scientific literature describe other multiple reactor
configurations for air treatment, such as fluidized bed or annular photoreactors
(Zaleska et al. 2010).

The long-term performance of commercial photocatalytic air purifiers in real
conditions must be further evaluated, because laboratory tests are usually per-
formed for short periods of time, with a single pollutant in parts per million
concentration ranges, and at flow rates <0.1 m>/h. On the one hand, in the deg-
radation of multi-component mixtures, which is the case of real air, competitive
and synergistic effects must be considered, and the long-term performance can be
affected by unexpected deactivation processes, for example, due to siloxanes (Hay
et al. 2010). On the other hand, the working flow rate of air purifiers will determine
the mass transfer: at too low flow rates, the external mass diffusion in the gas bulk
is the rate-limiting step, while at too high flow rates, the mass transfer in the gas—
solid interface is limiting; at medium flow rates, the intrinsic kinetics control the
reaction rate, which is not affected by changes in the flow rate. Other additional
aspects must be well addressed, such as the contribution of photocatalysis versus
photolysis, ozone emission when high-energy UV lamps are used, or the formation
of undesired by-products released to the outlet air stream or accumulated on the
photocatalyst. Standard tests for the evaluation of the photocatalytic performance
are still under development, as indicated in the Sect. 3.5 of the chapter.

3.2 Self-Cleaning Materials

TiO,-containing materials may possess air-cleaning, self-cleaning, self-sterilizing
and anti-fogging properties and, thus, have attracted increasing attention from the
scientific community, but particularly from the construction and automotive
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industries. However, these materials are usually optimized according to their main
function. While self-cleaning materials present smooth surfaces, like a thin-film on
a window glass, for air treatment applications, a rough surface with higher
adsorption ability is preferred.

The self-cleaning effect of TiO, surfaces is the combination of several phe-
nomena. Firstly, the photocatalytic elimination of organic deposits, which them-
selves act as adsorption sites for particles of soot and grime, and the simultaneous
inactivation and mineralization of surface microorganisms (self-sterilizing prop-
erties). Secondly, the photoinduced superhydrophilicity, by which water is pre-
vented from forming surface droplets; instead, under irradiation, a homogeneous
thin water layer covers the surface below the dirt, so that dirt can be easily washed
off. Moreover, as a consequence of the superhydrophilicity, the surface does not
fog (fogging happens at water contact angles >20°) and dries faster, because water
tends to run off. A scheme of these phenomena is shown in Fig. 3.7.

In addition to the aforementioned properties, TiO, coatings may protect metals
from corrosion by injection of electrons into the metal, or improve the heat transfer
and reduce the water consumption in processes associated with liquid—vapour
phase transformations, since the heat transfer rate increases for the thinner water
films formed in superhydrophilic surfaces. This latter effect has applications in
falling film evaporators or passive cooling of buildings by the latent heat of water
evaporation (Fujishima et al. 2008). In nano-functionalized thin films on glasses,
the compatibility of anti-reflective and photocatalytic properties, obtained with
low refractive index nano-porous silica and high refractive index titania, respec-
tively, has been recently observed in SiO,-TiO, coatings prepared by sol-gel
(Helsch and Deubener 2012).

Fig. 3.7 Scheme of the Photooxidation
photoinduced phenomena in
photocatalytic surfaces
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In outdoor applications, the surfaces are usually cleaned by rainfall and,
additionally, contribute to VOCs, NO, and SO, abatement, for instance in mate-
rials for roads, buildings or vehicles. On the other hand, indoor applications of
photocatalytic materials are more related to the cleaning ease, for instance in
furnishing, electronic devices or different consumer products. The anti-fogging
properties are useful in mirrors, windows and optical lenses.

The photocatalyst may be incorporated during the material manufacturing
process, either as an additive, which is the case of most construction materials, or
as a coating on the already conformed surface, which is more complicated but
results in lower TiO, consumption (Martinez et al. 2011). Another option is the use
of commercial photocatalytically active TiO,-containing paints that can be coated
on existing surfaces, although the quality can be poor. TiO, coatings should be
thick enough to assure the radiation absorbance, but also exhibit mechanical
resistance and preserve the aesthetic and functional properties of the substrate.

The optimal amount of photocatalyst and binder, their impact on the properties
of the materials and their long-term performance should be further investigated.
For instance, it has been reported that the addition of commercial TiO, pigments to
white Portland cement results in photocatalytic properties and improved
mechanical properties, although the carbonation of the cement leads to deactiva-
tion in several months (Lackhoff et al. 2003). On the other hand, the photooxi-
dative reaction may degrade the binder or the TiO, coverage by the binder may
reduce the photoactivity (Martinez et al. 2011).

The possible release of TiO, nanoparticles to the surroundings should be assessed
as well. The risk that TiO, nanoparticles pose for the environment and human health
has not been totally clarified yet (Wang et al. 2008), but several organizations and
national institutes for occupational safety and health have already exposure limit
recommendations. This issue will be further commented in Sect. 5.3.

While photocatalytically active glass, metals or ceramics are widely estab-
lished, conventional high temperature processing is often not suitable for organic
polymers (Portela et al. 2007) or textiles (Kiwi and Pulgarin 2010). An interme-
diate layer between the photocatalyst and the organic material may facilitate the
deposition of a TiO, coating and help preventing the photodegradation of the
organic substrate, although the manufacturing difficulty and cost is increased.

3.3 Disinfection

Solar disinfection of water (www.sodis.ch) has been carried out since the Egyptian
times, but it was first reported in scientific literature in the late 1870s and studied as a
water disinfection technology only one century thereafter (Acra et al. 1980). The
solar water disinfection efficiency can be enhanced through semiconductor photo-
catalysis, which produces highly reactive species that may inactivate more resistant
microorganisms and treat higher volumes. Furthermore, the photocatalytic disin-
fection effect has been observed not only in aqueous phase, but also in air and on
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TiO,-coated surfaces, in the so-called self-sterilizing materials, and has potential for
widespread applications: indoor air disinfection in homes, aircrafts, laboratories and
hospitals; wastewater treatment and drinking water disinfection; combating biot-
errorism (Anthrax elimination); medical applications (medical implants, sterile
tools, anti-tumoral activity); pharmaceutical and food industry, where the use of
chemical cleaning agents or biocides is ineffective or is restricted by regulations; etc
(Gamage and Zhang 2010). Therefore, the photocatalytic inactivation of a wide
range of harmful microorganisms is being examined as a viable alternative to tra-
ditional water and air disinfection methods, such as chlorination or UVC irradiation,
which are expensive and can produce harmful by-products.

Since the pioneer work on the photocatalytic killing of microbial cells pub-
lished in 1985 (Matsunaga et al. 1985), the heterogeneous photocatalytic inacti-
vation of many bacteria, virus, fungi, algae, protozoa and even cancer cells has
been studied. Most of the scientific research has been conducted at laboratory
scale, with single and pure cultures of Escherichia coli, used as the model target
microorganism. However, there are some recent laboratory works on the suc-
cessful disinfection of water taken from real sources such as rivers, lakes and wells
(Rodrigues et al. 2007; Rincon and Pulgarin 2007).

The titanium dioxide antibacterial activity has been examined on a wide
spectrum of microorganisms (Markowska-Szczupak et al. 2011), as shown in
Table 3.1, including many gram-negative and gram-positive bacteria, bacterial
endospores, many viruses, infectious agents such as prions (Paspaltsis et al. 2006),
or fungal species.

Microorganisms are several orders of magnitude larger than molecules and even
larger than TiO, particles. Therefore, instead of being adsorbed on the titania
surface, they are surrounded by titania particles attached to their external mem-
brane, as observed in Fig. 3.8. When supported photocatalysts are used this dif-
ference becomes critical, because the contact is restricted to the external TiO,
surface. Key parameters in the adsorption and eventual penetration of oxide par-
ticles through the cellular wall are the surface electric charge (negative in the case
of the cellular membrane, while the TiO, surface is charged as a function of pH)
and the relative location and size of particle and microorganism. If the titanium
dioxide particles are sufficiently small to penetrate the cell membrane, the pho-
tocatalytic reactions might take place inside the cell (Blake et al. 1999).

The hydroxyl radical is suggested to be the primary species responsible for the
bacteria photocatalytic inactivation and killing, like in the case of chemicals
photocatalytic oxidation. However, the active role of H,O, and O, cannot be
discarded. The mechanism remains under debate (Dalrymple et al. 2010; Mark-
owska-Szczupak et al. 2011), although there exists a rising consensus on the
damage that the reactive species formed in the photocatalytic reaction cause to
the cell membrane by peroxidation of the polyunsaturated phospholipids, with the
subsequent loss of activities that rely on an intact membrane, like transport,
semipermeability, respiration and oxidative phosphorylation (Maness et al. 1999).

Due to the complex mechanism of the disinfection processes, the kinetic analysis
of the photocatalytic bacterial inactivation has been usually carried out using
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Table 3.1 Microorganisms studied in photocatalytic disinfection research works

Gram-negative bacteria ~Gram-positive bacteria ~ Viruses

Fungal species

Coliforms Lactobacillus Bacteriophage
Pseudomonas acidophilus T4
aeruginosa Deinococcus radiophilus Herpes simplex

Pseudomonas stutzeri Hepatitis B

Candida albicans

S. cerevisiae
Penicillium expansum
Daporthe actinidiae

Pseudomonas putida Streptococcus faecalis  Poliovirus Aspergillus niger
MS2 phage Fusarium. solani
Klebsiella pneumoniae  S. mutans Rotavirus F. anthophilum
Shigella flexneri S. aureus Astrovirus F. equiseti
S. dysenteriae S. pyogenes Feline calicivirus F. oxysporum
F. verticillioides
Acinetobacter Enterococcus faecalis Influenza virus  Penicillium
baumannii E. hirae chrysogenum
A. calcoaceticus E. faecium

Listeria monocytogenes
Salmonella typhimurium Lactobacillus helveticus

S. choleraesuis Bacillus anthracis

S. enterica B. subtilis
Vibrio parahaemolyticus B. cereus
B. pumilus
V. cholerae Micrococcus luteus

Micrococcus lylae
Clostridium perfringens

Enterobacter cloacae
Serratia marcescens
Bacteroides fragilis
Legionella pneumophila

Fig. 3.8 Chlamydospores of Fusarium solani before (left) and after 6 h (right) of photocatalytic
treatment (Malato et al. 2009). Reprinted with permission. Copyright Elsevier

empirical equations like the Chick—Watson equation (Eq. 3.1) and modifications
thereof (Marugén et al. 2008):

log (Nﬁ) — K]t (3.5)
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where N/N, is the reduction in the bacterial concentration, k is the disinfection
kinetic constant, C is the concentration of the disinfecting agent at time ¢ and n the
reaction order.

The photocatalytic inactivation rate obeys a first-order kinetics in a range of
initial bacterial concentration that strongly depends on the microorganism. More-
over, the adsorption rate is reported to be correlated with the bactericidal effect.

The photocatalytic sensitivity of fungi is considerably weaker than that of
bacteria and depends on the fungal group. Moreover, the sensibility is different for
fungal spores and filaments. This variability has been attributed to the different
composition, structure and thickness of the cell walls. Only few studies have
achieved fungal photocatalytic inactivation, and in those cases long irradiation
times were required (Malato et al. 2009).

Cancer cells are eukaryotic. Thus, their structure is complex, and these cells
might be more difficult to degrade than microorganisms by photocatalytic reac-
tions, which induce the apoptosis of cancer cells thorough a mechanism still not
understood. However, promising results are being obtained. For instance, in a
recent research, TiO,-mediated destruction of brain cancer cells without damaging
nearby healthy cells has been reported (Rozhkova et al. 2009).

In comparison with bacteria (1 pm), viruses are much smaller in size (from 0.01
to 0.3 um). The viral deactivation rate could be the fastest, even higher than for
bacteria; however, the mechanism of virus destruction by photocatalysis is poorly
understood (Markowska-Szczupak et al. 2011).

Apparently, the microorganism deactivation rate depends on the complexity
and density of the cell wall, following the sequence: viruses > E. coli > other
gram-negative bacteria > other coliforms > Enterococcus species > gram-posi-
tive bacteria > endospores > yeasts > filamentous fungi. However, a genetic
resistance of some bacteria to the reactive oxygen species has been recently
reported (Gogniat and Dukan 2007).

TiO, water disinfection research focuses nowadays on resistant microorgan-
isms, like E. cloacae (Ibanez et al. 2003), re-growth (Rincon and Pulgarin 2004),
and the first trials with real applications. The elimination of total coliforms and
Streptococcus faecalis from urban wastewater was achieved with an UVC lamp
and sunlight, finding very little difference between photocatalysis and solar or
UVC photolysis at natural pH (7.8), while at pH 5 or after long dark periods, the
presence of TiO, notably increased the inactivation rate (Herrera Melidn et al.
2000). The organic and inorganic content of real water leads to a reduction in the
disinfection rate in comparison with that observed in distilled water.

Air photocatalytic disinfection applications have been less investigated that
water applications or self-sterilizing surfaces, partly because the experimental set-
up is more complicated and partly because there is still a lack of regulation on
acceptable concentration levels for microorganisms in air and on standard methods
for estimation of this concentration (Sanchez-Muiioz et al. 2012). Several studies
have evaluated the effect of the type of photocatalyst and the operating conditions,
but very few applied the technology in realistic conditions. The reduction in
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bacterial concentration in real air with UVA-irradiated TiO, was observed to
compete with the conventional photolytic treatment with UVC lamps, more
expensive and hazardous. Simultaneously to disinfection, the concentration of
VOCs was greatly reduced (Sanchez et al. 2012).

3.4 Photocatalysis for Green Chemistry

Although research studies on photocatalysis generally deal with pollutant
abatement, this technology can also be employed as a synthetic route for the
production of chemicals. Actually, the first articles where the word “photocatal-
ysis” was used, dated at the beginning of the twentieth century, dealt with the
catalysed photochemical synthesis of hydrocarbons and nitrogen compounds. In
1913, Moore and Webster proved that the photosynthesis of formaldehyde under
UV light was catalysed in the presence of certain inorganic substances (Moore and
Webster 1913). Later, in 1921, Baly et al. showed that some coloured compounds,
like colloidal uranium and ferric hydroxides, could catalyse the photosynthesis of
formaldehyde from CO, and water under visible light (Baly et al. 1921). But it was
not until the 1970s, with the works of Formenti et al. and Fujishima and Honda on
TiO,, when the interest in the photocatalytic phenomenon in a broad sense and, in
the photocatalytic synthesis of organic compounds in particular, started to expo-
nentially grow (Formenti et al. 1971; Fujishima and Honda 1972).

Photocatalysis have been applied in selective oxidation and reduction pro-
cesses, isomerization reactions, as well as in reactions implying C—C or C-N
bonds (Carp et al. 2004; Palmisano 2007; Fagnoni et al. 2007). However, most
studies have been focused on the oxidation of hydrocarbons. Photocatalytic
reduction reactions are less frequently considered, partially due to the lower
reducing power of an electron in the conduction band compared to the oxidizing
power of a hole in the valence band (Fox and Dulay 1993). The specific case of
CO, photoreduction will be described in Chap. 4.

Oxofunctionalization of gas and liquid hydrocarbons (i.e. alkanes, alkenes,
cycloalkanes, aromatics) into higher-value products is a matter of great interest. To
the best of our knowledge, photocatalysis is the only way these transformations
can proceed at ambient conditions and it has been demonstrated that high selec-
tivities can be obtained, although sometimes with very low quantum yields (Suresh
et al. 2000; Maldotti et al. 2002). Traditional methods lead sometimes to envi-
ronmentally hazardous pollution in expensive and high-energy-consuming pro-
cesses. In this respect, photocatalysis could represent a good alternative both for
environmental and economical reasons, especially if solar light is used as the
irradiation source.

Partial photooxidation of light alkanes and alkenes is of great practical
importance, being methane and propylene among the most interesting candidates
in view of the valuable products that can be potentially obtained from their
functionalization. Methanol can be used as building block for different chemicals
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or as fuel source for fuel cells. However, low methane-to-methanol conversions
have been usually achieved at room temperature (Gondal et al. 2004). Starting
from the hypothesis that conversion of methane is limited by its solubility in water,
the use of methane hydrates has been explored. These clathrates, naturally formed
in the ocean depths as methane—water ice-like crystalline materials, allowed to
obtain improved methanol yields at low temperature (Taylor 2005). An efficient
direct epoxidation of alkenes by heterogeneous photocatalysis is commercially
desirable too, particularly the selective oxidation of propylene to yield propylene
oxide, since this product is used in the production of different chemical compounds
(e.g. polyurethane plastics) (Pichat et al. 1979). Photooxidation of alcohols to their
corresponding ketones or aldehydes, that can prevent the use of strong oxidants in
the industry, is subject of research as well. In particular, C;—C,4 primary alcohols
can be easily and selectively transformed into their corresponding carbonyl
compounds by means of photocatalysis (Carp et al. 2004; Herrmann et al. 2007).

Generally, the oxidation of cycloalkanes, with or without methyl substituents,
leads to ketones as major products (Carp et al. 2004). For instance, cyclohexanone,
an important commercial product used to obtain caprolactam for Nylon-6 pro-
duction, is currently obtained by liquid phase selective oxidation of cyclohexane at
elevated temperatures and pressures, which yields a conversion of 3-8 % and a
selectivity of 70-80 % (Almeida 2010). An attractive alternative to this industrial
process could be the photocatalytic oxidation at room temperature and pressure.
Over TiO,-based photocatalysts, a very high selective transformation of cyclo-
hexane into cyclohexanone can be achieved (Mu et al. 1989; Herndndez-Alonso
et al. 2009a).

The hydroxylation of aromatic hydrocarbons (e.g. the conversion of benzene to
phenol) attracts also a great deal of attention (Palmisano et al. 2007). The con-
version of toluene to benzaldehyde, used to synthesize pharmaceutical products
and to aromatize perfumes, is an example of the selective photocatalytic oxidation
of aromatic compounds. Both liquid—solid and gas—solid reactions have been
investigated. Benzaldehyde has been reported to be the only product obtained from
pure liquid toluene, although traces of other products, such as benzyl alcohol or
benzoic acid, could be strongly adsorbed on the photocatalyst surface. From
gaseous toluene, benzaldehyde has also been detected as the main oxidation
product, together with CO, and small amounts of benzyl alcohol, benzoic acid and
benzene, among others (Mao and Bakac 1996; Augugliaro et al. 1999; Herndndez-
Alonso et al. 2011). Figure 3.9 represents the proposed mechanism for the pho-
tocatalytic oxidation of toluene on titania.

For a specific catalytic reaction, selectivity to mild oxidation products usually
tends to increase as conversion decreases (Pichat et al. 1979). Selectivity also
depends on the nature of the photocatalysts and, thus, controlling the high oxi-
dation capacity of titania or using the appropriate semiconductor to photocatalyse
a specific selective reaction is essential to obtain high yields of the desired
products. In this regard, the location of the valence and conduction bands plays a
key role. For instance, it was observed that the synthesis of ammonia from water
and nitrogen was favoured on semiconductors with more negative conduction band
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Fig. 3.9 Simplified mechanism for the photooxidation of toluene to benzaldehyde, and products
derived from further oxidation of the aldehyde (Augugliaro et al. 1999; Coronado and Soria
2007)

energies, for example, GaP or CdS, with respect to TiO, or ZnO (Miyama et al.
1980). CdS has also been employed as photocatalyst for the synthesis of thio-
organic compounds, the selective cyclization of amino acids or the formation of
bromo-derivatives from phenol (Hernandez-Alonso et al. 2009b). In the photo-
oxidation of light alkanes and alkenes into oxygen-containing derivatives, ZnO
and MoOs- or V,0s-loaded ZnO greatly improved the selectivity to oxygenated
organics, while TiO, yielded mainly carbon dioxide (Wada et al. 1996). In a study
dealing with the synthesis of pentanal from 1-pentanol, the highest selectivity
(97 %) was afforded with Nb,Os, despite the higher conversion achieved with
titania (Ohuchi et al. 2007). The product distribution of the selective oxidation of
a-hydroxycarboxylic acids has also been proved to be dependent on the semi-
conductor used (Harada et al. 1985).

Photocatalysts for selective oxidation must have, besides an appropriate location
of the valence and conduction bands, a good absorption of photons, a long lifetime of
the photoactivated species, a good adsorption of reactants and a relatively easy
desorption of products. In this sense, structure, particle size and surface character-
istics have been found to influence not only the activity, but also the selectivity of
photocatalysed synthetic reactions. In the case of the selective photooxidation of
cyclohexane, for instance, anatase TiO, exhibits higher selectivity to cyclohexanone
than rutile. Particle size affects the acid—base properties of the catalyst surface and,
consequently, the adsorption properties (Martra 2000). Furthermore, size may affect
the kind of oxygen species that act as traps for electrons and holes (Maira et al.
2001). Modification of the photocatalysts surface has been studied as a strategy to
improve their performance in selective oxidations (Maldotti et al. 2002). An illus-
tration thereof can be the surface silylation of TiO,, employed to decrease the
hydrophilicity and, thus, enhance the cyclohexanone desorption rate during the
selective photooxidation of cyclohexane. However, in this case, the silylated groups
were unstable under irradiation (Almeida et al. 2010).
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The presence of water in the reaction medium is determinant in these reactions.
Usually, when water is present, mineralization turns out to be favoured against
selective oxidation. This behaviour has been ascribed to the photogeneration of the
strong oxidant OH' radicals formed from the hydroxyls groups on the photocatalyst
surface, which in the presence of water or water vapour can be continuously
renewed. In dry conditions, the high selectivity to partially oxidized products
obtained would be ascribed to the formation of different active agents, like the
neutral dissociated oxygen species denoted as O" (Herrmann 2001):

O +h" — Ol (Eq.3.6)

However, in some cases, like in the previously mentioned photooxidation of
gaseous toluene to benzaldehyde, the presence of water vapour has been proved to
be essential in the process. In dry conditions, the conversion of toluene is reduced,
accompanied by a progressive and irreversible deactivation of the photocatalyst
that has been ascribed to the dehydroxylation of the surface (Augugliaro et al.
1999; Martra et al. 1999).

Oxygen concentration or type of solvent in liquid phase reactions have been
proved to affect not only the conversion, but also the selectivity of the photocatalytic
process. For instance, in the case of cyclohexane, the selectivity to ketones depends
markedly on the solvent, being cyclohexanone the main partial oxidation product
when non-polar solvents are used. This effect is related to the relative adsorption
strength of reactant, solvent and products on the photocatalytic sites. Thus, the ideal
solvent will not compete with the reactant and oxygen for the adsorption sites and, at
the same time, will minimize the strength of adsorption of the desired product
(Almquist and Biswas 2001). The role of O, and the solvent in the products dis-
tribution has also been studied in naphthalene photooxidation on TiO, (Soana et al.
2000), or in the photocatalytic epoxidation of linear olefins (Ohno et al. 1998). Other
aspects, such as photon flux and wavelength distribution of the radiation source, the
type of reactor or the residence time, have also demonstrated to play a role on the
selectivity of photocatalytic reactions (Amano et al. 2004).

Supported photocatalysts are frequently proposed for the synthesis of chemi-
cals. Besides making the photocatalyst more easily handled and recycled, the
support provides an environment that may influence the properties of the catalytic
centres, as can be the radiation absorption or the adsorption—desorption equilibria
and, thus, the reaction mechanisms (Malato et al. 2009).

Polyoxometalates have been supported to be used as heterogeneous photocat-
alysts in different selective oxidation reactions, making them easier to be recov-
ered than from solution. Polytungstanates have proved to promote the formation of
cyclohexyl hydroperoxide during the oxidation of cyclohexane, favouring cyclo-
hexanone production. In the photooxidation of diols to ketones and aldehydes,
selectivities above 90 % have been reported for decatungstates supported on silica.
High selectivities and yields have also been obtained with supported polytung-
states in the production of carbonylic compounds from benzylic alcohols (Her-
nandez-Alonso et al. 2009b).
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Metal oxides supported on alumina or silica have been found to be highly
selective in mild oxidation processes. For instance, direct epoxidation of propene
is difficult to obtain over semiconductors such as TiO,, ZnO or SnO,, since
complete mineralization is the predominant reaction (Pichat et al. 1979). On the
other hand, the presence of isolated, highly dispersed metal oxide species sup-
ported on silica (V,0s5, Nb,Os, MgO, ZnO, CrO,) has proved to yield high
selectivities to the epoxide under UV irradiation (Yoshida et al. 2000; Amano and
Tanaka 2006). V,0s on SiO, has also shown to be highly selective in the pho-
tooxidation of cyclohexane to cyclohexanone. In the particular case of Cr-SiO,
systems, they have shown to be effective under visible light irradiation (Murata
2001; Shiraishi et al. 2005). Different mesoporous silicas have been used as
support, like the so-called FSM-16, SBA-15, or TUDI1 (Zama et al. 2000; Lopez
and Martinez 2002; Hamdy et al. 2006). As an example, record selectivities in the
epoxidation of olefins have been reported on titanium-containing mesoporous
silica with a hexagonal MCM-41 structure (Shiraishi et al. 2005). Frequently, the
behaviour of these highly dispersed semiconductors is significantly different than
that of the corresponding bulk oxides. These particular systems, denominated
single-site photocatalysts, will be further discussed in Chap. 9.

The application of zeolites in photocatalytic reactions has also been extensively
studied since Frei and co-workers demonstrated that small hydrocarbons could be
selectively photooxidized by cation-exchange zeolites. From the photooxidation of
propane and ethane, total selectivity to acetone and acetaldehyde, respectively,
could be achieved on zeolites BaY and CaY under visible irradiation (Frei and
Blatter 1994; Sun et al. 1997). The internal voids of the zeolite pores can act as
host for a photoactive guest, which can be a photosensitizer or a semiconductor.
Furthermore, the zeolite cavities can act as microreactors, offering shape selec-
tivity (Myli et al. 1997; Clennan et al. 2002). Another approach involves the
incorporation of heteroatoms in the otherwise photochemically inactive zeolite
framework, in order to turn the whole structure into a photocatalyst (Corma and
Garcia 2004; Hu et al. 2007). The high surface area and adsorption capacity of
porous materials can exert a positive influence on their photocatalytic perfor-
mance. Besides, the high selectivity exhibited by these porous structures in the
selective photooxidation of small hydrocarbons has been attributed to the stabil-
ization of the hydrocarbon—O, charge transfer complex by electrostatic interaction
with the zeolite framework, which can significantly lower the energy required to
activate both O, and hydrocarbon molecules. This charge transfer reaction path
seems to favour the formation of stable products against further oxidation (Myli
et al. 1997; Blatter et al. 1998). The proposed reaction mechanism for the specific
case of the partial photooxidation of cyclohexane on a zeolite is shown in
Fig. 3.10.

Similarly, partial photooxidation of other hydrocarbons, such as propylene or
toluene (Myli et al. 1997; Blatter et al. 1998), and photocatalytic transformation of
sulphides into the corresponding sulphones and sulphoxides (Clennan et al. 2002)
have been conducted in zeolites. However, despite the promising results obtained
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Fig. 3.10 Proposed mechanism for the photooxidation of cyclohexane to cyclohexanone and
cyclohexanol on a zeolite (Larsen et al. 2001)

with these materials, the increase in the products desorption rates from the zeolite
cages is still a challenge that needs to be addressed (Frei 2006).

In general, it can be concluded that photocatalysis has the ability to selectively
produce partial oxidation products, allowing the synthetic procedures to be con-
ducted under mild conditions. Nevertheless, further research is still required in
order to increase the efficiency of the processes to make them economically viable.

3.5 Commercial Developments

The commercial potential of photocatalysis is impressive, including hygiene and
sanitation, architecture and construction, automotive, food and textile industries,
and environmental protection (Mills and Lee 2002). The technological and eco-
nomic importance of photocatalysis has increased considerably in this century.

The commercialization of photocatalysis-based products began in Japan in the
mid-1990s and later in the American and European markets. In 2009, the global
market for photocatalytic products was $848 million and it is expected to double in
a 5-year period (Fig. 3.11), especially for photocatalytic materials and coatings
with self-cleaning, anti-fogging and decontamination and disinfection properties
for the construction industry.

The photocatalytic technology readiness level varies depending on the field of
application, as shown in the chart of Fig. 3.12.

Fig. 3.11 Sales volume of 2000
photocatalytic applications.
Data source Margareth
Gagliardi, M.;
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Technologies and Global
Market” BCC Research
Report (AVMO069A), March
2010
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Fig. 3.12 Photocatalytic technology readiness level. Data source “Applications of Photocatal-
ysis”; ObservatoryNANO, Briefing No. 10, February 2011

Extensive research continues to optimize and widen the spectrum of potential
applications (for instance anti-stick or anti-fingerprint coatings). Accordingly, the
annual number of patents on photocatalysis, that seemed to have reached its
maximum by the middle of the last decade, has reached a new maximum in 2010
(Fig. 3.13).

Nowadays, there are 1,000 of companies that sell different kinds of products.
An example of product especially designed for antibacterial, antiviral or anti-
fungal properties is the anti-flu suit from Haruyama Trading Co. Some architec-
tural materials with self-cleaning properties are the Pilkington Activ’ self-cleaning
glass, TX Active self-cleaning and pollution-mitigating cement from Italcementi
Group or the photocatalytic coating material Folium™ from Kawasaki Heavy
Industries Limited. The AiroCide PPT air purifying system from KES Science and
Technology has been installed in a variety of industries to reduce mould and
bacteria concentration and also to minimize ethylene levels to avoid vegetables
and fruits ripening. Purifics Environmental Technologies Inc., with its Photo-Cat
system consisting of titanium dioxide slurry and low pressure mercury lamps, is a
large supplier of industrial water and air photocatalytic treatment systems and has
found markets in the USA, Canada and Korea to treat contaminated ground water
and, to a lesser extent, industrial wastewater, lagoons and air. A list of the main
companies that commercialize photocatalysis-related products and information
thereof can be found in a web-based review, with their classification according to
the country of origin and type of product: systems for water purification, for air
purification, for sterilization/disinfection and for superhydrophilicity, or the
photocatalytically active materials for these systems (Mills and Lee 2002). The
Photocatalysis Industry Association of Japan (PIAJ) has more than 100 members,
and more than 50 companies are part of the European Photocatalysis Federation
(EPF).
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Although not currently widespread, solar photocatalytic water purification
systems are particularly adaptable to be implemented in developing countries and
remote and rural areas. Photocatalytic water treatment systems with artificial UV
radiation have been in the market for several years, like the UBE Photocatalytic
Fiber Module, and there are solar plants at a demonstration phase, like the Ray-
WOx system form KACO.

The growth of the photocatalytic product marketing has taken place without a
standardized procedure for assessment of their activity. With the aim of ensuring
the photocatalytic properties of the products offered by manufacturers and sellers
and that potential customers understand and rely on the photocatalytic properties
of materials and equipment, the standardization of a set of procedures related to
photocatalysis is underway (Fujishima and Zhang 2006). The Japanese Industrial
Standards Committee (JISC) were pioneers, starting in 2002, and nowadays sev-
eral standards are developed by the JISC, the International Organization for
Standardization (ISO) and other national organizations. The task is complex due to
the multitude of parameters that influence the photocatalytic processes. It is nec-
essary to make a standardization work for almost every application. For example,
the Working Group 37 of the Technical Committee of Fine Ceramics of the ISO
(TC 206), devoted to test methods for photocatalytic materials, has developed or is
developing the standards summarized in Table 3.2. Additionally, ISO 10677:2011
refers to the ultraviolet light source to be used for testing photocatalytic materials,
and ISO 14605, under elaboration, will refer to the light source to be used indoors.
In a recent article of Mills and collaborators, most of the existing and forthcoming
ISO tests are reviewed, suggesting some improvements and future developments
(Mills et al. 2012).



60

R. Portela and M. D. Hernandez-Alonso

Table 3.2 ISO standards for photocatalysis

Property ISO number Year Test compound
Air purification ISO 22197-1 2007 Nitric oxide

ISO 22197-2 2011 Acetaldehyde

ISO 22197-3 2011 Toluene

ISO 22197-4 Under elaboration Formaldehyde

ISO 22197-5 Under elaboration Methyl-mercaptan

ISO 18560-1 Under elaboration Formaldehyde (indoors)
Water purification ISO 10676 2010 Dimethyl sulphoxide

ISO 10678 2010 Methylene blue (surfaces)
Self-cleaning ISO 27448 2009 Oleic acid/Water contact angle
Disinfection 1SO 27447 2009 Bacteria

ISO 17094 Under elaboration Bacteria (indoors)

ISO 13125 Under elaboration Fungi

ISO 18061 Under elaboration Virus (bacteriophage Q-beta)
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Chapter 4
Turning Sunlight into Fuels:
Photocatalysis for Energy

Maria Dolores Hernandez-Alonso, Raquel Portela
and Juan Manuel Coronado

Environmental and socioeconomic considerations are forcing us to change our
energy scheme. The search for primary energy sources alternative to fossil fuels and
nuclear power, suitable to maintain the sustainability of the planet and the whole
economic system, is therefore of prime interest for scientists and governments. In
this context, renewable energy technologies (solar radiation, wind, rain, tides, bio-
mass, geothermal heat, etc.) are called to play a key role in the close future. The
strong economic and political global effort in research, development, and imple-
mentation of renewable energies has been continuously reducing the existing gap in
efficiency and cost optimization compared to conventional technologies.

4.1 The Sun as Energy Source

Sunlight is by far the most abundant energy source on the Earth. The sun, basic
element for the existence of life in our planet, is like a nuclear fusion reactor that
generates a continuous power of 3.8 x 1,023 kW as a result of the permanent
conversion into energy of part of its mass. The major part of this energy arrives to
the Earth by radiation. When the radiation reaches the atmosphere, a part is
reflected to the outer space again, but the 70 % is absorbed and used to maintain
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the ambient temperature, to evaporate water in the hydrological cycle, for pho-
tosynthesis, or dissipated in wind and ocean currents. Therefore, the sun is
responsible for the Earth’s climate, and most renewable energies are directly or
indirectly powered by the sun.

4.1.1 Components of the Solar Radiation

Before reaching the ground, the solar radiation is modified by absorption and
scattering due to the interaction with the gas mixture and small suspended particles
that constitute the atmosphere. The Global (G) solar radiation reaching the Earth
surface has three components:

G=1+D+R (4.1)

e Direct radiation (/), which arrives without any alteration of direction.

e Diffuse radiation (D), which arrives from all directions after being scattered in
the atmosphere. Its proportion varies from 10 % in a clear day to 100 % in a
very cloudy day.

e Reflected radiation (R) or albedo, which arrives as a consequence of reflections
on the ground or on vertical surfaces. It can be up to 40 % of the global radiation
in the case of white surfaces.

4.1.2 The Solar Spectrum

The energy of the solar radiation (E) is inversely proportional to its wavelength
(4), according to Planck’s equation for electromagnetic radiation:

E =he/. (4.2)

where c¢ is the speed of light (c = 299,792,458 m s_l), and A is the Planck’s
constant (h = 6.626 x 107>*J s).

The solar radiation spectrum (Fig. 4.1) can be divided into three main wave-
length regions:

e Ultraviolet (UV) radiation, at 4 < 400 nm, accounts for only a 2-3 % of the
radiation reaching the Earth’s surface on clear days and 8—10 % in cloudy days
(Escobedo et al. 2009). This region is compressed by three subregions:

— UVA, or near ultraviolet (320-400 nm), the less energetic. Most of UV
radiation reaching the Earth’s surface is in this range.

— UVB or far ultraviolet (290-320 nm). It has enough energy to damage the
cellular DNA, yet not enough to be completely absorbed by the atmosphere.
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Fig. 4.1 Solar radiation spectrum showing the absorption bands of the atmosphere. Curves based
on the American Society for Testing and Materials (ASTM) terrestrial reference spectra

— UVC or extreme ultraviolet (220-290 nm). Completely absorbed by strato-
spheric ozone before reaching the surface.
e Visible radiation, approximately with A = 400-750 nm, the wavelengths to
which the human eye is sensitive.
o Infrared (IR) radiation, with A > 750 nm. This region is commonly subdivided
into:

Near infrared (NIR), between 750 and 1,400 nm.
Short-wavelength infrared (1,400-3,000 nm).

— Mid-wavelength or intermediate infrared (3,000-8,000 nm).
Long-wavelength infrared (8,000-15,000 nm).

Far infrared (15,000-10° nm).

Oxygen and nitrogen absorb very short-wavelength radiation, effectively block-
ing it below 190 nm. Molecular oxygen photodissociation by UVC absorption leads
to the production of the atmospheric ozone layer, which absorbs most UVB and some
visible radiation. Water vapor, carbon dioxide and, to a lesser extent, oxygen,
selectively absorb in the near infrared. Wavelength-dependent Rayleigh scattering
and scattering from aerosols and other particulates, including water droplets, change
the spectrum as well and are responsible for the blue color of the sky.

4.1.3 Uses of Solar Energy

The solar constant, 1,353 & 21 W m™2, is the radiant power received per unit area
on top of the Earth’s atmosphere (ASTM E 490-73a). However, the irradiance on
the Earth’s surface varies widely, depending on latitude, time (month, day, and
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Fig. 4.2 World map of the annual solar irradiation, showing the extensive areas of high
insolation in Africa, Australia, the Arabia peninsula and some areas of America. Reproduced
from http://meteonorm.com/download/maps/

hour) and atmospheric effects (reflection, absorption, and scattering). The world
map of yearly solar irradiation is shown in Fig. 4.2. The solar radiation that
reaches the Earth surface can be collected, and even concentrated, by means of
absorbents, reflectors, lenses or semiconductors, and employed in different, more
or less complicated, technological processes. The main applications of solar
energy include passive solar technologies, which reduce the energy demand, (for
example bioclimatic designs and greenhouses), and active solar technologies,
which supply energy, and are expanding nowadays. But the history of solar energy
applications is not as recent as one might believe. According to the U.S.
Department of Energy, already in the seventh century B.C. magnifying glasses
were used to make fire (The history of solar, http://www.eere.energy.gov/solar/
pdfs/solar_timeline.pdf), and it is well known that in the first centuries A.D. the
Romans took advantage of the solar heat by means of south facing windows in the
bathhouses. In 1515, Leonardo da Vinci showed how solar energy could be
industrially used to heat water by employing concave mirrors, and during the
1830s, Sir John Herschel used a solar cooker in his expedition to South Africa
(Butti and Perlin 1980). The photovoltaic effect, that allows the direct conversion
of radiation into electricity, was discovered by Edmund Becquerel in 1839
(Williams 1960), although no application was developed until one century later. In
the 1860s, Augustin Mouchot started the development of the first solar motor,
using heat from a solar collector to power a steam engine (Mouchot 1869). Later,
Mouchot connected the steam engine to a refrigerator to make ice and continued
making solar cookers, solar water pumps, and even water distillation.

After those pioneers, many researchers have explored these and other appli-
cations, including solar disinfection and photochemical and photoelectrochemical
processes. Today, even though the technology is continuously being optimized, the
conversion of solar radiation into electric and thermal energy is a reality. Mean-
while, CO, photocatalytic reduction and the production of solar fuels remain the
big challenges for researchers, especially in the field of materials science, for the
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forthcoming years. The three basic routes for production of storable and trans-
portable fuels from solar energy are the following:

e Electrochemical: Solar electricity obtained either directly—from photovoltaic
cells—or indirectly—with concentrating solar thermal systems followed by
turbines—is used in an electrolytic process. Considering typical yields of
commercial PV modules (about 18 %), the variations in incident solar light, the
electrical losses and the electrolyzers efficiency (ca. 80 %), an overall efficiency
of 10-11 % in water splitting can be achieved (Blankenship 2011). This is
probably the most mature way to storage solar power in the form of the chemical
vector hydrogen, but the overall yield of these transformations is still too low for
being economically competitive. Nevertheless, the rising efficiency of new PV
modules can modify completely this situation in the near future.

e Photochemical/photobiological: The energy of the solar photons can be directly
used for powered photochemical and photobiological processes. This is the case
of the photocatalytic route discussed below, but also of the biomass growth in
photosynthetic organisms by using chlorophyll, carotenoids, and other pigment
molecules. In terrestrial plants, maximum efficiencies of about 4.3 % are achieved
with species of C4 metabolism, whereas microalgae in controlled laboratory
conditions can achieve up to 7 % efficiency (Blankenship 2011). Surprisingly
enough, although photosynthesis sustains life on the Earth, it is not a very efficient
process in terms of energy. This fact casts significant doubts about the feasibility
of biofuels, which in last instance come from photobiological transformations, to
provide a long solution for energy supply in transportation.

e Thermochemical: Concentrated solar radiation provides heat at very high tem-
peratures (>1,100 °C) for endothermic chemical process, which can be applied
to fuel production. In this respect, the use of thermochemical cycles such as
those based on reducible oxides, for instance ZnO or CeO,, can produce solar
fuels with elevated theoretical efficiencies (>30 %) (Romero and Steinfeld
2012). This turns concentrating solar power into a very promising approach for
sun power storage. However, due to the technical difficulties (materials stability,
large thermal losses, etc.) associated with the elevated operation temperatures of
these processes, this route for solar fuels production will require further
development before becoming a reality.

4.2 Water Splitting
4.2.1 Hydrogen as Energy Vector

Hydrogen is by far the most common element in the Universe, but on Earth it does
not occur to a significant extent in its free molecular form, H,. However, it con-
stitutes a major component of water, biomass, and hydrocarbons such as oil and
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natural gas. Leaving apart its importance for the chemical industry, in the last
decades, hydrogen has gathered a great deal of interest because it can be used as a
sort of “energy currency” or, in more conventional terms, as a suitable energy
vector. The reason for that lies on this apparently simple transformation:

15 05(g) + Hy(g) — H,0 (1) AG® = —237kImol™! (4.3)

which shows that hydrogen oxidation releases an important amount of energy
without production of any chemical but water (Navarro et al. 2009). The energy
stored in H-H bonds can be utilized by combustion in specially designed engines,
but is more frequently connected to electricity production in fuel cells. These
electrochemical devices are provided with an anode made of Pt on conductive
carbon. H, dissociates in the anode to yield H* and electrons, which are conducted
to the cathode through an external circuit, where they reduce O,. At the same time,
the protons are driven through a thin H" exchange membrane (generally made of
Nafion, a perfluorinated polymer with sulfonic groups) to the cathode, where they
combine with the reduced oxygen species to form water. These devices can have
high efficiency (>30 %) in the transformation of chemical to electrical energy.
Therefore, the use of hydrogen in combination with fuel cells has the potential to
provide flexibility to the regulation of the energy flow from generation sites to
consumers. This fact is particularly relevant in an electricity production scheme
that, at a global level, is progressively incorporating a rising number of renewable
energy plants (wind, photovoltaics, thermosolar, etc.). Since these energy sources
are intrinsically intermittent, they require some type of storage to buffer the
mismatch between generation and demand, and in this context, the flexibility of
hydrogen as energy vector may play a significant role in the near future. Never-
theless, relevant technological and economic barriers, such as the prize of the Pt
used in the electrodes or the need for a hydrogen distribution infrastructure, are
slowing down the deployment of the so-called hydrogen economy (Armor 2005).

Hydrogen can be produced from a variety of primary sources, such as natural
gas, naphtha, heavy oil, methanol, biomass, wastes, and coal, generally via a
reforming process, which for the case of methane is given by:

CH; + 2 H,0 — CO; + 4H, AHag = 165kImol™! (4.4)

This equation accounts for the overall process that also implies the water gas
shift for increasing the hydrogen ratio. In fact, natural gas reforming is currently
the main industrial route for hydrogen production. This process operates at high
temperature (700-1,100 °C) using Ni-based catalysts, generating a stream that
typically contains 75-78 % H,, 30 % CO,, traces of CH; and 10-20 ppm CO
(Heinzel et al. 2002). This gas composition highlights the two main challenges of
hydrogen production for a sustainable energy system: the need to reduce CO,
emissions, in order not to aggravate the greenhouse effect in the atmosphere, and
the requirement of an additional purification process for removing CO impurities.
This last constraint is imposed by the fact that the Pt component of fuel cell
electrodes is deactivated by CO adsorption. The reformed gas can be upgraded by
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CO preferential oxidation (CO-PROX) using catalysts typically based on CuO/
CeO, (Caputo et al. 2008).

In this framework, the development of alternative routes for CO,-free H,
production is crucial for both environmental and practical reasons, and the use of
solar energy, either directly or indirectly, can play a remarkable role in the acti-
vation of the water molecule. In this regard, the photocatalytic dissociation of
water constitutes one of the most promising routes for the generation of solar
hydrogen.

4.2.2 Photocatalytic Production of Hydrogen

The water molecule is very stable and its thermal dissociation, according to the
inverse process to that described in Eq. 4.3, is highly endothermic. As a conse-
quence, a temperature of 2,500 K is required to obtain about 5 % dissociation at
atmospheric pressure. In contrast, considering only the thermodynamics of the
process, photochemical decomposition of water is potentially feasible by applying
photons with a wavelength shorter than 1,100 nm (equivalent to approximately
1.3 eV). However, this photochemical reaction has to overpass a very high acti-
vation energy. Therefore dissociation is only significant for irradiation with
wavelengths lower than 190 nm, and consequently (and fortunately!), it does not
take place under sunlight (Herndndez-Alonso et al. 2009).

The use of photocatalysts reduces appreciably the energy barrier and turns the
process viable with photons of the solar spectrum. At this point, it is important to
recall that, as it was stated in Sect. 2.5, water splitting, as well as CO, photoreduction,
is not spontaneous, but an uphill process (AG > 0), and thus accumulates energy in
the bonds of the generated chemicals. Considering only the photons with the required
energy for water molecule photodissociation, about 2.8 mmol s~' m~2 H, (equiv-
alent to 800 W m™~2) could be potentially produced using solar radiation. Obviously,
this value represents an unattainable limit, because activation losses throughout the
process will reduce the efficiency. Figure 4.3 illustrates the capacity of storing solar
energy as hydrogen at different quantum yield levels. In addition, this plot empha-
sizes the crucial influence of the wavelength on the efficiency, because shifting the
absorption edge of the photoactive component from 400 to 600 nm improves the
harvesting of solar power in one order of magnitude. Accordingly, the utilization of
efficient visible light-responsive materials is a key aspect of any application of
photocatalysis, but especially of those related to the production of fuels.

The classical work by Fujishima and Honda (1972) established that photo-
electrochemical decomposition of water was possible over TiO, electrodes. Sub-
sequent investigations evidenced that no external potential was required to split the
water molecule, and that the photoactivity could be boosted if a noble metal (e.g.,
Pt) was incorporated (Nozik 1977). However, in contrast to the photoelectro-
chemical process, which yields oxygen and hydrogen separately, photocatalytic
water splitting produces a mixture of both gases, which should be subsequently
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Fig. 4.3 Incident solar power and maximum hydrogen production rate as a function of the
photons wavelength as obtained from the integration of the 1.5 AM solar spectrum. Dashed lines
represent the solar power accumulated at each wavelength considering photonic efficiencies of 5
and 25 %. The different symbols mark some of the current or future achievements of
photocatalysis for H, production using TiO,, ZnS, CdS, or (GagggZng12)(NpgsOo.12) as
photocatalyst. It should be noted that these values are upper limits and, consequently, H,
production rates would be appreciably lower in practice. Reproduced with permission from
Herndndez-Alonso et al. (2009). Copyright Royal Society of Chemistry

separated. After this groundbreaking works, the interest in photocatalytic water
splitting has not decreased. Furthermore, in the last few years, it has revitalized
due to the growing concern about global warming and the development of novel
photocatalysts with enhanced performance, which holds the promise of the future
implementation of solar hydrogen plants. These recent advances have been
brought about by a continuous quest for more efficient photoactive materials. The
fact that more than 150 different semiconductors, many of them described in this
book, have been tested for water splitting reflects the magnitude of the research
effort undertaken by the scientific community (Osterloh 2008).

Interestingly, according to their redox potentials, some materials, such as WO;
or BiVOy,, are only efficient for O, evolution, while others, like TiO,, are more
active for H, production. This fact opens up a new opportunity to dissociate water
combining photoactive materials using what is called a Z-scheme. The basic
mechanism of this two-step approach is schematically depicted in Fig. 4.4. The
existence of a redox mediator, in order to connect both components by shuttling
the photogenerated electrons, is crucial for the functioning of the Z-scheme
(Sayama et al. 2001). In water solution, this can be achieved by the IO; /I redox
couple. The advantage of using two semiconductors for the water splitting system
is that the energy of the photons required to power each photocatalyst can be
reduced when compared to the one-step water splitting system. In addition, the
evolution of H, and O, takes place separately, and this hampers the reverse
reaction to form water. Unfortunately, the redox mediator can also participate in
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Fig. 4.4 Schematic energy diagrams of photocatalytic water splitting by using a Z-scheme with
two separated photocatalytic systems. Reproduced with permission from Maeda and Domen
(2010). Copyright American Chemical Society

backward reactions, decreasing the photoactivity. A successful example of a Z-
scheme is the combination of Pt/ZrO,/TaON and Pt/WO; systems, which attain a
quantum yield of 6.3 % under irradiation at 420 nm (Maeda and Domen 2010).

Incorporation of a second component, usually referred to as co-catalyst, to the
photoactive semiconductor is normally required to generate H, at a significant rate.
It is believed that co-catalysts, based on metals oxides such as NiO, and RuO, or
noble metals like Pt or Rh, contribute to stabilize photogenerated charge carriers
and provide additional reaction sites that further catalyze O, and H, evolution
(Maeda and Domen 2010). The incorporation of these active components must be
thoroughly controlled to maximize the dispersion and facilitate the electronic
transference from the semiconductor. However, it is important to mention that,
despite their significant promotion of water splitting, some of them, for instance
noble metals, can also catalyze the reaction of O, and H; to yield water again. The
role of these components will be discussed in detail in Chap. 10, but it can be
mentioned here that a fine engineering of Rh,_,Cr,O3 co-catalyst has allowed to
achieve the record quantum yield of 5.9 % for water splitting using
(Gag ggZng.12)(Np.8800.12) under visible light illumination (at 600 nm) (Maeda and
Domen 2010; Ohno 2012).

Although a very large photonic efficiency can be achieved with some photo-
catalysts such as NiO/NaTaOs:La (QY = 56 % at 270 nm), one of the difficulties
of hydrogen photocatalytic production is that the process with pure water is in
general inefficient (Kato 2003). This is related to the fact that water oxidation is a
multistep reaction, which involves four electrons and requires the reaction of two
hydroxyl intermediates to form one hydrogen peroxide molecule, according to:

2 OH- — H202~ — Hzo + 1/202 (45)

The use of electron donors as sacrificial agents may enhance H, production,
since holes are scavenged by this molecules and recombination is greatly reduced.
Furthermore, as O, is not produced, gas purification is simplified and the back
reaction is suppressed. Simple alcohols, like CH;0H, or NaS/Na,SO5; mixtures are
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Fig. 4.5 Accumulated H, Photocatalytic water splitting over Rh,_,Cr,0,/GaN:ZnO
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incorporated to the aqueous solution with this purpose (Herndndez-Alonso et al.
2009). However, these additives generate waste products, which have to be dis-
posed, and consequently, their use reduces the sustainability of the process. A
more ecological alternative is the use of wastewater pollutants as sacrificial agents,
because this very promising approach combines in a single-step water purification
and hydrogen production (Patsoura et al. 2007). On the other hand, it is important
to keep in mind that a future implementation of photocatalytic hydrogen pro-
duction will require not only efficient, but also durable photocatalysts. Although
this aspect has received still relatively low attention, some long terms studies, as
those carried out with GaN:ZnO, have revealed that the photoactivity does not
change significantly for the first 3 months, but is almost halved after 6 months
operation. This can be appreciated in the plot of Fig. 4.5. The main reason for the
deactivation is the loss of the co-catalyst and the hydrolysis of the nitride (Ohno
et al. 2012).

Although the use of this technology is not foreseen in short term, it is inter-
esting to theoretically explore its potential to fulfill the energetic needs of the
society. In this way, a preliminary estimation indicates that approximately 10,000
solar plants of 25 km? of extension working with an efficiency of 10 % would be
necessary to provide the projected global energy demand in 2050 (Maeda and
Domen 2010). Under these conditions, 570 t H, would be produced per day,
assuming the standard incident solar energy (AM1.5'). Although the extension of
land required for these solar hydrogen factories is huge, it corresponds to 1 % of
the Earth’s desert area and, therefore, it can be achievable through a multinational
initiative. In this context, the utilization of simple, cost effective reactors, such as
shallow pools with plastic components, will be clearly advantageous for reducing
the investment. Anyhow, as shown in the picture of Fig. 4.6, after its separation

' AM refers to Air Mass, and AM1.5 considers a longer atmospheric path length with a zenith
angle of 48°
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Fig. 4.6 Pictorial diagram for large-scale H, production via solar water splitting. Reproduced

with permission from Maeda and Domen (2010). Copyright American Chemical Society

from oxygen, the produced hydrogen could be used in fuel cells to produce
electricity, or transformed into liquid chemicals like methanol for transportation.

4.3 The Photosynthesis Challenge: Photocatalytic
Reduction of CO,

As the concentration of CO, in the atmosphere continuously increases due to
anthropogenic causes (Fig. 4.7), mainly derived from deforestation and the use of
fossil fuels, the possibility of converting the thermodynamically stable CO,
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molecule into useful hydrocarbon products is becoming a challenging goal and a
research priority in environmental catalysis. The interest in CO, reduction lies in the
ecological problems derived from this gas, since it is one of the major contributors to
the greenhouse effect. By means of photocatalysis, this process can proceed under
mild conditions, mimicking the photosynthesis in green plants, although producing
partially reduced compounds, such as methanol, instead of sugars.

However, CO, reduction into hydrocarbon compounds is not spontaneous, but
an endergonic reaction which needs energy input. In a photocatalytic process, it
would be provided by irradiation and, ideally, solar irradiation. In this respect,
semiconductors have proved to be effective as photocatalysts for CO, transfor-
mation into useful chemical compounds, in both aqueous and gas phases (Inoue
et al. 1979; Indrakanti et al. 2009). In a simplified manner, the photosynthetic
production of hydrocarbons requires radiation as energy source, a material that can
be oxidized to act as source of electrons (e.g., water), and a compound that can be
reduced by those electrons (e.g., CO,) to yield the desired chemical compound.
The principles and mechanisms of the natural photosynthetic process can be used
as basis for a rational design of solar energy conversion systems.

The challenge of artificial photosynthesis represents a direct pathway to produce
fuels from solar energy, being at the same time an attractive method for solar energy
storage. An effective recycling of CO, into a hydrocarbon fuel using sunlight as
energy source would be of great interest, since the product would use the current
energy infrastructure. In this respect, methanol constitutes the most valuable product
since it can be directly employed as a replacement of fossil fuels both in internal
combustion engines (ICEs) and in the so-called direct methanol fuel cells (DMFCs).
In these electrochemical cells, methanol is directly oxidized with air to produce
electricity. Besides, it is used on a large scale as a source of hydrocarbons for the
chemical industry (e.g., formaldehyde or acetic acid). Despite the investment that
would represent nowadays the transition to a “hydrogen economy”, H, is still
considered by many as the ideal fuel for the future, due to its clean energetic
transformation and its high energy content. However, the extensive safety precau-
tions required for its handling, storage, and distribution could turn “methanol
economy,” as proposed by Nobel Prize Olah (2005), into a more feasible alternative.
Nevertheless, although artificial systems have been reported to produce fuels using
sunlight as energy source at laboratory scale, the low quantum yields achieved in
these multielectron processes mean a drawback to implement the photocatalyzed
reduction of carbon dioxide. So far, alternative routes to produce solar C-containing
fuels, consisting in water splitting for H; evolution and its subsequent reaction with
CO,, have demonstrated to yield considerably higher production rates than the direct
photoreduction of carbon dioxide (Indrakanti et al. 2009).

Additionally to solar fuels production, as H, or methanol, photoreduction of
CO, could constitute an ecologic alternative for the chemical industry for
obtaining added-value hydrocarbons, such as formaldehyde, formic acid, or
methane, and therefore converting solar into chemical energy. The utilization of
CO; as a one-carbon building block would represent a benefit from a safety point
of view, compared to other raw materials used in the industry, such as carbon
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monoxide (CO) or phosgene (COCIl,). For instance, formic acid is industrially
produced at high pressures from methanol and carbon monoxide in the presence of
a strong base or certain amines. The photoreduction of CO, could represent an
interesting replacement (Leitner 1995).

In nature, photosynthesis is carried out by different energetically coupled sys-
tems through several steps (Gust et al. 2009). In artificial photosynthesis, the
photocatalytic system is expected to carry out the whole process in a more direct
way, absorbing light, generating electron—hole pairs, and allowing the separation
and migration of the generated charges to redox sites for water oxidation and CO,
reduction. Any inhibition of electron—hole recombination would increase the CO,
photoreduction rate, since it has to be taken into account that electron—hole
recombination is several orders of magnitude faster than any other electron transfer
process (Zhou et al. 2011). As described by Indrakanti et al. (2009), the energetic
position of the valence and conduction bands, along with the local structure at the
photocatalyst surface, determines the feasibility of these processes. Surface area,
CO,:H,0 ratio, and light intensity are some of the factors that can also influence
the reactivity.

The equilibrium reduction potentials of CO, reduction and H,O oxidation
reactions, at pH 7 and 25 °C, are presented below (Indrakanti et al. 2009):

H,O — 1/20, + 2H' + 2¢- E = +0.82V (4.6)

CO, + e — CO; E = —049V (4.7)

CO, + H" 4+ 2¢~ — HCO, E = —0.49V (4.8)

CO, +2H" + 2 — CO + H,0 E = —0.53V (4.9)
CO, + 2H" 4+ 2¢e” — HCOH E = —0.61V (4.10)

CO, + 4H" + 4e- — HCHO + H,0 E = —0.48V (4.11)
CO, + 6H" + 6e” — CH3;0H + H,0 E = —0.38V (4.12)
CO; + 8H'" + 8 — CHy +2H,0 E = —024V (4.13)

It has to be taken into account that the photoreduction of CO, competes with
that of protons to H, or H,O5:

2H" + 2 — H, E = —041V (4.14)

0, + 2H' + 2~ — H,0, E = +030V (4.15)

H,, H,S, and CH,, as well as solvents such as propanol, ethanol, or methanol,
among others, have been used as reductants. Replacing water by other reductant
induces changes in the mechanism of the reaction, modifying the yields and
selectivities that can be obtained (Usubharatana et al. 2006). Thus, it has been
observed that using H, as reductant leads to the formation of CO as the main
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product. As schematically represented in Fig. 4.8, in the particular case of the
photoreduction of gaseous CO, to CO over MgO in the presence of H,, it has been
proposed that CO molecules are produced from the surface formate species gen-
erated in a previous step, after the photoactivation of adsorbed CO, (Kohno et al.
2001; Hernandez-Alonso et al. 2009).

On TiO,-based photocatalysts, the proposed activation mechanism involves the
interaction of the stable CO, molecule with a photogenerated electron to form
CO35™ species adsorbed on the catalyst surface, which utterly undergo further
reactions to yield different CH,O,, products. This one-electron activation of CO, is
highly endergonic. To ensure this electron transfer, an electronic interaction
between CO, and the photocatalyst surface is necessary. When acting as an
electron acceptor, CO, can be adsorbed on the surface as carbonate and bicar-
bonate species through electrophilic interaction between the C atom and the sur-
face oxygen atoms. Doping with alkali and noble metals may promote CO,
activation, by means of favoring the formation of CO; species. Besides, the
modification of the photocatalyst with noble metals can hinder electron—hole
recombination by acting as charge carriers trap (Brause and Kempter 2001; Ind-
rakanti et al. 2009). In the literature, the presence of Pd, Rh, Pt, Au, Cu, or Ru has
been reported to improve the performance of the photoreduction process,
increasing the selectivity to products that consume more electrons, such as
formaldehyde, methanol, and methane (Usubharatana et al. 2006). For instance,
Cu/TiO, photocatalysts have been observed to yield methanol as the major product
(Tseng et al. 2004). Recently, a relatively high CO, conversion rate has been
achieved on nitrogen-doped TiO, nanotube arrays, co-catalyzed with Cu and/or Pt
nanoparticles under solar irradiation. The addition of a co-catalyst enhanced the
hydrocarbon production rates and allowed modifying the product selectivity
(Varguese et al. 2009). The role of the co-catalyst is to promote the charge carrier
transfer between the semiconductor and CO,. Dye sensitization of TiO, is another
approach for decreasing recombination rates while shifting the absorption cover-
age into the visible range of the solar spectrum, by acting as a photon antenna and
injecting electrons into the conduction band of the semiconductor (Nguyen et al.
2008; Wu 2009). As it will be described in detail in Sect. 13.2, doping with
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Fig. 4.9 Left Schematic representation of the energy correlation between semiconductors and
redox couples in water; Right correlation between the yield of methanol and the conduction band
energy of different semiconductors. Redox potentials are expressed against NHE (Inoue et al.
1979). Reproduced with permission. Copyright Nature Publishing Group (Division of Macmillan
Publishers Limited)

transition metals can also lead to a shift of the absorption spectrum to lower
energies.

Although most of the research works deal with the use of TiO,-based photo-
catalysts, other materials have proved to be able to catalyze CO, photoreduction,
as is the case of metal complexes. Admitting that the yields obtained with phot-
ocatalysts based on metal complexes are higher, besides being expensive and
usually unstable under UV light, the consumption of a sacrificial electron donor is
usually required (e.g., trimethylamine). On the other hand, the use of semicon-
ductors such as TiO, allows the oxidation of inexpensive reductants, as is the case
of water (Usubharatana et al. 2006).

In 1979, Inoue et al. (1979) first probed the photocatalytic reduction of carbon
dioxide into formic acid, formaldehyde, methanol, and methane, in the presence of
a suspension of different semiconductors in water. They observed that the meth-
anol yield increased as the conduction band became more negative with respect to
the redox potential of H,CO5;/CH;0H. Consequently, a higher yield was obtained
on semiconductors such as SiC than on TiO, (Fig. 4.9).

As it will be discussed in following chapters, the efficiency of different semi-
conductors for the photoreduction of CO,, such as ZrO,, ZnS, NiO, and Ga,03,
has been subject of later studies (Herndndez-Alonso et al. 2009). In large band gap
semiconductors, the energy position of the valence and conduction bands makes
them more suitable for acting as acceptors and donors of electrons in the photo-
catalytic reduction of CO,. However, the larger the band gap, the higher the energy
input that will be required in the process. Under visible light, NiO-/InTaO4- and
K,TicO,3-based photocatalysts have proved their ability to reduce CO,. Theoret-
ically, CuO and Cu,O band positions make these oxides suitable for, in combi-
nation with TiO,, achieving direct photocatalytic CO, conversion (Roy et al.
2010). In the case of supported systems, a screening of different metal oxides on
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supports of acid/basic nature led to the conclusion that basic supports are more
suitable for the selective conversion of CO, into hydrocarbon compounds (Su-
brahmanyam et al. 1999).

CO, photoreduction can be performed in gas—solid systems, avoiding the
inconvenience of the low solubility of CO, in water. In these cases, the use of
nanoparticles and highly dispersed TiO, has shown to give rise to higher effi-
ciencies than the use of bulk TiO,. The application of isolated Ti species on
microporous and mesoporous materials, the so-called single-site photocatalysts
which are the focus of Chap. 9, has been extensively studied. In this case, as it will
be commented, the reaction rates also depend on factors such as the dispersion and
coordination of the Ti species and the hydrophilic—hydrophobic properties of the
porous support (Anpo et al. 1997; Yamashita et al. 1998; Ulagappan and Frei
2000; Ikeue et al. 2001). High selectivities to methanol are obtained in the pres-
ence of highly dispersed tetrahedrally coordinated titanium oxide species in zeo-
lites, in contrast to the selectivity to methane exhibited by bulk TiO,, constituted
by octahedral species (Anpo et al. 1997; Yamashita et al. 1998). Besides a high
dispersion of the titanium oxide species, the use of zeolites, with a large pore size
and a three-dimensional channelled structure, has proved to benefit the activity of
these materials in the CO, photoreduction reaction (Anpo et al. 1998). The affinity
for water of the zeolite has also shown to influence the reactivity and selectivity
(Ikeue et al. 2001). High methane and methanol production rates have been
obtained over Ti-porous materials such as Ti-ZSM-5, Ti-SBA-15, and Ti-MCM-
48, just to mention some of them (Yamashita et al. 1995; Anpo et al. 1998; Hwang
et al. 2005). For CO, activation under visible light, the use of two different metals
(e.g., Ti**~Sn**or Ti**~Fe**) grafted in the porous material has been explored
(Indrakanti et al. 2009).

Today, the implantation of this technology for carbon dioxide recycling is still a
long-term perspective. In order to improve the low yields (in the order of
pumol g=' h™") and selectivities obtained so far, significant advances on the fun-
damental research on carbon dioxide photoreduction processes are extremely
desired. Besides the design and selection of the appropriate photocatalysts and
reductants, optimization of the reactor design and operating conditions (e.g.,
temperature, pressure, light intensity) can lead to improved yields and higher
selectivities to the desired products (Usubharatana et al. 2006).
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Chapter 5
The Keys of Success: TiO,
as a Benchmark Photocatalyst

Juan M. Coronado and Maria Dolores Hernandez-Alonso

Titanium dioxide is a material with a huge technological relevance because of its
numerous applications (e.g. pigments, sensors, catalyst). However, since the
seminal work by Fujishima and Honda (1972), this solid is attracting the interest of
the scientific community mainly because of its capacity to be photoactivated by
solar light. This property is not only exploited in heterogeneous photocatalysis or
in self-cleaning coatings, but it can also be applied directly to the production of
electrical energy. In this regard, great expectations are deposited in the develop-
ment of more efficient dye-sensitized solar cells (DSSC) or Gritzel cells, which are
typically formed by TiO, layers modified with ruthenium complexes (Hagfeldt
2010). Accordingly, despite the continuous quest for novel, more efficient pho-
toactive materials, and despite the recent successful developments described in the
following chapters, TiO, remains as the most widely used photocatalyst. In fact,
this oxide has been considered as a synonym of photocatalyst, because more than
67 % of the articles about photocatalysis are still based on the use of TiO,'
Figure 5.1 plots the number of citations per year in SCI journals regarding TiO,
preparation, along with those devoted to TiO, synthesis for photocatalytic
applications..

The reasons for this prominent position of TiO, as a photoactive material rely
mainly on its particular physicochemical characteristics, although other aspects,
like its biocompatibility and its availability at a relatively low cost, have also
facilitated the extensive use of this semiconductor. In this chapter, the main
properties of this material are described in detail in connection with its photo-
catalytic behaviour.

! Estimation from a simple survey in the period 20082012 in the ISI Web of Knowledge.
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5.1 Structural and Surface Properties of TiO,

5.1.1 Crystalline Structure of TiO,

Apart from some high-pressure phases without significant technological relevance
(Latroche et al. 1989), there are four TiO, polymorphs that can be prepared
without using special synthesis conditions: anatase (tetragonal, I4;/amd), rutile
(tetragonal, P4,/mnm), brookite (orthorhombic, Pbca), and metastable TiO, (B)
(monoclinic,C2/m). All TiO, phases can be described as an arrangement of slightly
deformed TiOg4 octahedra connected by vertices or edges, while oxygen shows a
threefold coordination. The distortion of the octahedra is larger for anatase, but in
all cases the two Ti-O apical distances (ca. 1.980 A for both anatase and rutile) are
longer than the four equatorial bonds (1.934 A for anatase and 1.948 A for rutile)
(Chen and Mao 2007). In the case of rutile, the structure is based on octahedra that
share two edges with other to form chains along the c-axis, whereas in anatase the
octahedra are linked by the vertices in the (001) plane and connected by edges
along other planes. As a result of these different arrangements rutile is denser
(4.250 cm’ g_l) than anatase (3.894 cm? g_l). These two crystal structures are
represented in Fig. 5.2. On the other hand, brookite lattice consists of chains of
edge-sharing octahedra connected to each other by vertices. Finally, the structure
of TiO, (B) is closely related to that of anatase, but it presents a different array of
octahedral chains which results in less dense crystals.

According to thermodynamic data, the rutile phase is the most stable polymorph
at all temperatures and pressures lower than 60 kPa. However, the differences in
the Gibbs free energy between rutile and anatase or brookite are small
(4-20 kJ mol™"), and consequently, the other polymorphs can be obtained as
metastable phases (Zhang and Banfield 2000; Chen and Mao 2007). In this respect,
anatase to rutile transformation does not occur at a measurable rate at low tem-
perature, but it takes place by surface nucleation and growth mechanism at
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(a)

Fig. 5.2 The two most common structures of TiO,: a rutile and b anatase

temperatures of about 600 °C in pure TiO, (Carp 2004). Therefore, usually anatase
or anatase-brookite mixtures are obtained after low-temperature treatments,
although in these conditions poorly crystallized or amorphous TiO, can constitute a
significant proportion of the samples. Usually, rutile appears following calcination
at moderate temperatures (300-500 °C), and it becomes the predominant phase
after high-temperature (> 600 °C) treatments. More recently, hydrogenation of
anatase at high pressure (20 bars) and, moderate temperatures (200 °C) for an
extended period has proposed as a way to improve the visible response of TiO,.
This treatment results in the formation of black anatase constituted by a crystalline
core with an amorphous shell, which presents an enhanced photoactivity (Chen
et al. 2011).

Nevertheless, the presence of impurities or the variations in the surface energy
induced by decreasing crystal size can remarkably affect the temperature of these
transformations. These facts provide an opportunity to control the phase distri-
bution during preparation, by changing parameters like the type of reagents, the
pH, the concentration of additives or the treatment temperature (Carp 2004; Chen
and Mao 2007).

Values of the apparent quantum yield obtained with TiO, as photocatalyst vary
broadly with the process considered, but they are typically lower than 1 % in
aqueous suspensions and they can reach up to 25 % for some gas phase reactions
(Romero 1999). Although some discrepancies can be found in the literature,
anatase is usually considered the most photoactive phase of TiO, (Carp 2004;
Chen and Mao 2007; Henderson 2011). In this regard, an extensive study by Choi
et al. on the photocatalytic degradation of a wide selection of pollutants in aqueous
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Fig. 5.3 Photoactivity
expressed as the initial rate
for the decomposition of four
different pollutants in
aqueous solution using
different TiO, commercial
photocatalysts with anatase
structure (A, Millenium),
rutile (R), or a mixture of
rutile and anatase (A + R,
Evonik-Degussa P25).
Reproduced from Hernandez-
Alonso (2009). Copyright 0
Royal Society of Chemistry
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solution indicated that pure rutile is more active than anatase exclusively for some
specific substrates, such as the dye orange 7 (Ryu and Choi 2008). Some selected
results of this investigation are displayed in Fig. 5.3, where the photoactivity of
three different TiO, samples for degradation of four pollutants in aqueous solution
is represented. Several reasons have been proposed to explain differences in the
photoactivity between anatase and rutile, including variations in electronic (e.g.
Fermi-level position, electron mobility) or surface (e.g. hydroxyl concentration)
structure. In addition, rutile generally presents lower surface area than anatase, due
to the larger crystalline size imposed by thermodynamic constrains, and this fact
may also contribute to the lower photoactivity of this phase. In this respect, it is
worth noting that rutile photocatalysts with high activity are usually constituted by
nanostructured, high surface area materials (Henderson 2011) prepared by specific
methods such as chloride addition for the surface stabilization of the rutile nuclei.
On the other hand, it is also worth mentioning that some reports indicate that
brookite can present superior photoactivity than other TiO, phases, although these
results can be significantly influenced by the morphological characteristics of the
samples assayed (Li and Gray 2007). Finally, it is important to highlight that the
degree of crystallinity of TiO,, defined as the ordering of the structure, is a very
important factor to determine the photoactivity of this semiconductor, because
structural defects can act as recombination centres as it has mentioned in Chap. 2.
In fact, several reports indicate that the photoactivity of amorphous TiO, is sig-
nificantly lower than that of its crystalline polymorphs (Henderson 2011).

On the other hand, numerous studies have also shown that elevated rates for
organic pollutants degradation and other photoprocesses are achieved with ana-
tase—rutile mixtures, particularly for the case of the benchmark photocatalyst
Degussa Evonic P25, hereafter referred to as simply P25. This commercially
available powdered TiO, is obtained by hydrolysis at high temperature of TiCly.
Structurally, this widely used photocatalyst is constituted by anatase and rutile
nanocrystallites in an approximately 15:80 ratio, along with a minor amount
(<5 %) of amorphous phase. Figure 5.3 also provides some examples of the
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superior performance of the biphasic TiO,, which in many reports shows an
unbeatable activity, particularly in aqueous solutions. A widely held justification
of this behaviour is the formation of a heterojunction between the two TiO,
polymorphs when they are put in close contact (Li and Gray 2007; Henderson
2011). Due to the differences in the band gap width, the existence of an interface
between different TiO, phases can facilitate charge separation and, accordingly,
reduce the recombination rate. The enhancement of the photocatalytic activity on
the heterojunctions will be extensively reviewed in Chap. 15. However, it is worth
mentioning here that the study of powdered mixtures of anatase and rutile, with
otherwise similar characteristics, has shown an enhancement of the photoactivity
with increasing the degree of interaction between both phases (Wu 2004). In a
similar way, the increment of the activity of some anatase—brookite mixtures has
been attributed to the same electronic phenomenon (Ozawa 2005). Besides, spe-
cifically designed TiO, thin films have proved that photoactivity can be boosted by
establishing contacts between anatase and rutile (Kawahara 2002). In this work,
silver photodeposition was used to visualize the photoreduction sites and to track
the electron transfer between phases. As it is shown in Fig. 5.4, in these structures,
anatase seems to act as the main electron acceptor, but at the interface, the
opposite is observed and silver particles are deposited on the rutile side. Therefore,
although the heterojunction model can still hold, these observations reveal a more
complex dynamic of the photogenerated carriers. Likewise, some authors have
proposed the existence of rutile nanoclusters on the anatase surface or specific
reaction hot spots (Hurum 2003; Li and Gray 2007). However, other researchers
even challenge the role of heterostructures as the main cause for accounting for the
remarkable photocatalytic performance of P25 (Ohtani 2010). Therefore, if this
debate is to settle, further studies at the nanoscale of these biphasic TiO, materials
are required.

' -anataseé €«————> rutile

Fig. 5.4 An electron micrograph of a patterned anatase/rutile junction after photodeposition of
silver, which labels the reduction sites according to the reaction 2H,O + 4Ag* — 4Ag +
0, + 4H". Reproduced from Kawahara (2002). Copyright Wiley-VCH
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2.0nm
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Fig. 5.5 STM images of the same area on rutile exposing the face (110) during dissociative
adsorption of water at 357 K: a clean surface with several oxygen vacancy sites (labelled
“BBOvV”); b after dissociation of a water molecule at the vacancy generating a geminate
hydroxyl pair; ¢ after a single hop of the HB hydrogen; and d after subsequent hops of the HV
hydrogen. Insets show the ball models of the corresponding processes. Reproduced from Li
(2008). Copyright of the American Chemical Society

5.1.2 Surface Characteristics of TiO,

As mentioned in Sect. 2.4, water molecules dissociate on the surface of TiO, to
yield hydroxyls groups, which saturate the coordination sphere of Ti** centres, and
protons, which bind to the bridging oxygens, as it is shown in the STM images of
Fig. 5.5. This process reduces the excess of energy caused by the abrupt discon-
tinuity of the solid structure at the edge of the crystal. Hydration of TiO, surface is
thermodynamically favoured, and it occurs rapidly even with air moisture. In this
respect, a theoretical study has concluded that anatase and rutile polymorphs
showed that the lowest values of surface free energy are obtained for water sat-
urated surfaces (Barnard 2005). Consequently, adsorption of reagent molecules is
determined, to a great extent, by the density and specific characteristics of
hydroxyl groups. Many organic substances like aromatic compounds are attached
to the TiO, surface by hydrogen bonding as in the case of molecules such as
toluene or methylcyclohexane (Herndndez-Alonso 2011). These kinds of interac-
tions are relatively weak, and they preserve the molecular structure of the
adsorbate. In contrast, partially dehydroxylated TiO, can be more reactive as it has
observed, for example, in the transformation of acetone into mesityl oxide as
monitored by FTIR (El-Maazawi 2000). On the other hand, certain molecules such
as alcohols or acids react even with fully hydroxylated surfaces to yield alkoxides
or carboxylate surface complexes. This fact is important because photocatalysis
shows structure sensitivity with regard to adsorption, and several works have
indicated that the conformation of surface complexes affects significantly to the
reactivity. An example of that is the observation that formic acid was about 53
times more photoactive than formate on P25 (Liao 2001). In extreme cases, some
of these species are so strongly adsorbed that may lead to the deactivation of TiO,
by blocking the surface sites, as in the case of benzoates or sulphates (Herndndez-
Alonso 2011; Portela 2010).
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Due to the high affinity of water for the TiO, surfaces, these molecules play a
very relevant role on photoactivity via two main effects: as competitors for surface
sites and as the source for OH" production. In this respect, although direct oxi-
dation by holes has being proposed in some processes, many studies assume an
indirect degradation by hydroxyl radicals produced through the following photo-
chemical reactions:

(H,0)OH™ + h* — (H") + OH' (5.1)

as it is mentioned in Chap. 3. On the other hand, multilayer water forms a network
stabilized by hydrogen bonding on TiO, surfaces that can limit the access to
reactants such as O, (Henderson et al. 2003). These opposite effects result in a
variation of the efficiency of a particular reaction as a function of relative humidity
(RH). Therefore, both inhibition and promotion are possible depending on factors
such as the specific mechanism of the process, the ratio between water and organic
concentration and strength of the adsorption, and the specific mechanism by which
the organic is photooxidized (e.g. OH' vs. direct hole attack). Accordingly, dif-
ferent situations can occur as exemplified in Fig. 5.6 for two idealized unspecific
processes. Thus, molecules with weak interaction with TiO, surface and prefer-
entially oxidized by holes should show a clear decline of the rate with increasing
RH. In contrast, strongly adsorbed molecules activated by hydroxyls are elimi-
nated more efficiently at high humidity. Experimentally, numerous studies of the
degradation of organic molecules on the gas phase have approached the influence
of water, and although some of these photocatalytic processes are basically
insensitive to water concentration, most of them have shown a change of regime

Fig. 5.6 Variation of multilayer
photooxidation activity with water
relative humidity under two A coverages
different situations: a weakly <€ > -—y
bound organic directly
attacked by holes (dashed
line) and a strongly adsorbed
organic oxidized by hydroxyl
radicals (solid line). - sg?_:_ggebd?:;d
Reproduced from Henderson =3
(2011). Copyright Elsevier =
S
2
a
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hole-mediate
0 90+
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(from inhibition to promotion, or viceversa) with varying humidity (Henderson
2011).

On the other hand, in aqueous solutions, it is necessary to consider the
amphoteric character of the Ti-OH species, because the surface charge depends on
pH. This is due to the equilibrium between acidic bridging hydroxyls (Eq. 5.2) and
more basic terminal hydroxyl (Eq. 5.3):

Ti—OH-Ti + OH < Ti—0 —Ti + H0 (5.2)
Ti—OH + H' & Ti— OHJ (5.3)

Thus, at low pH values, the TiO, surface is positively charged, while in alkaline
conditions it turns negative. The pH value at which the concentration of negative
and positive centres is the same constitutes the so-called of point of zero charge
(PZC), which varies slightly with the crystalline phase or the preparation method.
For example, a PZC value of 6.4 is reported for Degussa P25. In the case of
photocatalytic reactions with ionic species, this parameter is crucial, because it
defines the pH interval at which adsorption is either facilitated or hindered by
electrostatic interactions (Lu 1996).

Although these aspects will be discussed in more detail in Chap. 11, it is
important to mention here that recent studies have revealed that photocatalytic
activity depends on the type of surfaces exposed (Barnard 2005). The origin of this
behaviour lies in the small energetic differences between crystal faces, which can
be sufficient to facilitate the preferential separation of electrons and holes in dif-
ferent surfaces. Thus, although the most thermodynamically stable facets are
{110} for rutile and {101} for anatase, Ohno and collaborators have reported that
rutile {011} and anatase {001} faces provide the sites for oxidation, while the
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rutile {110} and anatase {101} faces offer the sites for reduction (Murakami et al.
2011). An example of these differences in reactivity is displayed in Fig. 5.7, which
shows that the photodegradation of chloroform proceeds at a higher rate in anatase
with larger proportion of {001} faces (Cho et al. 2005).

5.1.3 Synthesis of TiO,

A considerable research effort has been devoted to gain a fine control, not only of
the phase composition, but also of the nanoarchitecture of TiO, due to the rele-
vance of these physicochemical properties on its photocatalytic performance.
Although this topic will be more extensively reviewed in Chap. 11 in connection
with nanostructures, some general concepts of TiO, are discussed in this section.
In a simple way, all the preparation routes can be classified in gas phase or solution
methods. Among the gas phase procedures, flame pyrolysis is quite effective
because it allows preparing crystalline and homogeneous TiO, particles, with
relatively large surface area (Johannessen 2001). This method implies the burning
of an aerosol containing the titanium precursor and, as mentioned above, is the
method used for producing P25.

Solution methods are dominated by sol-gel technique, which provides a very
flexible and controllable route for synthesizing TiO, in the form of powders,
monoliths or thin films. This methodology is based on the utilization of titanium
alkoxides, usually Ti(OPri)4 (TTIP) but also Ti(OBu), or Ti(OEt),, which in the
presence of water react according to the following equations:

Ti(OPr'),+ H,O — HO — Ti(OPr') ,+ Pr'OH (hydrolysis) (5.4)
2 HO — Ti(OPr'),— (OPr'), Ti — O — Ti(OPr') ,+ H,O (condensation) (5.5)
(OPr'),Ti — O — Ti(OPr'),— 2 TiO; + 3 H,O (condensation) (5.6)

Progressively, these reactions lead to the formation of TiO, nuclei with a high
organic content. Ageing of the sol, especially at elevated temperature, results in the
coarsening of the particles. The hydrolysis step is usually catalysed by adding
acids, either inorganic, such HNO; and HCI, or carboxylic, like acetic acid,
because reaction (5.4) is promoted by the electrophilic attack of Ht Nevertheless,
synthesis routes incorporating bases, such as tetramethylammonium hydroxide,
have also been described. In any case, preparation at low pH usually results in
more crystalline powders, while if the pH of the media is high, condensation is
promoted and the resulting solid is less ordered (Carp 2004). The relative rates of
nucleation and particle growth can be controlled by adjusting the water-to-alk-
oxide ratio. Increasing this ratio will favour nucleation while particle growth is
favoured by a low content of water and/or excess of titanium alkoxide in the
reaction medium (Chen and Mao 2007). On the other hand, reactivity of the
alkoxides can be modulated by incorporating other complexing agents like
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Fig. 5.8 Photographs showing different configurations of a TiO, photocatalyst synthesized by a
sol—gel method: a translucent TiO, sol; b TiO, xerogel; ¢ TiO, powders. (Pictures by M.D.
Hernandez-Alonso)

carboxylates or diketonates (e.g. acetylacetonate), and this modification promotes
polymerization (Carp 2004).

The presence of the acid during the hydrolysis stage induces the peptization of
the precipitated oxides, breaking up the aggregates into particles of colloidal
dimensions. Particle charging by proton adsorption stabilizes the suspension by
electrostatic repulsion. The peptization stage, which completion can take several
days, makes it possible to obtain stable colloidal suspensions, which after solvent
removal are converted into a solid material known as xerogel (Fig. 5.8). On the
other hand, the stable colloidal suspensions can be directly employed to prepare
photocatalyst as thin films (Kim and Anderson 1996) on different substrates by
application of different coating techniques such as dip-coating, spin-coating or
impregnation, as it will further commented in Chap. 12.

Several strategies (e.g. dialysis membranes) can be used to purify the sols, but,
in general, preparation of TiO, requires a thermal or solvothermal treatment to
increase the crystallinity and to remove completely the organic residues (Chen and
Mao 2007). Therefore, a calcination stage at moderate temperature (350-450 °C)
is a frequent stage in the processing of these materials. In general, the resulting
powders present high surface area (>100 m? g~') and small particle diameter
(<10 nm). The phase composition of sol-gel TiO, depends on the specific syn-
thesis conditions (temperature of treatment, pH, presence of additives), but anatase
is typically the preponderant polymorph in these types of samples.

Multiple variations of the basic scheme of sol-gel synthesis can be adopted to
modify the morphology of TiO, as it will be detailed in Chap. 11. Some examples
of these modifications are the changes in reaction media such in the case of
microemulsion synthesis or the use of template molecules such as triblock poly-
mers for the preparation of ordered mesostructures as those displayed in Fig. 5.9
(Nilsson 2011).

Alternatively to the use of titanium alkoxides, TiCly is also widely employed as
titanium source. This metal halide is readily hydrolysed according to the reaction:

TiCly + H,O — TiO, + H,0 (5.7)
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Fig. 5.9 High-resolution TEM images of mesoporous TiO, prepared at low temperature using a
structure-directing agent and after a 3 h or b 6 h of ageing. Reproduced from Nilsson (2011).
Copyright American Chemical Society

Hydrolysis of this chloride is very rapid, and sometimes is performed at low
temperature (e.g. in an ice bath) to gain better control of the synthesis. Besides,
reactivity can be better controlled by using other oxygen donor molecules, such as
alcohols or even alkoxides, instead of water (Chen and Mao 2007). Less fre-
quently, other titanium reagents such as TiF4 or TiOSQO, are used for the synthesis
of TiO, photocatalyst.

The above-mentioned synthetic routes, mainly based on the use of alkoxides,
are performed at bench scale for research or technological applications. However,
bulk production of TiO, requires less complex and more economically feasible
methods. Therefore, this material is industrially produced from the mineral
ilmenite (FeTiO3) using either the sulphate or the chlorine process. The first of
these routes consists in the digestion of the ilmenite ore with sulphuric acid to
yield TiOSO,, which subsequently is hydrolysed to obtain TiO,. The main
problem associated with this process is the high amount of Fe(SO,4) formed as by-
product, which is a serious environmental burden. For that reason, and also due to
economic considerations, most modern plants use the chlorine route developed by
DuPont in 1951. This process requires ores containing at least 70 % TiO,, and it
entails first the reduction of the mineral with carbon, and then the oxidation with
chlorine to yield titanium tetrachloride. Subsequently, TiCl, is distilled and re-
oxidized with oxygen to yield pure titanium dioxide according to the reaction:

TiCly + O, — TiO, + Cl (5.8)

In this process scheme, the chlorine is recycled and accordingly the emission of
pollutants is limited.
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Fig. 5.10 Simplified scheme
of molecular-orbital bonding
structure for anatase
(Reproduced with permission
from Asahi (2000). Copyright
American Physical Society)

02

5.2 Electronic Structure and Optical Properties of TiO,

Because of the presence of a small amount of oxygen vacancies, which are
compensated by the presence of Ti’* centres, TiO, is considered an n-type
semiconductor. As displayed in Fig. 5.10, the valence band of anatase can be
considered as formed by the overlapping of the oxygen 2p orbitals, and it can be
divided into three main contributions: the strong ¢ bonding in the lower energy
region, the weaker m bonding in the middle energy region and the nonbonding
states at the top of the valence band. On the other hand, the lower part of the
conduction band is mainly constituted by the 3d orbitals of Ti** cations with thg
(<5¢eV) and e, (>5¢eV) symmetries (Asahi 2000). The d,, states are mainly
located at the bottom of the conduction bands, and they provide certain anisotropy
to the electronic properties. The rest of the t,, bands, corresponding to the d,, and
d,, states, are antibonding with p states of oxygen. A significant feature of the
electronic structure of anatase is the existence of nonbonding states near the band
gap: the oxygen p orbital at the top of the valence band and the nonbonding d,,
orbitals at the bottom of the conduction band. This feature is less pronounced in
rutile, because the denser structure of this polymorph favours a more effective
overlapping of the electronic states (Chen and Mao 2007).

The band gaps of anatase and rutile are 3.2 and 3.0 eV, respectively, whereas an
optical band gap of 3.11 eV has been reported for brookite nanoplates (Chen and
Mao 2007; Li et al. 2007). Interband transitions are generally taken as direct (i.e.
purely electronic without interactions with lattice phonons) for rutile, whereas
anatase and brookite are considered to have indirect band gaps. The threshold for
the direct band gap transition in anatase is reported to be at ~3.8—4.0 eV. However,



5 TiO, as a Benchmark Photocatalyst 97

other factors like the crystalline size or the presence of dopants can modify the type
of transition and somewhat conflicting reports are found in the literature (Hen-
derson 2011). In any case, this is a relevant property for a photocatalyst because
indirect semiconductors present lower photon absorption, and consequently, larger
mass of solid will be required to achieve the same reaction yield.

As discussed in Chap. 2, the position of the energy levels of a semiconductor
determine the chemical potentials of photogenerated charge carriers, and accord-
ingly, these states establish the thermodynamic limits of the processes that can be
photocatalysed. In these regards, one of the advantages of TiO, over other semi-
conductors is that its electronic structure is such that it allows simultaneously the
oxidation of hydrogen and the reduction of oxygen (Chen and Mao 2007). This is
possible because the bottom of the conduction band is more negative than the
reduction potential of H*/H, (Exgg = 0.00 V), while the top level of the valence
band is more positive than the oxidation potential of O,/H,O (Exyg = 1.23 V). In
this respect, the electrochemical properties of TiO, are rather well balanced, in
sharp contrast to other semiconductors, which are efficient for either water
reduction, like Si, or for water oxidation, like SnO,. These reference potentials are
relevant for water splitting but also for oxidation reactions which require the
reduction of molecular oxygen. In addition, surface OH™ groups can act as donor
species, reacting with valence band holes to yield hydroxyl radicals, OH'. These
species present a very high oxidation potential [Exyg(OH/H,0) = 2.27 V] and, as
mentioned above, are usually considered the key intermediate in the photooxi-
dation reactions with TiO,. On the other hand, the electrochemical characteristics
can also affect the structural integrity of the semiconductor. Corrosion of solids
can be intensified under irradiation due to the attack of photogenerated charge
carriers to the semiconductor constituents. However, TiO, does not suffer anionic
photocorrosion because water oxidation (H,O + 2h*t — 2H' +1/2 O,) is ther-
modynamically more favoured than the formation of molecular oxygen from oxide
anions. Accordingly, TiO, shows high stability in aqueous suspensions, even at
extreme values of pH, and this fact plays a relevant role in its status as reference
photocatalyst.

Nevertheless, considering exclusively the photoactivation process, TiO, shows
a relatively limited performance compared to other semiconductors. Thus, the
incident photon-to-current efficiency (IPCE) for TiO, is about 45 % at 400 nm,
whereas for silicon this parameter approaches 100 % under illumination at 600 nm
(Hernandez-Alonso 2009; Chen and Mao 2007). However, the major hurdle for the
development of solar technologies based on TiO, is the wide band gap of all the
polymorphs of this material, because only less than 5 % of the sunlight energy
(A<390nm) reaching the earth surface can be used for the excitation of this
semiconductor (Ohtani 2010). This fact has prompted the search of novel photo-
catalyst with absorption in the visible range, as it is widely discussed in the
following chapters on this book.
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5.3 Availability and Safety of TiO,

Titanium dioxide is a material of great practical significance which commercial
production was initiated in 1912. In 2010, the total production as white pigment
incorporated in products as diverse as paints (representing a share of about 59 %),
polymers (26 %) and paper (9 %) was more than 5.66 million tons, which rep-
resents an expansion of about 3.3 % with respect to the previous year. Although
the huge scale of the pigment industry dwarfs the importance of other techno-
logical applications, in addition, TiO, is increasingly incorporated in sensors,
catalysts, photochromic devices, photovoltaic cells, etc. In spite of this high
consumption, a shortage of TiO; is not foreseen in the near future. This is due to
the fact than titanium is the ninth most abundant element and constitutes about
0.63 % in weight of the Earth’s crust. Several minerals are exploited for titanium
extraction but ilmenite, FeTiO3, accounts for about 91 % of the world’s con-
sumption of titanium mineral. Leucoxene (constituted by a complex mixture of
rutile, anatase and different iron-containing minerals) is another of the main ores of
this element. These minerals are found in relatively large deposits (see Fig. 5.11)
in Australia, China, Brazil, India, Norway and many other countries (U.S. Geo-
logical Survey 2010). The price of the titanium metal stock has decreased in the
last years, and it was of $11.4 per kilogram in 2010.

Toxicity of TiO, is low, and accordingly, it has been approved as a food
colouring (identified by the code E-171) by EU legislation. In fact, a number of
everyday use products, such as toothpaste, sunscreens, pill coatings or chewing
gum, contain TiO, (Weir et al. 2012). Nevertheless, although bulk TiO, is
regarded as biocompatible material, new concerns have arisen as a consequence of
the extensive research on nanostructured solids. In the case of TiO,, oral admin-
istration of a high dose of nanoparticles (5 g kg™ of body mass) does not cause
acute toxicity, although evidences of hepatic damage were found. In vitro studies
with human intestinal Caco-2 cells showed that their metabolic rate decreased
linearly with increasing the surface area of TiO, (Gerloff 2012). However, the
main risks of nanomaterials are associated with their intake by inhalation, which is

Fig. 5.11 Ilmenite mine in
Kilvid area in Finland
(reproduced from the
webpage of Endomines:
http://www.endomines.fi/
index.php)
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Fig. 5.12 Cytocentrifuge preparation of lavaged cells recovered from a rat’s lung exposed to
nano-TiO, for a 24 h and b 1 week. In the short term, TiO, particles induce an inflammatory
response as indicated by the presence of neutrophils (marked with arrows in a). Some
macrophages containing phagocytized TiO, nanoparticles can be also observed (marked with
arrow heads in a and arrows in b). Reproduced with permission from Warheit (2006). Copyright
Oxford journals

greatly facilitated by their small size. Thus, severe effects have been reported in
the case of exposure to a high concentration of TiO, nanoparticles suspended in
air, which caused short-term inflammatory response in rat’s lungs, as deduced
from the histological study shown in Fig. 5.12 (Warheit 2006). Nevertheless, the
effect of TiO, particles was less intense and less prolonged than that associated
with micrometric quartz particles. On the cell level, the formation of reactive
oxygen species (ROS), which could induce oxidative stress, has been considered
as the underlying molecular mechanism implicated in the cytotoxic, inflammatory
and DNA-damaging effects of TiO, nanoparticles. In general, low cytotoxicity has
been found by using an anatase—rutile containing TiO, particles, in the absence of
light exposure. On the other hand, some negative environmental impacts on
microbial soil communities in terms of biodiversity and biomass have also been
reported for relatively large concentrations of TiO, nanoparticles.

In any case, nanotoxicity is still a relatively novel research field, with several
open debates which will require further exhaustive studies before they settle down.
Meanwhile, the precautionary principle should guide any application of TiO,,
especially in large-scale commercial developments.
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Chapter 6
Alternative Metal Oxide Photocatalysts

Sergio Garcia-Rodriguez

6.1 ZnO

ZnO is a piezoelectric semiconductor which has several interesting properties.
This unique material presents good transparency, high electron mobility, strong
room temperature luminescence and good optoelectronic (Henglein 1989), cata-
lytic and photocatalytic properties (Aithal et al. 1993; Fox and Dulay 1993; Pichat
1994; Hoffmann et al. 1995; Miyauchi et al. 2002; Burda et al. 2005; Di Paola
2012), along with its low cost (Di Paola 2012). Other emerging applications for
ZnO are nanoresonators, cantilevers, transparent electrodes in liquid crystal dis-
plays, energy-saving or heat-protecting windows, solar cells, and electronics
(Ozgur et al. 2005; Wang 2009).

Zinc oxide is a wide band gap n-type semiconductor (E, = 3.2 eV). The
absorption spectrum of ZnO consists of a single, broad intense absorption band
from ca. 370 nm to lower wavelengths, ascribed to charge-transfer processes from
the valence band to the conduction band (Hoffmann et al. 1995). Since Zn(II)
atoms have lost the outer electrons, the electronic configuration is dlo, that is, itis a
non-transition metal oxide ([Ar]3d'%4s®).

The bottom of the conduction band and the top of the valence band are pri-
marily formed by the Zn s orbitals and the oxygen 2p orbitals, respectively (Xu
and Schoonen 2000). ZnO crystallizes in three possible polymorphs: hexagonal
wurtzite (P6smc), cubic zinc blende (FZBm), and cubic rock salt (Fmgrn) (Ozgur
et al. 2005). The cubic structures are rarely reported. The cubic zinc blende
structure is stabilized only by growth on cubic substrates (Lee et al. 2002), and the
rocksalt structure is only obtained at relatively high pressures (Ozgur et al. 2005).
The wurtzite structure is the predominant and stable structure at ambient condi-
tions. Each of the two individual atoms, Zn and O, in the hexagonal wurtzite
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Fig. 6.1 Crystal structure of .
wurtzitic ZnO. Due to polar @* Q O terminated (0001) plane
bonds, O- and Zn-terminated o
(0001) planes present - -
negative and positive charges, = -
respectively ( '

\ ' w

| ; g
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structure forms two HCP-type sublattices. Cell parameters of wurtzitic ZnO are
a = 3.2498 A and ¢ = 5.2066 A (ICDD file #36-1451). The absence of inversion
symmetry results in the piezoelectric and pyroelectric properties of ZnO (Baruah
and Dutta 2009). Alternatively, the wurtzite structure of ZnO can be described as a
number of alternating planes composed of tetrahedrally coordinated O*~ and Zn**
stacked along the c-axis. The Zn—O bonds are largely ionic due to the contrast
between the high electronegativity of oxygen and the low electronegativity of Zn.
O- and Zn-terminated (0001) facets have negative and positive charges, respec-
tively (see Fig. 6.1).

Very highly reducing electrons and oxidizing holes are photogenerated on ZnO
under UV light irradiation. Besides holes, h*, the main oxidizing species in water
are hydroxyl radicals, OH. Other oxidizing species such as singlet oxygen, hy-
droperoxyl radicals and superoxide ions play a minor role in photocatalytic
transformations in liquid-solid reactions. In gas—solid reactions, the oxidizing
species are predominantly superoxide ions (Doerffler and Hauffe 1964a).

The photocatalytic performance of ZnO is structure sensitive. Lee reported that
the band gap of cubic zinc blende ZnO is 0.1 eV lower than that of the wurtzitic ZnO
(Lee et al. 2002). Reports on the photoactivity of polymorphs other than wurtzitic
ZnO are scarce. Besides the typical blue shift of the band gap of nanostructured ZnO
compared to bulk ZnO due to surface and quantum size effects, several studies have
established a relationship between ZnO nanoarchitecture and photocatalytic
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Fig. 6.2 Different ZnO nanoarchitectures: nanoparticles (a), nanosheets (b), nanoflowers (c),
and nanorods (d) [adapted and reproduced with permission from (Li and Wang 2010) Copyright
American Chemical Society]

activity. A vast number of ZnO nanoarchitectures have been obtained under con-
trolled synthesis conditions. Some examples are shown in Fig. 6.2.

Gupta et al. (2011) reported a red shift of the band edge of rod-shaped ZnO
compared to spherical ZnO nanoparticles. The activity experiments demonstrated that
the photodegradation rate of methylene blue in aqueous solution was higher for the
spherical particles compared to rod-shaped ZnO. Jing et al. (2002) attributed the
improvement of the photocatalytic activities in the nanosized system to the increasing
formation of surface defects such as oxygen deficiencies and hydroxyl groups. Kislov
et al. (2009) reported that the photodecomposition of methyl orange on ZnO was
structure sensitive and the lowest photocatalytic activity was that of the O-terminated
(0001) basal planes. Li and Wang (2010) controlled the nanostructure of ZnO through
a facile hydrothermal synthesis and measured the photodegradation activity of rho-
damine B (RhB) in water (Fig. 6.3). Hierarchical flower-like structures built by many
interlaced uniform nanosheets with dominant (2110) surfaces displayed an enhanced
photocatalytic activity due to the more efficient facets compared to those exposed by
nanoparticles, nanorods, or nanosheets. Ma et al. (2011) also observed enhanced
photodegradation of RhB by hierarchical nanoporous ZnO spheres compared to rod-
shaped ZnO. Wang et al. (2011) reported that flower-like architecture was the most
active one in the photodegradation of methylene blue.
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ZnO is sometimes preferred over TiO, for degradation of organic pollutants due
to its high quantum efficiency (Rehman et al. 2009), especially for the production
of peroxides (Kormann et al. 1988; Hoffman et al. 1994). ZnO was also used for
photoremediation of industrial waters containing Hg(II) (Domenech and Andres
1987), Cr(VI) (Domenech and Munoz 1987), and cyanides (Domenech and Peral
1988). Bactericidal properties of UV/ZnO were superior to UV/TiO, for Gram-
negative Escherichia coli and Gram-positive Lactobacillus helveticus bacteria (Liu
and Yang 2003). Compared to TiO,, ZnO has been used in the photodegradation of
contaminants which are difficult to mineralize, like amides (Tang et al. 1982;
Roger et al. 1986) or nitrobenzene (Minero et al. 1994), showing the same or lower
activity. Besides, different product distribution was found between both semi-
conductors. For instance, the phototransformation of amides with TiO, gave
mainly acidic derivatives, while with ZnO both amino and acidic derivatives were
obtained (Tang et al. 1982; Roger et al. 1986; Minero et al. 1994).

The pH at the point of zero charge (pHpzc) of colloidal TiO, and ZnO suspen-
sions have been determined to be 6.25 (Hoffmann et al. 1995) and 9.3 (Bahnemann
et al. 1987), respectively. The lower pHp,c (see Chap. 5) has been used to explain
the better performance of ZnO compared to TiO, for the degradation of certain
organic pollutants such as Acid Brown 14 (Sakthivel et al. 2003) and phenol (Xu
et al. 2007). However, the use of ZnO in aqueous solutions is limited by its insta-
bility and photocorrosion. The Pourbaix diagram of the Zn—H,O system (Beverskog
and Puigdomenech 1997) shows a narrow pH range for the stability of ZnO in water.
At 25 °C and 1 M concentration of dissolved Zn(II) species, ZnO is only stable at
pH between 4 and 14 (Goux et al. 2005). The dissolution of ZnO is decreased at low
temperatures, high concentration of dissolved Zn(II) species and the presence of
certain ionic species in the media (Domenech and Prieto 1986). In the absence of
dissolved Zn(II) species, the pH stability range is narrower, between 6.5 and 10,
even in the dark. Under UV illumination and stable pH conditions, ZnO suffers
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photocorrosion (Khodja et al. 2001). On the contrary, Pardeshi and Patil (2008),
Kansal et al. (2010) and Akyol and Bayramoglu (2010) reported reusability of ZnO
with negligible lost of activity for the photodegradation of organic pollutants in a
wider pH range, between 5 and 10. Many studies have been devoted to avoid ZnO
photocorrosion. Comparelli reported that the presence of passivating molecules on
the ZnO surface preserved the oxide from photocorrosion and pH-dependent dis-
solution (Comparelli et al. 2005). Kislov et al. (2009) reported that ZnO photo-
corrosion was strongly orientation dependent, with only O-terminated (0001) facets
exhibiting strong photocorrosion, while Zn-terminated (0001) facets and non-polar
surfaces suffered only localized dissolution, most likely at defect sites. Surface
hybridization of ZnO with graphite-like carbon layers (Zhang et al. 2009b) and with
a monolayer polyaniline (Peralta-Zamora et al. 1996; Zhang et al. 2009a; Ameen
et al. 2011) suppressed the photocorrosion of the ZnO nanoparticles and enhanced
the photocatalytic activity of ZnO.

Although reports on photoactivity of ZnO in gas phase are lately scarce, the
early studies on the photoactivity of ZnO were focused mainly on gas phase (Fujita
and Kwan 1958; Gray and Amigues 1969). During the 1950s and 1960s decades,
different studies were reported on the photocatalytic oxidation of CO (Doerffler
and Hauffe 1964a, b; Steinbac 1967), isopropanol (Filimonov 1964; Muller and
Steinbac 1970), and formic acid (Morrison 1967) in gas phase. After TiO, was
prompted as benchmark photocatalyst, renewed attention on ZnO grew due pre-
dominantly to the higher product selectivity of ZnO compared to TiO, in the
photocatalytic partial oxidation of propene (Pichat et al. 1979) and other olefins
(Kodama et al. 1982, 1985; Lacoste et al. 1982, 1984, 1987, 1988; Penot et al.
1983). It was found that ZnO was more active than commercial and home-pre-
pared TiO, for the photodecomposition of acetic acid in gas phase (Sclafani et al.
1988). Wada et al. (1993) reported that ZnO showed a superior selectivity toward
aldehydes in the partial oxidation of light alkanes, compared to the almost total
mineralization showed by TiO, and CeO, or the low conversion of other semi-
conductor oxides. ZnO showed higher activity for the photodegradation of chlo-
rofluorocarbon (Tanaka and Hisanaga 1994) and trichloroethylene (Driessen et al.
1998) compared to other metal oxides except TiO,. Pd deposition on the surface of
ZnO nanoparticles using a photoreduction method can improve the gas phase
photocatalytic oxidation of n-heptane. This promotion has been related to the
increase of adsorbed oxygen measured by surface photovoltage spectroscopy (Jing
et al. 2004). Studies on the effect of ZnO nanoarchitecture in gas phase reaction are
scarce. Long et al. (2009a, b) found the following increasing activity on the deNOy
photoactivity: plate-like < rod-like < spindle-like < hierarchical spindle flower-
like < screw-like < TiO, P25. Photocorrosion in gas phase has not been reported
(Mitchnick et al. 1999).

ZnO light absorption is restricted to the UV region by its wide band gap (E,,
ZnO = 3.2-3.37 eV). Similar to TiO,, several strategies have been undertaken to
improve the visible light absorption. Qiu et al. (2008) demonstrated that surface-
modified ZnO with copolymer poly(fluorine-co-thiophene) resulted in light
absorption up to 500 nm wavelength. Lin et al. (2005) obtained N-doped ZnO with



108 S. Garcia-Rodriguez

different morphologies exhibiting a noticeable displacement of the absorption edge
toward visible wavelengths with a thermal plasma method. Doping of ZnO by
substitution Zn>* ions with Co, Mn, or Ni narrows the band gap by sp—d exchange
interactions between conduction band electrons and d electrons of these transition
metals (Rehman et al. 2009). Maeda reported an absorption band at 520 nm for a
solid solution of ZnO and GaN used for water splitting (Maeda and Domen 2010).
The coupling of ZnO with other semiconductor has also been attempted in order to
improve its photocatalytic properties. Thus, ZnO/SnO, and ZnO/ZnO, coupled
oxides and deposition of Fe,O3;, WO3, and CdS onto ZnO substrates have been
evaluated for the photocatalytic degradation of aqueous organic pollutants solu-
tions which resulted in faster degradation kinetics with respect to ZnO itself. The
increase in activity in these coupled systems is ascribed to charge separation at the
interface (Hernidndez-Alonso et al. 2009). Yoshida also reported that in the oxi-
dation of propene in gas—solid regime, the coupled system ZnO/SiO, presented
higher selectivity toward propene oxide (Yoshida 1999, 2000).

ZnO is also considered a runner up to TiO, for dye-sensitized solar cells (DSC)
(Hagfeldt et al. 2010), but although ZnO presents higher electron mobility than
TiO,, which should favor electron transport, its chemical stability is poor, giving
rise to filter effect, that is, a layer of inactive dye—Zn>* insoluble complexes.

6.2 WO;

Tungsten trioxide, WOs3, is a small band gap (E, = 2.7 e€V) n-type semiconductor
that exhibits interesting optical, electrical, and photocatalytic properties. Some
typical applications of WO3 materials are electrochromic devices, dye-sensitized
solar cells, sensors, field-emission, high-temperature superconductors, and pho-
tocatalysis. The synthesis, properties, and applications of nanostructured WO;
have been recently reviewed (Zheng et al. 2011). A number of phase transitions
have been reported for bulk WO3; with increasing temperature (Locherer et al.
1999; Howard et al. 2002). The crystal structure is monoclinic in space group Pc or
&-WOj5 at temperature below —43 °C. At this temperature, the structure changes to
triclinic in space group P1 or -WQOj3. At 17 °C, a second monoclinic structure in
space group P21/n or y-WO; is observed. Four phase transitions have been
reported during annealing of §-WO; at 330, 740, 800, and 900 °C, assigned to
orthorhombic in space group Pbcn or f-WOj3, monoclinic in space group P21/c,
tetragonal in space group P4/ncc and another tetragonal structure in group space
P4/nmm. All these polymorphs are three-dimensional networks of corner-linked
WOg octahedra, which are considered to adopt different deviations from the ideal
ReOj; cubic structure. At room temperature, it is generally recognized that the most
stable structure is monoclinic y-WQOj3;. However, it has been reported that the
transition temperature between triclinic 6-WO5; and monoclinic y-WO; could be
higher than 17 °C and thus explain that monoclinic y-WO; changes slowly with
time to 0-WO; at room temperature (Woodward et al. 1995). Furthermore, another
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stable form is hexagonal structure #-WO; originated during the slow dehydration
of WO5-H,0 (Khyzhun et al. 2001). Besides, there exist several hydrated oxides
and stable substequiometric oxides that may play an important role in the pho-
tocatalytic performance of this material as explained below.

The methods for the preparation of WO5; materials can be classified in vapor
and liquid phases (Zheng et al. 2011). Vapor phase methods are best used for
preparing films. Some examples are sputtering, thermal evaporation deposition and
other physical vapor deposition methods. Liquid phase methods render a better
control of the morphology when powder WO; is required. These methods are
mainly sol-gel processes, templates, hydrothermal, and solvothermal. WO;
photoanodes are typically prepared by anodization of W substrates in a variety of
corrosive media and at controlled range of voltage.

WO; is a visible light-responsive photocatalyst that absorbs light up to ca.
480 nm. Its band gap depends mainly on the crystallinity of the sample and lies in
a range between 2.36 and 3.2 eV, respectively, for highly crystalline and amor-
phous samples (Kim et al. 2010; Zhang et al. 2011). The electron configuration of
W(VD) is [Xe]df'* 5d° 6 s°. The bottom of the conduction band is formed by W
5d orbitals, and the top of the valence band is formed by O 2p orbitals. The upper
edge position of the valence band on the vacuum energy scale lies 1.74 eV below
the H,O/O, oxidation potential at standard conditions, indicating favorable ener-
getics for the water oxidation reaction. The position of the lower edge of the
conduction band is estimated to lie between 0.31 eV above and 0.08 eV below the
H*/H, reduction potential (Weinhardt et al. 2008). This implies that WO5 will
present strong oxidizing holes but weak reducing electrons under irradiation.

WO; was first used in 1976 for the photoelectrolysis of water (Butler et al.
1976; Hodes et al. 1976; Butler 1977). Oxygen evolution on WO; electrodes
occurs at 2 V versus NHE in the dark, and under visible light illumination, the
reaction takes place with a bias of just 1 V versus NHE (Wang et al. 2000). Water
photoelectrolysis yields between 70 and 90 % in 1 M H,SO, under potential bias
of 1.2 V versus NHE have been reported (Cristino et al. 2011). Nanostructured
WOj; photoanodes have also been used for the degradation of a variety of organic
effluents with a 0.8—1 V bias (Santato et al. 2001a).

Photocatalytic water splitting in the presence of WO3 powder have also been
reported, although it requires a redox couple such as Fe**/Fe”* to assist on the
hydrogen evolution (Sayama et al. 1997; Bamwenda et al. 1999). Best results are
obtained with WO5; with monoclinic structure annealed at high temperatures
(>500 °C) (Bamwenda and Arakawa 2001).

The position of the conduction band of WO; is too positive to allow oxygen
reduction, which renders the photocatalytic degradation of organic pollutants
difficult without an external bias. Nevertheless, it absorbs a higher fraction of light
than TiO,, and it is stable at moderate and highly acidic media. Pelizzetti et al.
(1988) studied the photocatalytic degradation of polychlorinated dioxins and
polychlorinated biphenyls in aqueous suspensions under Xe lamp irradiation and
found the following activity order: TiO, > WOj3; > ZnO. During the photocata-
Iytic reduction of nitrobenzene in the presence of cyclohexene, WO; showed a
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different product distribution, maximizing C¢HsN(O) = NCgHs, in contrast to
TiO, and CdS which maximized CsHsN = NC¢Hs and CgHsNH,, respectively
(Maldotti et al. 2000). Hepel studied the photoelectrochemical mineralization of
diazo compounds using nanocrystalline WOj; electrodes (Hepel and Luo 2001).

The photocatalytic reduction of aqueous Cr(VI) was conducted by Khalil et al.
(1998) over TiO,, ZnO, and WOj3. The obtained order of activity in the same
experimental conditions was TiO, (Degussa P25) > ZnO > WO;. WO; has been
used for simultaneous photocatalytic reduction of Cr(VI) and oxidation of the
methylene blue dye in aqueous solutions (Watcharenwong et al. 2008).

Differences in crystalline structure and morphology may cause a great change
in the photocatalytic reactivity of WO; films. Santato et al. (2001b) demonstrated
that nanostructured films presented much higher incident photon-to-current con-
version efficiencies (IPCE) during methanol photoelectrooxidation compared to
bulk WO; due to an improvement of the charge separation in nanocrystalline WO;
electrodes. Furthermore, the photocurrent efficiency for those wavelengths close to
the band edge can be increased simply by adapting the thickness of the semi-
conductor film. IPCE is higher for porous materials compared to dense electrodes.
Furthermore, annealing at 500 °C enhances the activity and changes the band gap
from 3.2 eV (amorphous) to 2.6 eV (monoclinic) (Berger et al. 2006). Kominami
et al. (2001), (2003) studied the preparation of WO; by solvothermal methods and
found that 300 °C and short treatment times rendered WO;5 active powders for
water splitting assisted by the Ag*/Ag couple. Lower temperatures gave inactive
orthorhombic WOs3-0.33 H,O, while higher temperatures or times resulted in
coagulation of particles which resulted in higher electron—hole recombination and
efficiency lost. Wang et al. (1998), (2002) studied the photodegradation of RhB
over WO; films prepared by radio frequency magnetron sputtering at temperatures
between 0 and 150 °C, exhibiting amorphous and polycrystalline monoclinic
structures, respectively. The films deposited at higher temperatures were found to
present a better efficiency, as a consequence of improved crystallinity and a
decreased number of oxygen vacancies. Guo reported that porous WOj; electrodes
prepared by a certain electrochemical procedure exhibiting (002) planes prefer-
entially showed much higher activity than film WO; or even TiO, nanotube arrays
in the pentachlorophenol degradation in aqueous solution under Xe lamp illumi-
nation (Guo et al. 2007). Baeck prepared lamellar WOj5 films by electrodeposition
using sodium dodecyl sulfate as templating agent, which showed higher photo-
catalytic activity compared to non-porous WO;5 (Baeck et al. 2003).

Hierarchical structures result in improved activities and efficiencies. Chen and
Ye (2008) prepared several hollow WOj shells through a template method and
reported a higher activity for RhB and 2-propanol degradation under Xe lamp
illumination compared to powder WO3. Yu and Qi (2009) reported a relevant
increase in RhB degradation activity under UV light by flower-like structures
prepared by a hydrothermal method and explained the results by the combination
of high specific surface area, bimodal macro/mesoporous structures and the
simultaneous presence of h-WQOj3 and orthorhombic WO3-0.33 H,O crystal phases.
Li et al. (2010) reported an enhanced activity for the degradation of methylene
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Table 6.1 Morphology, crystal phase, specific surface area, and band gap of the products syn-
thesized by the solvothermal reactions at 200 °C with different solvents [reproduced with per-
mission from (Liu et al. 2011a) Copyright Elsevier]

Solvent Morphology Crystal phase Specific Band
surface area  gap
(m*/g) (V)
Ethanol Urchin like nanowire spheres ~Amorphous with slight ~ 128.75 2.76
tendency of
crystallization
1-Propanol  Spindle shapes nanowire Amorphous with slight 81.42 2.95
bundles tendency of
crystallization
42.9 vol %  Composite morphology with  Composite crystals with 3.13 243
water— micrometer-sized plates WO5(H>0)9 333 and
ethanol and rods WO,
85.7 vol %  Accumulation of microrods WO, 5.72 2.43
water—
ethanol

blue under visible light irradiation of well-ordered mesoporous WO; architecture
prepared by a sol-gel process in the presence of a structure-directing agent
compared to reference powder particles. The results of Liu et al. (2011a) are in
accordance with that conclusion. Liu et al. prepared WO;3 with different mor-
phologies and crystal phases by solvothermal reaction, adjusting the solvent
composition and treatment time (Table 6.1). The activity for the NO photooxi-
dation was studied under irradiation of these materials with different wavelengths
(Fig. 6.4). Although all samples were less active than TiO, P25, the highest
activity among W-based materials was observed for plate-like particles with
preferential (002) facets and the same monoclinic WO;5; and orthorhombic

Fig. 6.4 NO destruction
activity of WOj3 synthesized
by solvothermal reaction at
200 °C for 12 h with

a ethanol, b 1-propanol,

¢ 42.9 vol. % water—ethanol
mixed solution, and d 85.7
vol. % water—ethanol mixed
solution [reproduced with
permission from (Liu et al.
2011a) Copyright Elsevier]
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WO05-0.33 H,O heterojunction. Substoichiometric oxides, WO5_,, containing up
to 5 % oxygen vacancies are stable phases at most photocatalytic reaction con-
ditions. Nevertheless, oxygen vacancies are detrimental for photocatalysis (Cross
et al. 2003).

Corrosion of WOj3 in aqueous solutions has been reported in the whole range of
pH. The Pourbaix diagram of W shows that the thermodynamic stability region of
WOs3 lies at pH < 4 (Lillard et al. 1998; Anik and Cansizoglu 2006). Powder WO3
and hydrated WO;5-xH,O present pHpzc values close to 1.5 and 2.5. No reports on
corrosion or photocorrosion have been published for WO; materials used as
photocatalysts in aqueous solutions. On the other hand, when WOj; is used as
photoanode, it has been reported to produce accumulation of peroxo species,
leading to a gradual dissolution and structural disintegration (Seabold and Choi
2011). Some solutions proposed to increase the long-term stability of WO;
photoanodes are heterojunctions with an oxygen evolution catalyst (Seabold and
Choi 2011), adding an oxo-bridged Mn, catalyst (Liu et al. 2011b) or substoi-
chiometric WO;_, (Wang et al. 2012).

Under visible light irradiation WO5 has higher activity compared to TiO, on the
photoelectrochemical degradation of azo dye pollutants, such as Remazol Black B,
due to the lower valence band edge energy compared (Hepel and Hazelton 2005).
Sayama reported a higher activity of WO; for the photodegradation of hexane and
other VOCs (Sayama et al. 2010a) and antibacterial improved activity (Sayama
et al. 2010b) compared to nitrogen-doped TiO, under visible light irradiation.
Under UV light irradiation, the activity of WOj; is typically lower than TiO,
photocatalysts. Ivankovic (Ivankovic et al. 2003) used WOj; for carcinoma cells
photokilling with good results although activity was much less than that of Fe-
doped TiO,. This low photoactivity in the degradation of pollutants under UV light
showed generally by WOj; has been attributed to the high recombination rate of the
photoproduced electron/hole pairs and/or to the low rate of electron transfer to O,.
Charge separation in WO; is enhanced with Pt loading (Sclafani et al. 1998; Ho
et al. 2012) or in heterojunctions with BiVO, (Su et al. 2011). Pt/WOj3 exhibits
better photocatalytic performance than TiO, and N-TiO, under UV and visible
light irradiation, respectively (Abe et al. 2008; Zhao and Miyauchi 2008). Another
problem of WOs3 is the limited rate of electron transfer, which hinders its degra-
dation photoactivity. Since the position of the conduction band is so close to the
reduction potential of H*/H,, electrons are accumulated and the reaction is stop-
ped. Adding an electrochemical couple in the aqueous media improves the
capacity of releasing electrons and, thus, improves the photoactivity. Catalytic
activity of WO; exceeding that of N-TiO, has been reported adding CuCl, (Arai
et al. 2008a) or Fe,(S04)3 (Arai et al. 2008b) under visible light. Another approach
for reducing the electronic accumulation on the surface of WOj; particles is doping
with multi-walled carbon nanotubes to improve electronic transfer and enhance
WOj; photocatalytic performance (Wang et al. 2008; Tian et al. 2012).

Recent applications exploit the storage ability of WO; as an electron pool for
metal protection and bactericidal activity in the dark. Tatsuma et al. (2001)
recently designed a TiO,—WO; photoelectrochemical anticorrosion system with
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Fig. 6.5 a Mechanism of reductive energy storage of TiO,~WO;5 combined system. b Proposed
models of electron and ion transfer in the charging and self-discharging processes of the TiO,—
WOj3; composite film in humid air [reproduced with permission from (Tatsuma et al. 2002)
Copyright American Chemical Society]

energy storage ability on the basis of the reductive energy generated by TiO, under
UV irradiation and using the WO; as an electron pool. This concept was extended
to photocatalysis in gas phase (Tatsuma et al. 2002). Figure 6.5 illustrates the
mechanism of reductive energy storage and the proposed models of electron and
ion transfer. In the dark, the reduced WOj; is slowly oxidized by oxygen, which
leads to the generation of H,0,, expecting some bactericidal effect. When the
system is combined with Ni(OH),, it also exhibits oxidative energy storage abil-
ities. It is claimed that a 5 x 5 x 3 m room with ceiling and walls fully covered
by a Pt-WO3/Ni(OH), bilayer film could remove up to 5.7 x 10? pmol, that is,
0.18 ppm of formaldehyde in the dark, after 10 h of fluorescent light irradiation
(Yang et al. 2011).

6.3 Other Photocatalytically Active Oxides

The research on the photocatalytic properties of metal oxide semiconductors is
based on the band gap/irradiation wavelengths, adsorption of species and, espe-
cially in aqueous media, stability and pHpzc. Table 6.2 contains the energy levels
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Table 6.2 Band gaps and energy levels of calculated conduction band (Ecg) and valence band
(Eyp) with respect to absolute vacuum scale and measured or estimated pHpzc for semicon-
ducting metal oxides and electron configuration of the metals in its fundamental state [adapted
with permission of (Xu and Schoonen 2000) Copyright Mineralogical Society of America]

Metal oxide E, (eV) Ecg (eV) Evyg (eV) PHpzc Electron configuration of M°

Zr0, 5.00 —3.41 —8.41 6.70 [Kr]4d? 552
Ga,0; 4.80 —2.95 -7.75 8.47 [Ar]3d"® 4s% 4p'
Ta,Os5 4.00 —4.33 —8.33 2.90 [Xelaf'* 5d" 6% 6p!
NiO 3.50 —4.00 —-7.50 10.30 [Ar]3d® 4s®
SnO, 3.50 —4.50 —8.00 430 [Kr]4d'® 5% 5p>
Nb,Os 3.40 —3.40 —6.80 6.06 [Kr]4d* 5s!

TiO, 3.20 —4.21 —7.41 5.80 [Ar]3d? 4s®

ZnO 3.20 —4.19 —7.39 8.80 [Ar]3d'%4s?
CeO, 2.94 -59 —8.7 6.80 [Xel4f! 5d" 62
In,0; 2.80 —3.88 —6.68 8.64 [Kr]4d'” 5s% 5p'
WO, 2.70 —5.24 —7.94 0.43 [Xel4f' 5d* 6 2
FeO 2.40 —4.33 —6.73 8.00 [Ar]3d® 4s®
Fe,04 2.20 —4.78 —6.98 8.60 [Ar]3d® 4s®
Cu,O 2.20 —4.22 —6.42 8.53 [Ar]3d'° 4s'
CuO 1.70 —4.96 —6.66 9.50 [Ar]3d'© 4s!
Fe;0, 0.10 —5.73 —5.83 6.50 [Ar]3d® 4s®

of the Eyp and the Ecg, the point of zero charge pHpzc, and the electron con-
figuration of the metal in its fundamental state of the metal oxides which present
certain photocatalytic activity ordered by its band gap. Xu and Schoonen (2000)
reviewed the schematics of the absolute energy positions of conduction and
valence bands of metal oxides classifying them into three groups according to the
degree of electronic occupation of the metal d orbital in the oxide.

In low d electron occupancy metal oxides, such as TiO,, ZrO,, and WO3;, the
top of the valence band is formed by oxygen 2p orbitals, and the conduction band
edge is generally formed by metal d orbitals. The energy level of the conduction
band edges is typically close to the reduction potential of water (—4.5 eV, H'/H,),
while valence band edges are situated at energy levels much lower than the oxi-
dation potential of water (—6.5 eV, O,/H,O couple). Hence, electrons in the
conduction band and holes in the valence band of low d electron occupancy
transition metal oxides are highly reducing and oxidizing agents, respectively.
Usually, these metal oxides present large band gaps, that is, absorbing in the UV
region. High d electron occupancy transition metal oxides (Fe,O3;, MnO,) present
the metal d states forming part of both valence and conduction band edges, and the
valence band consists of hybridizations of d metal orbitals with O 2p orbital (Hu
et al. 2010). As a result, the band structures become complicated. The hybrid-
ization results in an increase in the valence band level, smaller band gap energy
sufficient to absorb visible light, ca. 2.5 eV, and less oxidant holes. In non-tran-
sition metal oxides, such as ZnO, PbO, CdO, or SnO,, the conduction band is
primarily formed by metal s and p orbitals, whereas the top of the valence band is
derived primarily from oxygen 2p orbitals.
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Regarding photocatalytic activity, only a few works have dealt with the
screening of several metal oxides. An early work of Pichat et al. (1979) dealt with
the photocatalytic activity of different metal oxides in the oxidation of propylene at
50 °C under UV irradiation. Total oxidation to CO, and water predominated for
CeO, and TiO, and, to a lesser extent, for ZrO, and ZnO. Partial oxidation
products, that is, ethanal, acrolein, acetone, propene oxide, and traces of propanal,
were obtained with SnO,, WO3 and a Sn—O-Sb mixed oxide, and almost solely
over Sb,0O,4. Only V,05 was found photoinactive. This study suggested that some
of these metal oxides which do not lead to full mineralization might be interesting
in the field of photocatalytic synthesis, but not for decontamination. Pichat (1994)
also studied the photocatalytic activities of metal oxides in aqueous media under
UV irradiation for the oxidation of alcohols, aromatic compounds, sulfides,
amines, saturated and unsaturated alicyclic hydrocarbons, and alkanes under UV
irradiation. Only ZnO, SnO,, ZrO,, MoO;, WO3;, and TiO, were found active
(anatase the highest). On the contrary, Fe;O3 and V,05 were found unsuitable for
photocatalysis in aqueous media due to photocorrosion. Miyauchi et al. (2002)
studied the activities of thin films of several oxides for the degradation of MB
adsorbed on their surface from aqueous solutions. TiO,, SnO,, ZnO, WOj3;, V,0s,
CeO,, CuO, MoOs3, Fe,03, Cr,03, and In,O5 were used for this purpose. Among
them, TiO, and ZnO exhibited a high activity for the oxidation of MB under UV
illumination, while SnO, showed relatively low activity and the rest of oxides
were not active for decomposing the dye molecules. The redox potentials of the
electrons and holes photogenerated in the different materials were invoked to
explain the obtained results. Both the band gap and the position of the valence and
conduction bands showed to be relevant.

Metal oxides may be classified in three groups according to its band gap and
type of irradiation needed. Photocatalytic reactions over oxides with a band gap of
ca. 3 eV, similar to that of TiO,, require UV light irradiation. Under this type of
light, anatase presents usually the highest activities. However, other oxides can
result more suitable for particular applications for reasons other than activity. For
example, Prado et al. (2008) found that although Nb,Os was less efficient than
TiO, and ZnO for the degradation of the indigo carmine dye in aqueous solution,
its reusability was much higher. Separation of TiO, and ZnO by centrifugation was
difficult due to the formation of stable hydrocolloids in the reaction conditions, so
that their reuse was not effective.

Many metal oxides with band gaps below that of anatase present better pho-
tocatalytic activities under visible light or sun light irradiation, due to the higher
absorption fraction in the visible light region of the spectra. This is especially so
for WO3 (E, = 2.70 eV) (see Sect. 6.2) and Bi,O3 (E, = 2.80 eV). Nanocrys-
tallite Bi,O3 synthesized by a simple sonochemical route showed a photoactivity
for methyl orange degradation in water greatly superior to that of microsized
Bi,O3 and P25 (Zhang et al. 2006). Another example is CeO,, an n-type semi-
conductor with a band gap of 2.94 eV. The better performance of CeO, for the
degradation of acid orange 7 under visible light irradiation compared to Degussa
P25 is explained by the narrower band gap of CeO,, which enables a greater
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fraction of light absorption, along with the superior adsorption capacity of this
contaminant on CeO, (Ji et al. 2009). The performance of CeO, in the photo-
degradation of toluene in gas phase is preferred compared to that of P25 for its
selectivity toward more desired oxidation products under UV light (Coronado
et al. 2002). TiO, produced CO, and a measurable quantity of benzaldehyde,
which is an undesirable by-product. Although the photooxidation rate of CeO, was
an order of magnitude lower than that observed in the presence of TiO,, toluene
was completely mineralized, only CO, and traces of benzene were detected,
without significant catalyst deactivation (Herndndez-Alonso et al. 2004).

Finally, metal oxides with a band gap greater than that of TiO, absorb the major
part of far UV. ZrO, (E, = 5.0 eV) nanoparticles prepared through a high current
electrical arc discharge of Zr electrodes in water showed a photocatalytic activity
for the degradation of RhB in aqueous solution under UV irradiation (254 nm)
near two times higher than that of P25 (Ashkarran et al. 2010). NiO (E, = 3.7 eV)
nanoparticles synthesized by a sol-gel method (Hayat et al. 2011) demonstrated
better photocatalytic efficiency than TiO, for the degradation of phenol in water
solution at 266 nm. The degradation rate was increased significantly by increasing
the initial pH of the solution. Ga,O3 (E, = 4.8 eV) is a wide band gap semi-
conductor that can be photoexcited only by UVC irradiation (4 < 260 nm). The
position of its conduction band is much higher than that of TiO,, so that Ga,O5 has
been reported to act as a photocatalyst for some reductive reactions. Three poly-
morphs of Ga,03; were evaluated for the decomposition of benzene, toluene, and
ethylbenzene in dry air stream under UV illumination (Hou et al. 2007). The
Ga,0; catalysts showed much higher photocatalytic activity than commercial
TiO,. The efficiency of the polymorphs followed the sequence [-Ga,Oz > o-
Ga,03 > y-Ga,03. The superior performance of -Ga,O3 was attributed to its
good crystallinity and distorted geometric structure.
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Chapter 7
The New Promising Semiconductors:
Metallates and Other Mixed Compounds

Fernando Fresno

7.1 UV and Visible Light Absorbing Metallates

A general classification of the elements composing photocatalysts based on their
contribution to the characteristics of the material was made by Kudo and Miseki
(2009): (1) elements which contribute to the formation of both the crystal and the
electronic structures; (2) those contributing only to the crystal structure; (3) elements
used as dopants; and (4) those that can be employed as co-catalysts for certain
applications (Fig. 7.1). Simple oxides frequently used as photocatalysts, such as
TiO,, ZnO and others, described in Chaps. 5 and 6, contain d® and d'° cations (e.g.
Ti*" and Zn*", respectively), and their valence and conduction bands are essentially
formed by oxygen 2p and metal d or sp orbitals, respectively. These electronic
structures lead to band gaps matching in most cases the UV region, which inherently
limits the use of solar light as excitation source for photocatalytic processes.

Many strategies have been followed in order to obtain novel visible light—active
photocatalysts by chemical modification of the classical ones, and many of which
are reviewed in this book (doping in Chaps. 13 and 14, sensitisation in Chaps. 15
and 16). Another approach that immediately arises is to explore new materials that
absorb in the visible region and present adequate photocatalytic activities. Visible
light absorption should be higher in these materials than in doped semiconductors,
due to the inherently low density of the states that induce the absorption of the
latter in this range.

Binary oxides of transition metals with d" configuration absorb visible light, for
example, Fe;O3 (E, ~ 2.0 eV) and Co304 (E; ~ 1.3 eV). However, photogener-
ated charge transport is limited because of the small polaron-dominated conduc-
tivity. Oxides of post-transition metals with occupied s states also present low band
gap energies, for example, PbO (2.1 eV), SnO (2.4 eV) and Bi,O3 (2.5 eV), the
main problem arising from unfavourable indirect band gaps. Therefore, to overcome
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Fig. 7.1 Elements constructing heterogeneous photocatalysts. Reproduced with permission from
Kudo and Miseki (2009). Copyright Royal Society of Chemistry

the intrinsic limitations of binary metal oxides for visible light photocatalytic
applications with pristine (non-doped) materials, it is becoming increasingly clear
that it is necessary to combine multiple cations (Walsh et al. 2009).

If one looks at the positions of the valence and conduction bands in typical
oxide semiconductors (see Chap. 2), it appears that the energy of the conduction
band minimum is a little higher (the reduction potential is a little more negative)
than those required for both pollutant degradation and water splitting, while the top
of the valence band is generally well below in energy (more positive reduction
potential) the required positions for the oxidation processes. Therefore, in order to
obtain a narrower band gap while maintaining favourable chemical potentials of
the photogenerated charge carriers, it is thermodynamically more convenient to
increase the valence band energy rather than to decrease that of the conduction
band. The formation of mixed oxides (metallates) with those cations classified
above as group (1), such as alkali and alkaline earth metals or some lanthanides,
generally results in a material with a band gap similar to that of the parent oxide
(e.g. TiO, vs. SrTiO;3 or Ta,O5 vs. KTaO3), also lying in the UV region. On the
other hand, cations with filled or partially filled orbitals in their outer shell, such as
6s in Pb** and Bi**, 5s in Sn** or 4d in Ag*, may form valence bands above the
level of O 2p orbitals by hybridisation with them, giving rise to narrower band
gaps. This kind of visible light-active metallates is receiving much attention
nowadays, especially for the water splitting reaction but also for environmental
applications. Regarding the latter, many tests are currently carried out under vis-
ible light using dyes as probe molecules (Herrmann 2010). It is worth mentioning
here that, when working under visible light, and depending on the employed dye
and the irradiation wavelength, a photosensitised (see Chap. 16) rather than a
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photocatalytic process may be occurring, as demonstrated by Fu and co-workers in
their work with Bi,WOg (Fu et al. 2005). Therefore, it is generally advisable to use
non-visible light—absorbing target molecules to evaluate photocatalysts under
visible light irradiation in order to ensure that a photocatalytic reaction is taking
place. Considering only water splitting studies, more than 110 (and growing)
different structures have been tested up to now (Kudo and Miseki 2009; Osterloh
2008). In this chapter, specific examples of both UV- and visible light—absorbing
metallates and their photocatalytic activities for different reactions will be
described, not trying to be exhaustive though, but remarking only the most relevant
photocatalysts to the best of the authors’ knowledge. At the end of the chapter, a
mention to a new type of photocatalysts, bismuth oxyhalides, that is currently
attracting a good deal of attention, is included.

7.2 Titanates

Among the large number of titanium-based metallates that have been explored as
photocatalysts, SrTiO3 was the first one in time and is probably the most widely
known and studied. Actually, it is considered as one of the “classical” photocata-
lysts. SrTiO;5 crystallises in the simple perovskite structure (space group Pm3m),
with the cubic unit cell formed by a titanium atom in the centre of the cube and
oxygen and strontium in the centre of the faces and in the vertices, respectively, with
Z = 1. It has an indirect band gap of 3.25 eV, as determined experimentally by
spectroscopic ellipsometry, and therefore, it is a UV-active photocatalyst. Similarly
to what is found in TiO,, the top of the valence band is formed by O 2p orbitals, while
Ti 3d orbitals give the main contribution to the bottom of the conduction band. Sr 5s
orbitals contribute to the conduction band at much higher energies. Theoretical
calculations reveal Mulliken net charges for Ti and O quite different from the formal
jonic charges B** and O*~ in ABO; perovskites, illustrating the marked covalent
character of the Ti—O bonds. In contrast, there is practically no bonding of O with Sr,
which charge remains close to the formal +2 (Piskunov et al. 2004). It has been
reported to that the surface of SrTiOj; is composed of titanium and oxygen, with no
Sr** ions exposed (Miyauchi et al. 2000).

Strontium titanate has been historically explored as a photocatalyst mostly for
the water decomposition reaction, with or without sacrificial reagents. Soon after
the publication of the celebrated paper by Fujishima and Honda (1972), the
activity of SrTiO; was first reported by Wrighton et al. who showed that a SrTiO5/
Pt/H,O photoelectrolytic cell worked with no bias and with a 25 % efficiency with
respect to UV photons (Wrighton et al. 1976), unlike Fujishima’s rutile-based
photoelectrochemical cell, which required an electrical or chemical bias. The
reason for this success is that in SrTiO3, unlike rutile (but similarly to anatase), the
positions of the valence and conduction bands exceed the necessary potentials for
oxygen and hydrogen evolution, respectively. Indeed, SrTiO; splits water vapour
stoichiometrically under UV irradiation when loaded with NiO as co-catalyst, with
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no detection of the reverse reaction that occurs with Pt (Domen et al. 1980). This
catalytic system is usually pre-treated in hydrogen then in oxygen to form a NiO/
Ni double layer that is invoked to be convenient for electron migration from the
photocatalyst to the co-catalyst (Kudo and Miseki 2009). The efficiency of other
co-catalysts that have been explored for stoichiometric splitting of pure liquid
water follows the order Rh > Ru > Re > Pt > Ir > Pd > Os > Co (Osterloh
2008). In the liquid phase, the activity of NiO/StTiO; for water splitting can be
considerably increased if the reaction is performed using a concentrated NaOH
solution. Some dopants have also been reported to increase the activity of stron-
tium titanate, being the effect of La, Ga and Na remarkable (Chen et al. 2010), or
to extend its light absorption into the visible range, being worth mentioning the
results attained with chromium and antimony co-doping, with Pt as co-catalyst, for
sacrificial H, evolution under visible light. Structural and electronic character-
isation of the co-doped photocatalyst reveals, as depicted in Fig. 7.2, that Cr
doping creates a discrete level in the band gap that under visible irradiation is able
to oxidise sacrificial molecules, but not water (Kato and Kudo 2002). As a con-
sequence, this system is not able to evolve O,, and therefore, it cannot be used to
produce H, without a sacrificial reagent. However, it can be used to split water
under visible light in a Z-scheme system (see Chap. 4), as it has been demonstrated
with the similar Cr—Ta co-doped SrTiOj using Pt/'WO5; and Pt/(Cr-Ta)SrTiO; as
oxidation and reduction photocatalysts, respectively, and 1" /105~ as a redox
mediator couple (Sayama et al. 2001). The role of the co-dopant in these materials
is to keep the charge balance.

The activity of SrTiO; for water splitting is rather low if compared to other
more recently tested titanates, especially those with a structure formed by “titania”
layers and different interlayers. Layered titanates belonging to different compo-
sition series have been studied for the water decomposition reaction, obtaining
good results under UV radiation with NiO as co-catalyst (Osterloh 2008).
La,Ti,O7 is a m = 4 member of the (110) layered perovskite series A;,,BX3mi2-
It is formed by four TiOg-unit-thick slabs separated by layers of La** ions and
shows a band gap of 3.8 eV. Under UV irradiation, the material splits water
stoichiometrically with a quantum efficiency of 12 %. This value can be increased
up to 50 % by doping with BaO and using a NaOH solution instead of pure water.
In the same series with m = 5, LayCaTisO;;, with the same band gap, reaches a
20 % quantum efficiency. The Dion—Jacobson (100) layered perovskite La,Ti;Oq
splits water at significantly lower rates. Sr;Ti,O is a (110) layered perovskite in
the Ruddlesden—Popper series also absorbing in the UV region (E; = 3.2 V). On
its own, it is only able to reduce water to form H,, but when loaded with NiO, it
splits H,O stoichiometrically.

Another class of titanate structure studied for water splitting is constituted of
TiO¢ units forming tunnels occupied by alkali or alkaline earth cations. In the
barium titanate series BaTi4Og, BasTi;3030, Ba;TigOyg, BagTi;7040, only the first
one is able to produce H, and O, from water under UV, after modification with
RuO,. With the same co-catalyst, all the alkaline titanates M,;TigO;3, with M: Na,
K, Rb, are able to stoichiometrically split water under UV irradiation, with the
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Fig. 7.2 a Diffuse reflectance UV—-vis spectra of (i) undoped SrTiO; and (ii) SrTiO; co-doped
with Sb(2.5 %)/Cr(2 %). b Photoluminescence spectra of SrTiO3:Sb(5 %)/Cr(2 %): (i) excitation
spectrum monitored at 790 nm and (ii) emission spectrum excited at 350 nm at 77 K, and (iii)
diffuse reflectance spectrum at 300 K. ¢ Schemes of photoluminescence and photocatalytic
reactions on SrTiO3:Sb/Cr. Reproduced with permission from Kato and Kudo (2002). Copyright
American Chemical Society

activity increasing with decreasing cation sizes. The photocatalytic activity of this
type of structures is believed to be related to the distortion of the TiOg octahedra,
which causes dipole moments that help charge separation (Inoue 2009). Indeed,
the trend in activity correlates with the calculated magnitude of the dipole
moment. This theory will be described more in detail in Sect. 7.2.

Attempts to shift the absorption spectrum of these structures into the visible
region have been carried out using different strategies (Osterloh 2008). Doping Cr
or Fe into La,Ti,O; does not increase its H, production activity under UV irra-
diation, but allows H, evolution from aqueous methanol under visible light. As
introduced in the previous section about the construction of photocatalyst mate-
rials, substitution of Pb>* for the alkaline earth cations produces a red shift in the
band gap, from 3.2 eV in SrTiO3 or Sr3Ti,05 to 2.98 in PbTiO5 and from 3.36 in
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CaBisTi4O,5 to 3.02 in PbBi4Ti4O;5. However, still wide band gaps, narrowly
matching the visible region, are obtained, and thus small activities are found under
visible light irradiation. In another approach, sulphur doping of Sm,Ti,O; pro-
duces Sm,Ti,S,0s, which belongs to the Ruddlesden—Popper layered perovskites
and has a band gap of 2.0 eV. Under visible light, the sulphur-containing material,
loaded with Pt or IrO,, is able to produce H, or O,, respectively, using sacrificial
reagents, but not to split pure water.

The application of titanates to other photocatalytic reactions than water splitting
is scarcer, but not negligible. The activity of SrTiO; for the photocatalytic deg-
radation of organic compounds is similar to that of TiO,, as it could be expected
from their similar electronic structures and quantum efficiencies for water splitting.
As illustrative examples, nanocrystalline SrTiO; powders decompose phenol in
water in the presence of strong oxidising agents (H,O, or NaOCl) at similar or
higher rates than TiO, P25, depending on their characteristics (Ahuja 1996). The
higher the annealing temperature, the higher the oxidation rate is, which may be
related to a lower concentration of defects acting as trapping centres, in spite of a
lower surface area. Similarly, SrTiO; thin films degrade adsorbed methylene blue
under UV irradiation in air at a slightly higher rate than anatase TiO, films (Mi-
yauchi et al. 2000). However, photoinduced superhydrophilicity and XPS mea-
surements reveal different surface reactivities in TiO, and SrTiO; (Miyauchi et al.
2000). Together with electron paramagnetic resonance (EPR) experiments carried
out after the usage of SrTiO; samples, the results suggest different reaction
mechanisms governing photocatalytic oxidation (PCO) reactions in these closely
related oxides (Ahuja 1996). Despite the mentioned similar activities, SrTiO3
apparently represents no efficient alternative to TiO, for environmental applica-
tions, considering that it is more expensive and shows the same main disadvantage
than titania, namely being a UV-absorbing semiconductor. In this respect, attempts
to displace the absorbance of this titanate towards the visible region aimed at
pollutant degradation can be added to those already mentioned for the water
splitting process. Thus, anion-doped SrTiO; has been tested for the oxidation of
organic and inorganic pollutants under visible light. Introduction of fluorine or
nitrogen in SrTiOj; results in a red shift of the absorption spectrum, although it is
not clear if the visible light absorption is due to an actual change in the valence
band energy or it is related to the presence of discrete states or defects. Indeed, the
wide absorption tails observed in some cases suggest the effect of this kind of
phenomena. Nevertheless, both F- and N-doped samples have shown a higher
photocatalytic activity than pristine SrTiO; for NO oxidation (Wang et al. 2003,
2004). Sulphur—carbon co-doping has also led to a red shift in both the absorption
spectrum and the photocatalytic response of SrTiOs, as tested for the isopropanol-
to-acetone oxidation reaction (Ohno et al. 2005).

Due to its higher conduction band-edge position with respect to the redox
potential of H,CO3;/CH;OH, strontium titanate can effectively reduce carbon
dioxide dissolved in an aqueous electrolyte (see Chap. 4). Indeed, the illumination
by sunlight of SrTiO; powder, suspended in an aqueous solution through which
CO, is bubbled, produces formic acid, formaldehyde and methanol (Roy et al.
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2010). Other reduction reactions have been reported as well, such as the formation
of NH3 from N, and water with the concomitant production of oxygen, although
with a very low yield, and the reduction of nitrate ions using water as electron
donor (Kudo and Miseki 2009; Hernandez-Alonso et al. 2009).

Little has been reported for pollutant degradation reactions with other titanates
than SrTiOj3. In this respect, bismuth titanates can be regarded as the most illus-
trative example. The layered perovskite BiyTi3O;,, with a structure formed by
alternating triple layers of TiOg4 octahedra and single Bi,O, layers stacked along
the c axis, can photocatalyse the oxidation of methyl orange under UV irradiation
(Yao et al. 2003), although a high catalyst concentration (6.5 g/L) is needed to
attain the maximum degradation rate. In any case, its activity is rather low if
compared to that of TiO,. The photocatalytic activity of the sillenite-type
Bi,,TiO, for the same reaction can be increased by obtaining single-crystalline
one-dimensional structures in hydrothermal conditions similar to those employed
to prepare titania nanotubes (see Chap. 11), which lead to a remarkably higher
methyl orange degradation rate than the bulk material (Hou et al. 2009). Regarding
visible light—active materials, a mesoporous bismuth titanate with unclear phase
composition, but mainly formed by the metastable phase BiyyTiO3,, has been
observed to absorb visible light up to ca. 600 nm (Kong et al. 2008). However, its
activity under visible irradiation is not well assessed, although it appears to slightly
degrade 2,4-dichlorophenol in water.

7.3 Layered Niobates

Although Nb,Os itself (E, = 3.4 eV) was shown some time ago to be inactive for
photocatalytic water splitting under UV irradiation, some modifications of it have
been reported to possess improved photocatalytic properties. Thus, when loaded
with a Pt photocatalyst, it can efficiently produce hydrogen from aqueous solutions
with methanol as electron donor. In turn, if synthesised with a mesoporous
structure, its activity for the same reaction can be increased by a factor of 20 (Chen
et al. 2010). For PCO applications, although it is somewhat active, its activity is
considerably lower than those of TiO, or ZnO (Prado et al. 2008). When highly
dispersed on a silica support, it can be a selective photocatalyst for propylene
oxide production, as already mentioned in Chap. 3. In general, the higher the
dispersion of niobium oxide, the higher the selectivity to propylene oxide, since
this product is considered to form preferentially on isolated NbO, tetrahedra rather
than on oligomeric NbO, clusters. Indeed, lowly dispersed Nb,Os/SiO, leads
mostly to carbonyl products in propylene oxidation (Tanaka et al. 1993). More
information about single-site photocatalysts will be given in Chap. 9. In addition,
bulk Nb,Os has been proposed as a photocatalyst for partial and selective oxi-
dation of organic molecules like alcohols and amines, although, according to the
proposed mechanism, the process appears to be a photosensitised reaction, in
which the substrate absorbs a photon and transfers an electron to the solid, rather
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than a photocatalytic reaction (Furukawa et al. 2011). Indeed, the reaction takes
place even under visible light, in spite of the absence of absorption in this spectral
region by Nb,Os.

A number of niobates show photocatalytic activity, especially for the water
splitting reaction, for which some of them are among the best catalysts to date. Many
of these niobates possess layered structures analogous to those described in the
previous section about titanates, and most of them are white coloured as a conse-
quence of absorbing only in the UV part of the spectrum. The first niobate to be
reported as an active material for photocatalytic water splitting was K4;NbgO;7, by
Domen’s group (Domen et al. 1986). This layered structure is composed of NbgO7
sheets formed by edge- and corner-sharing NbOg octahedra. The sheets are held
together by two different kinds of alternating interlayer spaces, where K* ions are
located. The first interlayer space has a capacity to take up water molecules, but the
second layer is not hydrated under ambient conditions. Its band gap is 3.3 eV.
Without any co-catalyst, K4NbgO;; gives rise to a stable H, evolution from meth-
anol aqueous solutions under UV irradiation at a low rate. The exchange of interlayer
potassium ions with H*, Cr** or Fe®* enhances the photocatalytic activity, with
particularly good results in the case of the H-exchanged catalyst, which achieves
50 % quantum efficiency at 330 nm (Chen et al. 2010). In distilled water, K4NbgO 7
itself exhibits activity for simultaneous generation of H, and O,, although the
amount of evolved O, is ca. 20 % of the stoichiometric ratio. With the addition of
NiO, as co-catalyst, stoichiometric H, and O, amounts are obtained. When an
alkaline hydroxide is added to the Ni(NOs), solution used for impregnation, and the
product is subsequently reduced and calcined, larger NiO clusters are formed and the
overall water splitting yield is enhanced, with a quantum efficiency of 5.3 % at
330 nm. In this catalytic system, it has been suggested that H, evolution occurs in
one of the mentioned interlayers, while O, evolution proceeds in the other one, as
concluded from XRD, XPS, TEM and EXAFS data. Thus, in NiO,/K4;NbgO7, H,
and O, evolution sites would be separated by the photoactive niobate sheet, as
depicted in Fig. 7.3 (Kudo and Miseki 2009).

With the same layered structure as K4NbgO; and equal band gap, Rby;NbgO,,
also shows a high activity for pure water splitting when loaded with NiO as co-
catalyst, although the evolution rates are less stable over time. At the initial stage

Interlayer |
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Fig. 7.3 Schematic structure of the NiO4(0.1wt %)-K4NbsO;; photocatalyst and the reaction
mechanism of H,O decomposition into H, and O,. Reproduced with permission from Kudo et al.
(1988). Copyright Elsevier
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of the reaction, it gives a quantum efficiency of 10 % at 330 nm, (Chen et al.
2010). Since water splitting is found to occur in the interlayer, the higher activity
of the rubidium than the potassium compound is attributed to the larger interlayer
spaces in the former, considering the higher radius of Rb*. On the other hand, since
the oxidation of the ultrafine nickel particles formed in the reduction stage after
impregnation is invoked to explain the gradual loss of activity, the larger interlayer
may also lead to the faster observed deactivation. Some other alkaline metal
niobates, such as ANbO; (A: Li, Na, K) and Cs,Nb,Oy, also catalyse overall
water decomposition under UV irradiation after the addition of Pt, RuO, or NiO as
co-catalysts (Chen et al. 2010).

Alkaline earth niobates with Ca, Sr and Ba have also been studied for the water
splitting reaction. Among them, several strontium derivatives, like SrNb,Og,
Sr,Nb,O5 and SrsNb,O,5, have been reported to possess activity for pure water
decomposition (Chen et al. 2010), being Sr,Nb,O; (E, = 3.9 eV) particularly
interesting. It belongs to the Ruddlesen—Popper layered perovskite series and, with
NiO as co-catalyst, gives a quantum efficiency of 23 % at 300 nm in the overall
water splitting reaction, while only H, is produced in the absence of co-catalyst.
This efficiency has been increased up to 32 % using a hydrothermal synthetic
method that results in one-dimensional nanostructures with high surface area (see
Chap. 11). In turn, Ca,Nb,O; (E,; = 4.3 eV) gives a photonic efficiency of 7 % at
A < 288 nm after NiO loading.

Some mixed metal niobates in the Dion—Jacobson layered perovskite series,
with general formula AB,_Nb,O3,,; (A: K, Rb, Cs; B: Ca, Sr, Na, Pb; n: 2-4)
have shown a remarkable activity for H, production using methanol as a sacrificial
molecule (Hernandez-Alonso et al. 2009). These materials comprise perovskite
layers of NbOg corner-sharing octahedra, with B cations placed in the centre of the
cube delimited by 8 of these niobium polyhedra. Cations A are sandwiched
between these slabs to compensate the charge and are rather mobile. Indeed,
interchange of the alkaline cations in the A positions by protons has been used to
boost H, generation under UV irradiation. For instance, HCa,Nb;O;y modified
with Pt produces as much as 19 mmol h™' g~! (which is more than 40 times larger
than the rate obtained with Pt/TiO,), while the alkaline derivatives give only small
amounts of H,. Enhancement of photoactivity upon protonation of these layered
perovskites has been related to the widening of the interlayer gap, which favours
the interaction with methanol. Longer-chain alcohols like ethanol and propanol,
however, cannot enter this space, and consequently, hydrogen production dimin-
ishes. Further enlargement of the space between slabs of Pt/HCa,Nb;O;( can be
achieved using SiO, pillars, and accordingly, a remarkable increment in the H,
production rate can be obtained, even with larger alcohol molecules than metha-
nol. On the other hand, the photoactivity of KCa,Nb3;O;y can be significantly
improved (up to 10 times) if the surface area is increased by alternating acid and
alkaline treatments, which results in a restacking of perovskite sheets. In these
catalysts, the co-catalyst can be intercalated in the interlayer spaces, which
enhances the activity with respect to the system with a surface-loaded co-catalyst
(Osterloh 2008). Other niobates able to produce H, and/or O, from water under
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UV light include Zn and Bi derivatives. For example, NiO-loaded ZnNb,Og¢, with
the columbite layered structure and a 4.0 eV band gap, produces both gases from
pure water, although with lower rates than other previously mentioned layered
niobates. The niobates MBi,NbO; (M: Al, Ga, In), with pyrochlore structure,
produce H, or O, in the presence of sacrificial molecules. In contrast, the iso-
structural M,BiNbO; (M: Ga, In) are able to stoichiometrically split pure water
under UV irradiation. The layered perovskites MBi,Nb,Og (M: Ca, Sr, Ba) yield
hydrogen or oxygen from sacrificial solutions at rates depending on the M cation,
in the order Sr > Ba > Ca (Chen et al. 2010).

Regarding water splitting under visible light, much fewer niobate photocata-
lysts with considerable activity have been reported. Connecting with the already
mentioned materials, doping of the Dion-Jacobson layered perovskite
KosLapsCa; sNbsOjg (B = 3.44 eV) with PbO/Bi,O; forms the phase
Ko.sLag»5Big25Cag 75Pbg 7sNb3Oqg, with a reduced band gap of 3.06 eV. After
loading with Pt nanoparticles, this material gives only traces of H, from aqueous
methanol under visible light irradiation, but medium rates of O, from AgNO;
solutions. The isostructural undoped RbPb,Nb3O¢ (E; = 2.5 V) produces, with
Pt as co-catalyst, only traces of H, from CH3OH solutions under irradiation with
A < 500 nm. However, protonation and internal platinisation enable good H, rates.
In contrast, the Aurivillius-type layered perovskite PbBi,Nb,Oy, with a band gap
of 2.88 eV, produces small rates of H, evolution (PE = 0.95) from aqueous
methanol, but large rates of O, formation from aqueous AgNO; under visible light
after Pt loading (Osterloh 2008). With a foordite structure and a narrow band gap
of 2.3 eV, SnNb,O¢ shows activity for both H, and O, evolution in sacrificial
systems when suitable co-catalysts are employed. For instance, IrO,/SnNb,Og
shows relatively high activity for O, evolution from aqueous AgNO;. However,
the stoichiometric water splitting over this photocatalyst has not been successful
yet (Kudo and Miseki 2009). InNbO4 (E, = 2.5 eV), one of the first visible light—
active water splitting photocatalysts reported in the literature, is active under both
for H, evolution from aqueous CH;OH and for O, evolution from aqueous
AgNO;. The spectral response of this material in the water reduction reaction is in
good agreement with its absorption spectrum, and the same can be stated for the
corresponding V and Ta derivatives, as depicted in Fig. 7.4 (Zou and Arakawa
2003). The band gap of AgNbOj3, with a perovskite structure, is 2.8 eV, 0.6 eV
smaller than that of NaNbOs. This difference results from the contribution of Ag-
filled 4d orbitals to the formation of the valence band by hybridisation with O 2p
orbitals, as demonstrated by DFT calculations. Consequently, Ag is able to evolve
H, or O, from water in the presence of sacrificial reagents (Kato et al. 2002).

Photocatalytic degradation of organic pollutants in water and air over niobate
catalysts has been studied to a much lesser extent than the water splitting appli-
cation, with only a few reports in the literature. Most of them use dyes as model
pollutants, both under UV and visible light, and do not obtain remarkable results in
terms of photocatalytic activity, especially if compared to that of TiO, (Roof et al.
2008). In the classical model reaction of gas phase isopropanol-to-acetone pho-
tocatalytic oxidation, lead niobates show interesting activities under visible light
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Fig. 7.4 Left UV-visible diffuse reflectance spectra of InVOy, InNbOy, InTaO, and TiO,. Right
Spectral response of the platinised materials for H, evolution from CH3OH/H,O solutions.
Reproduced with permission from Zou and Arakawa (2003). Copyright Elsevier

irradiation. This niobates show decreasing band gaps with increasing Pb/Nb molar
ratio, suggesting a higher valence band position due to a higher contribution of Pb
6s orbitals in the hybridisation with O 2p. Thus, E, values decrease in the series:
Nb,Os5 (3.25 eV) > PbsNbsOy3 (2.95) > Pb3Nb,Oy5 (2.72) > PbO (2.65) (Li et al.
2007). The highest acetone evolution under irradiation with 400 < 4 < 520 is
achieved with PbsNb4O,3, with good agreement between photocatalytic response
and absorption spectrum. This activity can be further increased if the catalyst is
obtained via co-precipitation, followed by calcination at a temperature leading to
the best crystallinity—surface area compromise. In turn, the so-obtained photo-
catalyst leads to a much higher isopropanol mineralisation degree than a sample
obtained by the ceramic method. The well-known ferroelectric niobate PMN
(Pbz;MgNb,0Oy), as well as the related non-stoichiometric compound Pb; g3sMgg 29
Nb; 710639, also show photocatalytic activity for the gas phase oxidation of iso-
propanol-to-acetone under visible light (Kako and Ye 2007). Of these two cata-
lysts, the latter shows the highest acetone evolution and isopropanol
mineralisation, although slightly lower than those obtained with Pb;Nb4O3.

7.4 Ta,0s and Tantalates

Under UV irradiation, tantalum oxide itself (E; = 4.0 eV) produces only traces of
H, from pure water, with no O, evolution. However, when loaded with NiO, Pt or
RuO, as co-catalyst, its activity becomes considerable for stoichiometric water
splitting (Osterloh 2008). This activity can be further increased if Ta,Os is syn-
thesised in a mesoporous structure with crystalline walls using silicone scaffolding
(Noda et al. 2008). In this form, and loaded with nickel oxide, Ta,O5 shows one of
the highest activities reported so far in photocatalytic water splitting. This high
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Fig. 7.5 Photocatalytic activities of different Ta,O5 samples loaded with NiO for overall water
splitting under UV irradiation (4 > 200 nm). (a) Crystallised non-porous Ta,Os loaded with
NiOy (1 wt % as NiO). (b) Amorphous mesoporous Ta,Os (3 wt % as NiO), and (c) crystallised
mesoporous Ta,Os (3 wt % as NiO). Reproduced with permission from Noda et al. (2008).
Copyright American Chemical Society

activity is attributed to the efficient transfer of the excited electrons and holes from
the bulk to the surface of the catalyst through the thin-walled crystalline phase
(Fig. 7.5).

Tantalates are, in general, rather efficient photocatalysts for water dissociation.
Alkali tantalates ATaO3 (A: Li, Na, K) form perovskite-like structures with corner-
sharing TaOg octahedra, as depicted in Fig. 7.6. Their energy structure and UV
photocatalytic activity, high in any case, depend largely on the nature of the A
cation. As the interoctahedral Ta—O-Ta angle gets closer to 180°, the delocalisation
of the energy bands (and thus of the excited e "—h" pairs) increases and the band gap
decreases (Wiegel et al. 1994). A higher charge carrier delocalisation is expected to
lead to lower recombination and, thus, higher availability of electron—hole pairs in
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Fig. 7.6 Left Structure and energy characteristics of alkali tantalates. Right Band positions of
alkai tantalate photocatalysts and NiO co-catalyst. Adapted with permission from Kato and Kudo
(2001). Copyright American Chemical Society
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the surface for photocatalytic reactions. On the other hand, the relative position of
the photocatalyst and co-catalyst conduction bands, shown in Fig. 7.6, is essential
for electron transference from the former to the latter to occur (see Chap. 10).
Therefore, the higher photocatalytic activity for water splitting observed in NiO/
NaTaO3 compared to the Li and K derivatives (Kudo and Miseki 2009) can be
ascribed to a compromise situation between suitable band position and increased
e~ —h" delocalisation. Indeed, NaTaOs is a remarkable water splitting photocatalyst,
with 28 % PE at 270 nm when loaded with NiO (Chen et al. 2010). This efficiency
can be increased up to 56 % by 2 % La doping, which is the highest PE reported to
date for a photocatalyst in pure water. The high activity is ascribed to the La dopant
reducing the particle size of the catalyst and causing the formation of nanosteps on
its surface. According to the authors, the grooves in the nanosteps serve as O,
formation sites, while H, evolution occurs on the ultrafine NiO particles at the step
edges (Kato et al. 2003).

The reason why tantalates are generally more active than their niobate coun-
terparts lies on the positions of their respective conduction bands, mainly formed
by Ta 5d orbitals in the former, with higher energy than Nb 4d. A good example of
this is given by the comparison of the Ruddlesen—Popper layered perovskite
Sr,Tay05 to the structurally related Sr,Nb,O- (they differ slightly in the M—O-M
angles connecting the octahedra) described in the previous section. The higher
conduction band of the tantalates further enables the electron transference to the
NiO co-catalyst, and thus, the NiO/Sr,Ta,O; system shows a higher activity for
water decomposition than the niobate compound in the same working conditions
(Kudo and Miseki 2009). Meanwhile, Ca,;Ta05, crystallising in a pyrochlore
structure with a three-dimensional TaOg octahedra network, gives rise to a higher
H, production than the isostructural Ca;Nb,O;.

In the same line as alkaline earth tantalates, both Sr,TaOg and Ba,TaOg are
active for photocatalytic water splitting, the former with a 7 % PE. Among the
three crystalline modifications of the latter (hexagonal with E, = 4.0 eV, tetrag-
onal with 3.8 eV and orthorhombic with 4.1 eV), the orthorhombic one shows the
highest photocatalytic activity because of its larger band gap. Other structures like
the cubic perovskite SrysTa,Og and the (111) layered perovskites MsTa,O;5 (M: Sr,
Ba) catalyse H, and O, evolution from pure water when modified with NiO, with
BasTa 0,5 displaying the highest activity. Regarding the importance of the
crystalline structure, chains of corner-sharing TaOg octahedra seem to be more
efficient that three-dimensional networks, as suggested by the difference in
activities found for La3TaO, when crystallised in both forms. Thus, weberite-type
(chained) La3;TaO; shows much higher activity than the (3D) pyrochlore modifi-
cation in spite of both having the same band gap. Other tantalates of the same
stoichiometry lacking TaOg chains, like Y;TaO,, Yb3;TaO; and Gd;TaO,, give
only traces of H, under the same working conditions (Osterloh 2008).

Mixed metal tantalates A,A'Ta,O; (A: H, K; A’: Sr, Lay3) with a hydrated
perovskite structure have proved to be efficient for overall water splitting even
without a co-catalyst. These catalysts are more active than the anhydrous tantalate
perovskites Li,SrTa,0;, La,;3TaO; and KTaOs. This has been attributed to their
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hydrated layered structure, where the photogenerated charge carriers can be
effectively transferred to the interlayer water. In the presence of a co-catalyst like
NiO, these structures are remarkably active because of the intercalation of small
nickel oxide clusters into the layers via an ion exchange reaction. The effect of a
hydrated layered structure has also been observed in H; g;Srq g;Big 19Ta,05. Ion
exchange reactions have also been used to prepare MLnTa,0O- photocatalysts (M:
Cs, Rb, Na, H; Ln: La, Pr, Nd, Sm) from lanthanide tantalates. Their activity
depends on the nature not only of the lanthanide element, but also of the interlayer
cation, with the highest activity obtained with Ln = Nd and M = Rb. In the pure
lanthanide tantalates LnTaO, (Ln: La, Ce, Pr, Nd, Sm), however, the one with
Ln = La shows the highest water splitting activity (Chen et al. 2010).

As for previously commented metallates, studies on tantalum oxide and tan-
talates for other applications of photocatalysis, such as pollutant degradation, have
been much scarcer. However, considering their band energies, UV-active tanta-
lates are fully applicable to PCO reactions. For example, the already mentioned
NaTaOj; is able to degrade aqueous dyes and gaseous formaldehyde. When pre-
pared in a size-controlled, high surface area modification via soft chemical syn-
thesis, it can be more active than TiO, P25 in both gaseous and liquid media (Li
and Zang 2009). As in the case of water splitting, its activity for PCO can be
further increased if doped with lanthanum (Li and Zang 2011). BasTa 0,5 is also
an active photocatalyst for organics oxidation both in water and in air, in certain
conditions comparable to TiO, P25 too (Xu et al. 2006).

Due to the high energy of the Ta 5d orbitals forming their conduction bands,
only a few visible light-active tantalate photocatalysts have been developed.
Photocatalytic splitting of pure water under visible light was achieved by Arakawa
et al. with In;_,Ni,TaO, obtained from the parent oxides by solid-state synthesis
(Zou et al. 2001). InTaO, forms a wolframite-type structure consisting of zigzag
chains of edge-sharing TaOg octahedra. The Ni** ions replace In** on its sites,
leading to a contraction of the lattice and a band gap reduction from 2.6 eV in the
undoped tantalate to 2.3 in a doped sample with x = 0.1. The band gap change in
Ni-doped compounds can be attributed to internal transitions in a partly filled Ni d
shell, which is supported by the appearance of an absorption band at 420-520 nm,
corresponding to an energy range of about 2.9-2.3 eV. The best one among the
doped catalysts, NiO/IngoNij ;TaOy4, produces H, and O, from water stoichio-
metrically with PE = 0.66 % at A =402 nm with no deactivation. In turn,
undoped NiO/InTaOy is 5 times less active. In a similar way, NiTa,Og leads to the
evolution of small amounts of hydrogen from pure water without any co-catalyst.
The valence band of NiTa,Og is assumed to be formed by O 2p orbitals from two
kinds of octahedra, NiOg and TaOg, and to have an energy level above that of O 2p
levels in simple oxides. The resulting absorption onset is 2.3 eV, and it is believed
that the Ni d—d transition between the 3d t,, and e, levels also plays an important
role in the visible light photoexcitation and photocatalytic activity of this tantalate
(Ye et al. 2003). NiO/InTaO, has also been used for photocatalytic CO, reduction
under visible light with selective production of methanol (Hernandez-Alonso et al.
2009). Regarding PCO applications, bismuth tantalates have been explored as
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visible light—active photocatalysts. For example, BiTaO,, with an experimental
band gap of 2.75 eV (2.3 by DFT), degrades methylene blue in water under visible
light (A > 420 nm) with a rate comparable to that obtained with a nitrogen-doped
titania and with ca. 50 % mineralisation. The wavelength dependence of the
reaction rate fairly matches the absorption spectrum of the photocatalyst (Shi et al.
2010). A more complex mixed tantalate, Ba(In;3Pb;,3Ta;,3)O3, has been reported
to photocatalyse the degradation of 4-chlorophenol in water under irradiation with
A > 420 nm (Hur et al. 2005). The activity under visible light in this case is largely
related to the presence of lead.

7.5 BiVO4 and Other Vanadates

BiVO, exists in four polymorphs: orthorhombic pucherite, tetragonal dreyerite and
monoclinic clinobisvanite, plus a tetragonal scheelite-like phase, reversibly formed
from the latter at 528 K. It occurs naturally as the first one (Bierlein 1975), but is
generally obtained in the laboratory as the next two, being the thermodynamically
stable clinobisvanite phase the one with the best photoelectrochemical behaviour.
This structure (space group C,;,) presents unique crystallographic positions for Bi
and V, and two for oxygen. A primitive cell with two formula units can be
constructed. Bi—-O-V layers stack parallel to the c¢ axis, with the Bi atoms sixfold
coordinated in a distorted octahedron and V atoms at the centre of a distorted
oxygen tetrahedron. The lone-pair distortion typically found in structures with ns’
cations (Bi**: [Xe]4f'*5d'%6 s?) is related to the asymmetry of the bismuth and
vanadium polyhedra in this crystalline phase (Sleight et al. 1979). The band gap of
clinobisvanite BiVQ, is direct, with the valence and conduction bands extrema
away from the centre of the Brillouin zone, where the hybridisation within the Bi—
V-0 layers is increased. The calculated (PBE-DFT) value of 2.16 eV underesti-
mates the experimental results (2.4-2.5 eV) only slightly, in contrast to other
oxides in which the underestimation is larger (Walsh et al. 2009). The top of the
valence band is mainly formed by O 2p orbitals with some contribution of Bi 6s.
Similarly to Bi,O3, calculations suggest the interaction of Bi 6s and O 2p to be
antibonding near the top of the valence band. While an isolated O 2p valence band
is resilient to oxidation, the presence of antibonding anion—cation states is bene-
ficial for hole formation and mobility. In addition, this hybridisation raises the
valence band maximum by 0.4 eV with respect to pure O 2p levels, giving rise to
visible light absorption. The conduction band is dominated by V 3d states, with
significant contributions from O 2p and Bi 6p. Effective masses of about 0.3 m, are
predicted for both electrons and holes, much lighter than the typical values in
metal oxides. This should facilitate efficient photoexcited charge carrier separation
and extraction. Indeed, high photon-to-current efficiencies are obtained under
visible light with BiVO, electrodes (Walsh et al. 2009).

The tetragonal dreyerite phase of BiVO, exhibits a zircon-like structure (space
group I4,/amd) and is most frequently obtained in low-temperature syntheses, while
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high-temperature ones lead to the monoclinic phase. It has a calculated band gap of
2.8 eV (Stoltzfus et al. 2007) versus experimental 2.9 (Kudo et al. 1999), higher than
that of the monoclinic phase as a result of quite different electronic structures. On the
one hand, the conduction band minimum is higher in energy in dreyerite. On the
other hand, the valence band maximum in the monoclinic form is slightly higher,
with a larger contribution of Bi 6s orbitals. This can be related to a stronger Bi 6s—O
2p interaction in a structure with a distorted Bi** environment due to a lone-pair
distortion not existing in the tetragonal form (Stoltzfus et al. 2007). This higher
orbital overlap should also lead to more delocalised photogenerated holes and, thus,
to better charge separation and photocatalytic activity. Indeed, the order of photo-
catalytic activities for O, evolution of different clinobisvanite samples correlates
well with the degree of lone-pair distortion indicated by their Raman spectra (Yu and
Kudo 2006). Accordingly, the activity obtained with the tetragonal phase is much
lower for the same reaction (Kudo et al. 1999) and in the degradation of aqueous
methylene blue under visible light (Zhang et al. 2007a).

The synthesis conditions, including not only the temperature, strongly influence
the crystalline phase of the obtained vanadate. In this respect, either the tetragonal
or the monoclinic phase can be selectively obtained by simple co-precipitation—
hydrothermal processes, starting from aqueous Bi’* and vanadate salts, by
adjusting the reaction temperature (Zhang et al. 2007a). In cation exchange syn-
theses from alkali vanadates, not only post-synthetic calcination temperature (or
absence of treatment), but also the starting material and the V:Bi ratio, exert a
strong influence on the final crystalline form. The monoclinic form can also be
obtained by solid-state synthesis from Bi,O3 and V,0s, but a much lower activity
is observed (Kudo et al. 1999). Therefore, it is important to carefully control the
synthesis conditions if one wishes to obtain the more active clinobisvanite phase
with the adequate characteristics for photocatalytic applications.

As indicated above, monoclinic BiVOy is active for O, evolution from AgNO;
aqueous solutions (Fig. 7.7). In fact, its activity is remarkable if compared to other
photocatalysts (Kudo and Miseki 2009). However, it does not show activity for H,
evolution due to a low conduction band energy. It is active though for the oxi-
dation of organic molecules, and therefore, it has been tested for the degradation of
several aqueous pollutants such as dyes, surfactants and aromatic hydrocarbons
(Herndndez-Alonso et al. 2009). However, its activity for organics degradation
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under simulated sunlight has been found to be similar to that of TiO, unless
oxygen is bubbled in the reaction medium. Under purely visible light, monoclinic
BiVO, is considerably more active than TiO,, which is not surprising taking into
account their respective absorption spectra. However, the activity of BiVO, for
pollutant photocatalytic degradation must be taken cautiously, since most of the
published works use dyes as target molecules, and, when other organics have been
employed, little mineralisation has been obtained (e.g. 0.3 % in 4-nonylphenol
degradation, Herndndez-Alonso et al. 2009). In this sense, chemical modifications
of this vanadate have been tested in order to improve its photocatalytic properties.
Ag-loading seems to increase the mineralisation degree with respect to bare
BiVO,, but still to a low value (1.3 % in the degradation of 4-nonylphenol), and
improved initial rates have been reported with Pd, Pt and Cu oxide loading in the
oxidation of some dyes, but with no mention to mineralisation (Herndndez-Alonso
et al. 2009). Regarding mechanistic aspects, chemiluminescence experiments
using terephthalic acid as a OH radical scavenger (to yield the highly fluorescent
2-hydroxyterephthalic acid) have shown that a little amount of OH radicals is
generated upon irradiation of BiVOy in the presence of water, compared to that
formed with TiO, (Kohtani et al. 2008). This could just come from a low charge
mobility, but the fact that BiVO, shows a relatively high activity for the water
oxidation reaction with sacrificial reagents suggests that different mechanisms are
involved in photocatalytic reactions over this material (and other ones described
later in this chapter), rather than the usually accepted ones intermediated by OH
radicals. Specifically, for oxygen evolution, a mechanism involving the 4-electron
oxidation of the water molecule initiated by direct reaction with photogenerated
holes has been proposed (Kohtani et al. 2008).

Ag* 4d orbitals can also contribute to the formation of the valence band together
with O 2p in mixed oxides, raising the top of the band with respect to O 2p levels and
giving visible light—absorbing solids. Thus, silver vanadates have been explored as
possible photocatalysts (Konta et al. 2003). Among different stoichiometries and
crystalline forms, Agz;VO, has been found the most active for O, evolution from
AgNOj; aqueous solutions. This activity has been related to the higher dispersion of
the valence band. It is not active though for H,O reduction to H,, due to a low
conduction band level, but it shows remarkable activity for the gas phase photo-
catalytic oxidation of isopropanol and benzene. The activity of different silver
vanadates (Ag;VO, and Ag,V,0,; with different morphological characteristics)
seems to correlate with the amount of surface hydroxyl groups (Huang et al. 2009).
The problem of this silver compounds may arise from photocorrosion due to the
reduction of the lattice Ag* ions by conduction band electrons.

Although much less information has been published about it, BiCu,VOg, with a
monoclinic unit cell, has been reported to show better activity for O, evolution
than BiVO, under visible light, both using Ag* and Fe** as electron scavengers
(Liu et al. 2005). However, its activity is worse than that of low-temperature-
synthesised bismuth vanadate, and no reports about other preparation of BiCu,VOg
than solid-state reaction have been published, so that comparison of the activities
of both materials is rather difficult. It presents a narrow band gap of 2.1 eV.
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Current—potential curves suggest the conduction band of the bismuth—copper
vanadate to be 0.2 eV higher in energy than that of BiVQy, although it is still too
low for H, production. Indeed, no H, evolution is observed with NiO-loaded
BiCu,VOg¢ with methanol as hole scavenger. The introduction of Zn instead of Cu
increases the band gap by 0.3 eV and leads to a lower apparent quantum yield for
0, evolution from Fe** aqueous solutions (Liu et al. 2006). Regarding other
complex vanadates, Bi,GaVO; and Bi,YVOg, with tetragonal structures, initiate
both H; and O, evolution from pure water only under UV irradiation, in spite of
the fact that both show intense absorption in the visible region (Chen et al. 2010).

7.6 d'%%d° Tungstates and Molybdates

Bi,WOg is known for its electrical properties, such as ferroelectric piezoelectricity,
pyroelectricity and nonlinear dielectric susceptibility, and its catalytic activity for
the oxidation and ammoxidation of olefins and for CO oxidation. More recently, it
has been proposed as a native visible light—active photocatalyst, being firstly
reported by Kudo and co-worker to be active for the evolution of O, from AgNO;
solutions (Kudo and Hijii 1999). Later, it was also found active for the miner-
alisation of CHCIl; and CH3;CHO under visible light irradiation (Tang et al. 2004a).
In the recent years, it has been subject of many studies as a promising visible light—
driven photocatalyst.

Bi,WOg is a member of the family of Aurivillius phases, Bi,O,-A,,_1B,03,_;.
It occurs naturally as the rare mineral Russellite, first discovered in tungsten
concentrates in 1934 and described as a new species in 1938 (Hey and Bannister
1938). Russellite crystallises in the orthorhombic system (Pca2,), and its structure
can be described as alternating layers of perovskite-like WO,*~ and fluorite-like
Bi,0,”* lying perpendicular to the ¢ axis (Fig. 7.8). The tungsten atoms exhibit a
moderately regular octahedral environment, with the W atom displaced from the
centre of the octahedron by 0.278 A, where neighbouring octahedra share corners.
There are two crystallographically independent positions for bismuth, in both of
which it is bonded to six oxygen atoms. Bond valence calculations give results in
very good accordance with the expected formal oxidation of +6 and +3 for
tungsten and bismuth, respectively. The lone pairs in Bi** cations are found to be
non-centrosymmetrically related between the two Bi layers surrounding W. This
lone-pair asymmetry has been suggested to be related to the tilting of the tungsten
octahedra (Mohn and Stglen 2011).

The band structure of Bi,WOg, calculated by DFT (GGA) (Fu et al. 2005),
essentially consists of a valence band formed by hybrid O 2p + Bi 6s orbitals and
a conduction band formed by W 5d, with a small contribution of Bi 6p orbitals to
both bands (Fig. 7.8). The lone-pair electrons are located at the valence band edge
and constitute a mixture of 10 % Bi 6s, 5 % Bi 6p and 85 % O 2p characters,
according to recent DFT (GGA) calculations (Mohn and Stglen 2011). The
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Fig. 7.8 a: Crystal structure of Bi,WOg. b: band energy diagram (b1) and density of states (b2)
for Bi,WOg calculated by DFT. The zero energy is located at the Fermi level (part b reproduced
with permission from Fu et al. 2005. Copyright American Chemical Society)

theoretical band gap (2.13 eV) underestimates the experimental value of ~2.7 eV
(yellow-coloured), as is common in DFT calculations at the GGA theory level.

Bi,WOg¢ shows a relatively low activity for O, evolution under visible light
using AgNOj as electron-trapping sacrificial reagent (Kudo and Hijii 1999); on the
other hand, it is rather inactive for H, evolution due to its low conduction band
level. In spite of being a natively visible light—absorbing semiconductor, its
absorption spectrum still matches the UV region to a higher extent than the visible
one, and thus, under UV illumination, its activity for the O, evolution reaction is
raised by a factor of 10.

Bi,WOg has been most frequently tested for pollutant elimination, for what it
does exhibit the appropriate band energies. A suspension of Bi,WOg degrades
dilute aqueous solutions of chloroform under visible light illumination (Tang et al.
2004a), although with a low conversion degree (ca. 1 % CO, yield after 200 h)
and slow kinetics (CO, formation rate of 7.2 pmol 17" h™Y). In contrast, ca. 50 %
CO, yield is achieved after a 7-h reaction when a low concentration of acetal-
dehyde in synthetic air is flowed over powdered Bi,WOg (1 > 420 nm, Tang et al.
2004a). The wavelength dependence of the reaction yield fairly matches the
absorption spectrum of the photocatalyst. In the degradation of the commonly used
rhodamine B dye in aqueous solution, nanocrystalline modifications of Bi,WOg
have shown remarkably higher activity under visible light irradiation than TiO,
P25 (Fu et al. 2005; Wu et al. 2007; Zhang et al. 2007b). Under UV light, Bi,WOg
can show photocatalytic activities comparable to those of anatase TiO, for the
degradation of organic pollutants both in aqueous suspensions and in the gas
phase, depending on its morphological and surface characteristics (Amano et al.
2008). However, Bi,WOg presents a drawback related to its decomposition into
H,WO, and Bi,05 at low pH values, with a dramatic loss of activity that hinders
its application to the degradation of aqueous pollutants (Fu et al. 2005). Regarding
the mechanisms of organics oxidation by photoactivated Bi,WOg, spin-trapping
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EPR together with photocatalytic experiments in the presence of a hydroxyl rad-
ical scavenger have suggested that OH species are not involved in the first oxi-
dation step, but rather a direct electron transfer from organic adsorbates to the
valence band of the photocatalyst (i.e. direct oxidation by holes) may occur (Fu
et al. 2005). From a theoretical point of view, this possibility may be plausible,
since an estimation of the redox potential of photogenerated holes in Bi,WOg
gives a value that lies below (less positive) the standard redox potential of OH/
OH", the holes in the CB of Bi,WOg being in this case not able to produce OH
radicals form surface hydroxyl groups.

Other tungstates have been explored as photocatalysts, but to a lesser extent.
Bi,W;0y is a defect Aurivillius structure in which A sites are empty. It presents a
larger band gap (3.0 eV) than Bi;WOg. Under UV light irradiation, and similarly to
Bi, WOy, it shows a remarkable activity for O, evolution from AgNOj solutions, but
its activity for H, generation with sacrificial reagents using Pt as co-catalyst is rather
low compared to other photocatalysts (Kudo and Hijii 1999; Kudo and Miseki
2009). RuO;-loaded PbWO,, with a scheelite structure and a band gap of 3.9 eV, is
able to produce hydrogen and oxygen at moderate rates from pure water under UV
light (Kudo and Miseki 2009). Compared to CaWQ,, a counterpart compound with a
cation from the previously mentioned group (2), PbWO, shows a larger dispersion of
the valence and conduction bands, due to the contribution of Pb 6s and 6p atomic
orbitals, respectively, reinforcing the idea of the convenience of the d'%2d° con-
figuration for photocatalytic systems (Kadowaki 2007). On the other hand, when
employed for rhodamine B degradation, PbWO, gives rise to low degradation rates,
whatever the irradiation wavelength. Neither ZnWO, nor CdWO, are more active
than Bi;WOg for the photocatalytic oxidation of organic molecules.

In its low-temperature (LT) form, Bi;MoQOg is isostructural with Bi,WOg4 and
presents a band gap of 2.70 eV, being therefore activated by visible light (Shi-
modaira et al. 2006). In contrast, when obtained at high temperatures, it forms a
different structure (HT) with isolated WO, tetrahedra and a larger band gap. The
comparison with other bismuth molybdates leads to a correlation between structure
and gap width. HT-Bi,M0oOg¢ and Bi;Mo0,09, both formed by MoO, tetrahedra,
show band gaps of 3.02 and 3.10 eV, respectively, in contrast to the value obtained
for LT-Bi,MoOg containing corner-sharing MoQOg octahedra. Bi,Mo030,,, which
possesses both MoO,4 and MoOQg units, presents an intermediate value of 2.88 eV.
However, in contrast to Bi;WOg, no contribution of Bi 6s orbitals has been
obtained in DFT calculations for Aurivillius-type Bi;MoOg, being visible light—
absorption ascribed to the width of the conduction band provoked by the octa-
hedral coordination around Mo ions. The larger dispersion of the band structure in
octahedra-forming molybdates would also lead to a higher charge mobility and a
higher photocatalytic activity. Indeed, “octahedral” molybdates show higher
activity for O, evolution from aqueous AgNOj; solutions than those with tetra-
hedral units. These results contribute to the idea of the convenience of layered
structures for photocatalytic applications. However, in common with bismuth
tungstates, no bismuth molybdate is active for H, production from sacrificial
solutions, owing to the position of their conduction bands. Differently, PbMoO,,
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with a scheelite-type structure and a band gap of 3.31 eV, is able to produce H,
from methanol solutions when loaded with Pt, and O, from aqueous AgNOj3. From
pure water, only O, is formed, however. Cr doping extends the response of
PbMoO, to the visible range, but the ability to form hydrogen is lost (Osterloh
2008). Photocatalytic activity for the degradation of organic pollutants under
visible light has also been reported for Bi,MoOg (Kudo and Miseki 2009).

Although solid-state synthesis has been conventionally employed to prepare
these tungstate and molybdate materials, this method implies the disadvantage,
from the viewpoint of heterogeneous catalysis, of low specific surface areas and
little control on crystal sizes and shapes. Thus, other milder synthetic methods
have been developed in order to overcome the mentioned limitations. When
suitable reaction conditions (reagents mole ratios, pH, temperature and time) are
chosen, single-phase Bi,WOg or Bi;M0Og with good crystallinity can be obtained
from simple precursors in sealed autoclaves under autogenous pressure (Shi et al.
2000). Recently, different authors have reported the preparation of bismuth—
tungsten and bismuth—-molybdenum oxides with Aurivillius structure and optimum
photocatalytic properties through more complex “soft” synthetic procedures, such
as complex organic precursors, microwave-assisted synthesis or the citrate pre-
cursor (Pechini) technique (Belver et al. 2009). Different nanoshapes and super-
structures (see Chap. 11) have also been obtained via soft chemical syntheses with
or without structure-directing agents, with good results from the point of view of
photocatalytic activity (Herndndez-Alonso et al. 2009).

7.7 Other Mixed Oxides

In recent works, it has been demonstrated that some main group metal mixed oxides
with d'° configuration are effective as photocatalysts for water splitting and for the
oxidation of organic molecules. Among them, indates are probably the most studied
ones, but also others based of antimonium, tin, germanium, gallium and bismuth are
worth of mention (Chen et al. 2010; Kudo and Miseki 2009; Osterloh 2008).
Alkali, alkaline earth and lanthanide metal indates can be obtained by solid-
state reactions between In,O3 and the corresponding metal oxides or carbonates, or
by high-temperature calcination of a precipitate obtained from a mixed solution of
the respective nitrates (Sato et al. 2003a; Tang et al. 2004a). Their crystal struc-
tures considerably differ depending on the cation. Alkaline earth metal indates of
formula MIn,O4 with M = Ca or Sr present the calcium ferrite structure (ortho-
rhombic), built up of double blocks of edge-sharing InOg¢ distorted octahedra,
extending infinitely in the b axis direction. Each double string is joined by octa-
hedral corners to other double strings to form pentagonal-prism-like tunnels large
enough to accommodate the alkaline earth ions (Reid 1967). However, Baln,0O,
crystallises in a monoclinic structure, in which InOg octahedra are more closely
packed and no such tunnel structure exists (ICSD card # 202986). NaInO, has a
tetragonal layered structure that is reflected in its macroscopic morphology, with
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Na* ions sandwiched between two slabs of edge-sharing InOg octahedra (ICSD
card #31932), while LilnO, is a closely packed tetragonal three-dimensional
structure (ICSD card # 33954). As for the orthorhombic LalnO;, its structure
resembles those of the calcium and strontium indates, with corner-sharing InOg
units forming tunnels along the b direction in which La atoms are located (ICSD
card # 281549). The electronic structures of these indates are essentially described
by a valence band predominantly formed by O 2p orbitals and the bottom of the
conduction band composed of hybridised In 5s and 5p orbitals with a higher
contribution of the former (Sato et al. 2003b, c), similarly to what is found in In,O;
(Sun et al. 2010). However, their band gaps are 3.9, 3.6 and 3.2 eV for Caln,0y,
SrIn,04 and Baln,Oy, respectively (Esther Dali et al. 1998), and 3.9 and 4.1 eV for
NalnO, and LalnOs, respectively (Kudo and Miseki 2009), in most cases larger
than that of In,O5 (3.0-3.5 eV). As indicated in Fig. 7.1, the, say, electropositive
cations do not contribute to the states involved in photocatalytic reactions, but
indirectly exert an influence in the electronic and optical properties of these
materials by determining their crystal structure and, hence, the orbital overlapping.

RuO,-loaded Caln,0, is active for the photocatalytic evolution of hydrogen
and oxygen from pure water and is stable in reaction conditions after several runs,
reaching an apparent quantum yield of ca. 5 %. (Sato et al. 2003a) The activity of
the indate obtained from a nitrates solution is higher than that obtained with the
solid-state-prepared catalyst by a factor of 13. Nevertheless, a compromise
between crystallinity and surface area or particle size must be attained, and thus,
the activity of Caln,O, for overall water splitting increases with calcination
temperature up to ca. 1500 K and sharply decreases at higher temperatures. When
strontium is substituted for calcium, the amounts of evolved gases diminish, and at
the terminus composition of Srln,0,, they are decreased by a factor of 2. Intro-
duction of Ba®* in SrIn,Oy,, but still maintaining the orthorhombic structure, has
the same effect (see Table 7.1). LaIlnO; is less active than the previously cited
indates, while no gases evolution is observed with NdInO3, LiInO, and NalnO,.

Ba,In,0s, a barium indate containing alternating layers of corner-sharing InO,
tetrahedra and InOg octahedra with Ba>* ions in between, has also been proposed
as a water splitting photocatalyst. It releases H, from an aqueous methanol solu-
tion with Pt deposited as co-catalyst, and O, from aqueous AgNO; with no co-
catalyst needed (Wang et al. 2005). When loaded with NiO and dispersed in pure
water, however, only hydrogen is evolved, which makes it unclear if a sacrificial
reaction is not taking place. Its activity is reduced by Cr doping, but if the Cr-
doped material is mixed with Cr-In,03, the activity for both sacrificial H, and O,
evolution is increased. Moreover, a composite NiO/Cr—Ba,In,05/Cr—In,0; cata-
lyst does give rise to hydrogen and oxygen evolution from pure water with stoi-
chiometric ratio (Wang et al. 2005).

A detailed analysis of the crystalline and electronic characteristics of these
indates and their correlation with photocatalytic activities reveals that indates with
highly distorted InOg octahedra (alkaline earth) show high photocatalytic activity,
while this activity is negligible in those containing nearly regular octahedra
(alkali) (Sato et al. 2003b). Moreover, as it was pointed out in the titanates section,
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Table 7.1 Photocatalytic activity of some d'® metallates for overall water splitting

Photocatalyst Irradiation conditions H, (mol h™! gf') O, (umol h™! gfl) Molar H,/O,

Caln,Oy4 400 W Xe lamp 60 25.6 23
SrIn,Oy4 400 W Xe lamp 30 12.4 2.4
Srp.93Bag07In,04 400 W Xe lamp 25.3 12 2.1
LalnO5 200 W Hg—Xe lamp 5 2 2.5
NdInO; 200 W Hg—Xe lamp 0 0 -

LilnO, 400 W Xe lamp 0 0 -

NalnO, 400 W Xe lamp 0 0 -

NaSbO; 200 W Hg—Xe lamp 6.8 32 2.1
CaSb,0¢ 200 W Hg—Xe lamp 5.6 1.0 5.6
Ca,Sb,04 200 W Hg—Xe lamp 11.2 4.0 2.8
Sr,Sb,04 200 W Hg—Xe lamp 30.8 11.6 2.7
MgGa,0, 200 W Hg—Xe lamp 3.6 0 -

SrGa,0y4 200 W Hg—Xe lamp 28.0 12.0 23
BaGa,0, 200 W Hg—Xe lamp 12.0 7.2 1.7
ZnGa,0y4 200 W Hg—Xe lamp 40.4 14.0 29
CaSn0y 450 W Hg lamp 1.1 0.3 3.7
Sr,Sn0y4 450 W Hg lamp 1.0 0.5 2.0
Ba,SnO, 450 W Hg lamp 0 0.05 -

In all cases, 1 % RuO, is loaded as co-catalyst. Data taken from Sato et al. (2003a, b, c); (Ikarashi
et al. 2002)

there is a correlation between calculated dipole moments and photocatalytic
activity for overall water splitting in alkali and alkaline earth indates. This asso-
ciation between photocatalytic activity and the distortion of the InOy structural
units has been proposed also for other d'® metallates (Sato et al. 2003b). For
instance, alkaline earth and sodium antimonates, with distorted SbOg octahedra,
are active for water decomposition when loaded with RuO,. Their activities are
summarised in Table 7.1. NaSbOj; (band gap 4.4 eV) produces both H, and O,
from pure water under UV irradiation. The initial reaction rate is considerably
higher for hydrogen than for oxygen evolution, the latter showing an induction
period. After several photocatalytic runs, both gases are evolved at constant rates
with nearly stoichiometric ratios. This behaviour is also observed in Ca,;Sb,05 and
Sr,Sb,0,, with weberite-type structure and respective band gaps of 3.3 and
3.5 eV, both of which show a higher activity than NaSbO;, with the Sr compound
displaying the highest one (in contrast to the case of indates). In the steady state,
however, the hydrogen-to-oxygen molar ratios attained with the weberite-like
photocatalysts are higher than the stoichiometric value. CaSb,O¢ shows the
weakest activity of these four antimonates and gives an excessively high H,/O,
value (Sato et al. 2003c).

RuO,-loaded alkaline earth gallates MGa,O, (M: Mg, Sr, Ba) showed a
dependence of photocatalytic activity on the nature of the M ion. The activity is
negligible for M: Mg, with a structure formed by distortion-free GaOg octahedra,
but significant for M: Sr and Ba, both possessing distorted GaO, tetrahedra with
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dipole moments (Sato et al. 2003b). This trend is also observed in alkaline earth
stannates, among which Ca,SnO,4 and Sr,SnO,, with angle-distorted and z-com-
pressed octahedral SnOg units, respectively, show a remarkably higher activity
(although relatively low, see Table 7.1) than Ba,SnO,4, which exhibits a regular
octahedral coordination for tin atoms (Inoue 2009). Distorted polyhedra are also
present in the photocatalytically active ZnGe,Og and LilnGeO,4 (Chen et al. 2010).

These results suggest an important effect of distorted octahedral and tetrahedral
coordination on the photocatalytic activity of d'® metallates. Several explanations
can be given for this role. The mostly invoked possibility is the contribution of local
internal fields due to the dipole moments inside the distorted units: these fields are
considered useful for the separation of photogenerated electron—hole pairs (Inoue
2009). ZnGa,04, however, deviates from this trend, given that it possesses regular
GaOg but shows a relatively high activity for overall water splitting. This leads to the
effect of the electronic characteristics of these materials on their photocatalytic
activity. In metallates with d'° configuration, large conduction band dispersions are
generally calculated, which should favour photocatalytic activity by increasing the
photoelectrons mobility. Indeed, in the case of the previously mentioned indates, the
calculated conduction band dispersions in alkaline earth—containing materials are
higher than those in the alkali and lanthanide ones, in agreement with the observed
differences in photocatalytic activity. The extreme case in this respect is found in
ZnGa,0,, with Zn>* jons extensively contributing to the electronic structure (see
Fig. 7.1), in which strong Zn—O and Zn—Ga interactions lead to a large dispersion of
the conduction band (Ikarashi et al. 2002).

The activity of alkaline earth indates for the degradation of organic molecules
has been only tested, to the best of the authors’ knowledge, for the decolouration
of aqueous dyes under visible light (4 > 420 nm). MIn,O4 (M: Ca, Sr, Ba)
photocatalysts obtained by solid-state reaction between MCO; and In,O3 have
been reported to show photocatalytic activities in the order Caln,O4 > Srl-
n,04 > Baln,O4 > TiO, (P25) (Fig. 7.9) (Tang et al. 2004b). In spite of their
large band gaps, the absorption tail observed above 400 nm might be responsible
for this activity. Nevertheless, the dye sensitisation mechanism, as in many other
cases, cannot be ruled out. DFT calculations showed that the smaller the radius of
M?* in MIn,Oy,, the higher the oxidising power of the conduction band, which

Fig. 7.9 Photocatalytic
degradation of methylene 16 forigin
blue under visible light over
metal indates and P25 TiO,
after 120 min. Reproduced
with permission from Tang
et al. (2004b). Copyright
Elsevier
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agrees with the order of photocatalytic activities. In addition, the previously
mentioned theory based on dipole moments has also been invoked for this pho-
tocatalytic reaction, and this should be plausible considering that this effect
involves only the very initial steps of the photocatalytic reaction and should not be
influenced by the substrate.

Ca,Sb,0O5 with weberite structure decolourates aqueous methyl orange solu-
tions under UV irradiation, with the apparent reaction rate increasing with
improved crystallinity. Thus, Ca,Sb,0; obtained by self-combustion of a solution
of the involved cations in aqueous citric acid and calcined at 1573 K achieves total
decolouration of a 10 mg 1~ dye solution in 60 min, while only 35 % decol-
ouration is obtained after 120 min with the same material treated at 873 K. The
activity of this photocatalyst, however, is lower than that of TiO, P25 for the same
reaction and under the same conditions (Monteiro et al. 2010). On the contrary, a
related large surface area oxyhydroxide, CaSb,05(OH),, was found to be more
active than TiO, (P25) for the UV photocatalytic decolouration of aqueous dyes,
with good mineralisation efficiencies of 72.5 % for rhodamine B and 65.2 % for
methyl orange (Sun et al. 2009).

AgSbO; can be obtained by ion exchange at 300 °C between AgNOs5; and
NaSbOj;. After 2-h reaction, total ion exchange is observed, resulting in a pure
ilmenite phase of AgSbOj; (Singh and Uma 2009). In this layered structure, the
same of the starting sodium antimonate, SbOg and AgOg¢ octahedra is alternately
stacked along the ¢ axis. It is a metastable polymorph of the thermodynamically
stable pyrochlore AgSbO;, which is actually obtained by heating the ilmenite
phase. As a difference to the previously mentioned antimonates, AgSbO3 absorbs
visible light in both crystalline forms, due to the orbital interactions Ag 4d—O 2p
and Ag 5s—Sb 5s in the formation of the valence and conduction bands, respec-
tively. In the decolouration of methylene blue and rhodamine B solutions under
UV light, ilmenite AgSbO; displays efficiencies similar to those of TiO, P25.
Negligible degradation is observed, however, with pyrochlore-type AgSbO;.
Similar results are obtained under visible light irradiation. The same order of
activities is found in the photocatalytic degradation of aqueous 4-chlorophenol
under visible light, which rules out the contribution of only a dye sensitisation
mechanism (Singh and Uma 2009).

Other bismuth-containing oxides than those already exposed in the preceding
sections can be mentioned. CaBi,O,4 has been found active for the photocatalytic
oxidative decomposition of organic pollutants. For instance, 65 % of gaseous
acetaldehyde is photocatalytically oxidised to CO, after 20 min irradiation with
visible light, and a stable value of 80 % CO, yield is reached within 2 h. In
aqueous phase, nearly total decolouration of a methylene blue solution is obtained
over this material under visible light within 120 min (Tang et al. 2004c). In
addition, SrBi,O, is also able to oxidise acetaldehyde in the gas phase, with the
oxidation rate significantly improved by the addition of 1 % NiO as co-catalyst. In
this system, spin-trapping EPR experiments indicate that O, and OH radicals are
produced on the surface and constitute the active species in the photocatalytic
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reaction, in contrast to what was mentioned in the preceding sections about BiVO,
and Bi,WOg4 (Hernandez-Alonso et al. 2009).

7.8 Bismuth Oxyhalides

Bismuth oxyhalides of the type BiOX (X: F, Cl, Br, I) are nowadays attracting an
increasingly good deal of attention due to their photocatalytic properties under UV
or visible light irradiation, depending on the halogen element. All of them crys-
tallise in a tetragonal structure analogous to that of the mineral matlockite (PbCIF)
(space group P4/nmn) and formed by fluorite-like Bi,O, slabs interleaved by
double layers of halide ions, as depicted in Fig. 7.10. The Bi atom is coordinated
to four O and four X atoms. The cell dimensions are obviously larger with
increasing size of the X ions, being the elongation along the c axis, that is,
perpendicular to the Bi—O and X layers, remarkably higher than that in the two
other directions.

In parallel to their crystal lattices, the electronic structures of the four oxyha-
lides are similar, although with some differences in the case of BiOF (Huang
2009). The valence band in these structures is mainly constructed by the bonding
hybridisation O 2p and X np orbitals, with a small contribution of Bi 6s at the top
of the band. The conduction band consists principally of the antibonding hybrid-
isation of Bi 6p and O 2p, with negligible contribution of X np, and is largely
dominated by the former. With higher X atomic number the width of the valence
band increases, while that of the conduction band decreases. This is due to the
variation of the bond lengths and angles and, hence, of the extent of the orbital
overlapping. The band gap is indirect in all cases except for BiOF and decreases
with increasing X atomic number. The experimental values reported in the liter-
ature vary to some extent (see Herndndez-Alonso et al. 2009, and references

a=3.7469 a=3.8870
€=6.2260 c=7.3540

Fig. 7.10 Tetragonal unit cells of bismuth oxyhalides BiOX. From left to right, X: F, Cl, Br and
1. Blue Bi, red O, green X



7 The New Promising Semiconductors 149

therein) and are about 3.64, 3.22, 2.64 and 1.77 eV for BiOF, BiOCl, BiOBr and
BiOl, respectively (Su et al. 2010; Zhang et al. 2008b). Therefore, BiOBr and BiOI
appear as visible light—driven photocatalysts, while BiOF and BiOCl are activated
by ultraviolet light. In this respect, BiOI gives an illustrative example of the
quantum size effect (QSE, see Chap. 11), with its band gap ranging from 1.94
(carmine red) up to 2.96 (pale yellow) eV when obtained with decreasing crystal
size (Henle et al. 2007).

Bismuth oxyhalides can be easily obtained via standard soft chemical proce-
dures. Precipitation of solutions containing Bi** (BiO") and the corresponding
halide leads to the desired BiOX compound, with or without a crystallisation
treatment depending on the specific case. For example, well-crystallised, single-
phase BiOCl is obtained by the addition of ammonia to a HCI solution of Bi,O;
without any further treatment (Zhang et al. 2006), while calcination at 400 °C is
needed to obtain a single BiOF phase from the precipitate obtained by addition of
NH4F to a solution of Bi(NO3); in ethylene glycol followed by neutralisation with
ammonia. Large plate-like crystals of BiOX (X: Cl, Br, I) are obtained after
hydrothermal treatment of a solution containing Bi** and the stoichiometric
amount of the appropriate halide salt (KCI, NaBr, KI). When a solvothermal
method with ethylene glycol is employed, these plate-shaped crystals tend to
arrange in sphere-like secondary particles (Zhang et al. 2008a, b). A fine control of
the crystal size with a narrow distribution is achieved from the same precursors by
using water-in-oil microemulsions with different micelle sizes, without any further
treatment (Henle et al. 2007).

The four BiOX oxyhalides have been tested for photocatalytic oxidation of
organic molecules, in both gas and aqueous phases, although in the case of the
fluoride only one report has been published to date, to the best of the authors’
knowledge (Su et al. 2010). Therefore, this activity must be taken cautiously,
although it will be interesting to compare it to those of the rest of BiOX. In the
photocatalytic degradation of aqueous phenol under UV irradiation, BiOF gives
rise to a remarkable substrate disappearance rate, comparable to that obtained with
TiO, P25, although no mineralisation data are available. After several cycles, a
slight deactivation is observed. In the gas phase oxidation of benzene, a little
pseudo-steady-state conversion is obtained (5.5 %) with a slight deactivation, but
with a noteworthy mineralisation degree (67 %). In this case, it has to be pointed
out that the studied BiOF sample presents a rather low surface area of 3.2 m* g~ .
For the sake of comparison, 93 % selectivity to CO, has been obtained with P25 in
benzene PCO (Einaga et al. 1999), independently of conversion.

The rest of oxyhalides has been investigated to a higher extent, mainly for the
photocatalytic degradation of organic compounds. Under illumination from a high-
pressure mercury lamp, which emits mainly in the ultraviolet region, BiOCl leads
to a higher methyl orange disappearance than P25 and is apparently stable against
photocorrosion, with no decrease in activity after 3 photocatalytic runs (Zhang
et al. 2006). A similar comparison is obtained when both catalysts (BiOCIl and
P25) are irradiated with an unfiltered Xe arc lamp, what some authors call “UV-
vis irradiation” (Zhang et al. 2008a). In this case, however, a photosensitisation
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mechanism cannot be ruled out. Actually, this mechanism has been proposed as
the one leading to rhodamine B degradation under visible light, given that BiOCl
leads to the decolouration of the dye aqueous solution under illumination from a
Xe lamp cut-off filtered under 420 nm, even though it absorbs light only below ca.
390 nm (An et al. 2007). The TOC analysis may support this proposal, since the
TOC value is constant after total discolouration of the solution. However, BiOCl
also leads to the oxidation, and even stoichiometric mineralisation, of gaseous
isopropanol under visible light irradiation (400-520 nm), which indicates that this
material is somehow active under visible light in spite of its wide band gap.
Actually, it turns grey when illuminated with a high-power Xe lamp and its UV—
vis spectrum after this irradiation reveals a raise in the absorption baseline, in
accordance with the grey colour, but no change in the band gap. EPR experiments
have suggested the creation of oxygen vacancies, which introduce electronic states
within the band gap, as responsible for this absorption and for the visible light
activity. Some authors have also observed visible light activity in BiOCl for the
degradation of other organic molecules that do not absorb in this region, but with
no change in the catalyst colour (Shenawi-Khalil et al. 2011), while other ones
report a negligible activity under similar irradiation conditions (Chai et al. 2009;
Li et al. 2011a). Therefore, and considering that no plausible explanation has been
given for it, the visible light activity observed in some cases for BiOCl may come
from uncontrolled parameters, or it could just come from dye sensitisation. This is
an illustrative example of the uncertainty that still exists around this new type of
photocatalysts that, nevertheless, appear as promising materials for photocatalytic
applications if further research, which is indeed taking place at an increasing rate,
permits the assessment of their actual capability.

Differently to BiOF and BiOCl, the bromide and the iodide are inherently active
under visible light irradiation due to their lower band gap. Under unfiltered Xe-light
(UV-vis) irradiation, the bromide shows higher activity than BiOCI for O, evolution
from aqueous AgNOj; solutions, while no oxygen is evolved using BiOI (An et al.
2007). Due to their electronic characteristics, no BiOX compound is active for
hydrogen evolution from water, though (An et al. 2007). Under visible light (low
powered), BiOBr also achieves faster decolouration of RhB solutions than BiOCl,
but the mineralisation degree is lower. However, it is apparently less active than the
mentioned white—grey oxychloride for the oxidation of gaseous isopropanol (An
et al. 2007). Methyl orange decolouration is also observed with BiOBr under visible
or UV-vis irradiation (Zhang et al. 2008a, b), with the sphere-like secondary par-
ticles mentioned above leading to a faster reaction than bare nanocrystals (Zhang
et al. 2008b). Regarding other reactions than dye decolouration, the same micro-
spheres have also been found active for the oxidation of NO to nitrite and nitrate in a
continuous air flow under UV-visible and visible light irradiation (45 and 30 % NO
removal, respectively), with a slight deactivation after several cycles due to the
adsorption of the reaction products on the catalyst surface (Ai et al. 2009). Again, the
solvothermally prepared nanospheres show higher activity than hydrothermal
nanocrystals. In addition, BiOBr is also capable of oxidising iodide ions to yield I3~
in aqueous solution (Shenawi-Khalil et al. 2011). Therefore, although the
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degradation of coloured molecules like dyes may come from a photosensitisation
mechanism, these other experiments with non-coloured substrates demonstrate that
the oxybromide is photocatalytically active itself.

BiOI has the lowest band gap of the BiOX group of materials, and therefore, it
is potentially the one capable of harvesting the highest portion of solar light for
photocatalytic reactions. It is generally found active for the degradation of methyl
orange under visible light irradiation, and its activity appears to be greater than
that of BiOBr under identical reaction conditions (Zhang et al. 2008a; Wang et al.
2007; Cao et al. 2011). However, An and co-workers (An et al. 2007) found that
only de-ethylation occurred in the degradation of rhodamine B over BiOI
(resulting in a yellow solution), in contrast to the total decolouration achieved with
BiOBr and BiOCI. In addition, no O, evolved from AgNOj; solutions under UV, as
mentioned above, and no degradation of gaseous isopropanol was observed over
BiOI under visible light irradiation. Other authors, however, report a considerable
activity for the degradation of non-coloured phenols under light with 4 > 400 nm
(Liet al. 2011b; Xiao and Zhang 2010), which confirms the inherent photocatalytic
activity of this material. As it was mentioned for BiOBr, BiOI sphere-like sec-
ondary particles obtained via a solvothermal procedure give rise to a faster pho-
tocatalytic degradation reaction than randomly distributed flat nanocrystals (Xiao
and Zhang 2010).

Apart from pure BiOX phases, mixed BiOX,l(Xi_1 compounds have been
applied to photocatalytic reactions, the intermediate compositions being more
active than the parent compounds (Shenawi-Khalil et al. 2011; Wang et al. 2007).
In addition, BiOX'/BiOX? composite photocatalysts, with improved activity based
on charge separation in heterojunctions (see Chap. 15), have been reported (Li
et al. 2011a; Cao et al. 2011).

The most generally invoked reason for the photocatalytic activity of BiOX
materials is based on their layered structure. The internal electric fields between
the [Bi202]2+ and [Xz]z_ layers are proposed to induce efficient separation of
photogenerated electrons and holes by the polarisation of the involved orbitals (Su
et al. 2010; Zhang et al. 2006; Wang et al. 2007), similar to what was mentioned
about indates and related compounds. According to this, BIOX with a more po-
larisable halogen atom (that is, higher atomic number) would be more efficient in
charge separation. On the other hand, as described above, the interlayer distance is
higher with increasing X atomic number, which would produce the opposite effect.
The higher activity of BiOI than BiOBr described by some authors would reflect
the domination of the first factor. Some others, in contrast, have published
activities under UV light in the order BiOBr > BiOCl > BiOlI, which would be the
result of a competition between contrary factors (An et al. 2007). Competing
factors are also found regarding the widths of the valence and conduction bands,
the former increasing (positive for photoactivity) and the latter decreasing (neg-
ative) with higher X atomic number (Huang 2009). However, direct comparison of
the activities of the four materials is not obvious since, on the one hand, no report
has been given for the whole X range in the same reaction conditions and, on the
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other hand, no quantum yields (or apparent quantum yields), probably the most
universal figure of merit for photocatalyst comparison, have been reported.
Regarding mechanistic aspects, as it has been mentioned about other materials in
this chapter, OH radicals do not appear as the main oxidising agents, suggesting
direct reaction of adsorbed organic molecules with holes.

In order to mention other related compounds, oxyfluorides with general formula
MO,F, which crystallise in the ABO; perovskite structure with the A site vacant,
have been tested for air photocatalytic detoxification (Herndndez-Alonso et al.
2009). For example, NbO,F, more stable than TiOF,, only absorbs UV light, but
the incorporation of Ag* to the vacant A site has been proposed to shift of the
photoresponse due to the Ag 4d 4+ O 2p hybridisation in the valence band. Con-
sequently, Ag"/NbO,F can decompose gaseous 2-propanol to CO, with acetone as
intermediate product under 400-530 nm light irradiation.
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Chapter 8
Chalcogenides and Other Non-oxidic
Semiconductors

Fernando Fresno

Although, as seen so far in this book oxidic materials constitute the main group of
semiconductors employed for photocatalytic applications, some non-oxide com-
pounds have been used for these purposes too. After oxides, sulphides are the most
widely used photocatalysts, with special importance in water splitting applications.
CdS and ZnS are two of the “classical” photocatalysts, which have been used
since the early beginning of the research in this field. In particular, CdS presents
the advantage of absorbing visible light (E, = 2.4 ¢V), and it has become
somewhat a “standard” photocatalyst for reactions undertaken under visible
irradiation. More recently, some other sulphides, like ternary sulphides and solid
solutions, have shown interesting photocatalytic properties. However, sulphides
present the drawback of suffering anodic photocorrosion unless prevented with
certain reaction conditions or with special modifications, which limits their
applications as we will see below. At the end of the chapter, selenides and other
non-oxidic semiconductors will be overviewed.

8.1 CdS, ZnS and Other Simple Sulphides

CdS can be considered as the most studied sulphide photocatalyst. It crystallises in
three main phases. The hexagonal wurtzite-type structure is formed at normal
conditions of temperature and pressure, although the cubic zinc blende type is also
known in stable form in those conditions. In addition, CdS transforms into a rock
salt structure at high pressure. Of the two former crystal forms, the wurtzite type is
generally considered as the most photocatalytically active one, and it is indeed the
most widely used and studied phase, because of its higher stability and ease of
production. While the hexagonal phase has been observed in both bulk and
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nanocrystalline CdS, the cubic phase is only observed in the nanocrystalline
material. As the size of CdS nanoparticles increases, the equilibrium crystal
structure tends to change from the cubic type to the hexagonal one, being the critical
size at which the cubic-to-hexagonal transformation occurs lower than 4 nm.
Therefore, the hexagonal phase is obtained in most of the synthetic procedures,
although a pure cubic phase can be attained if the synthesis conditions are carefully
controlled. Nevertheless, as mentioned above, comparison of the two phases results
in a higher photocatalytic activity of the wurtzite-type one (Bao et al. 2008).

The unit cell of wurtzite CdS is a hexagonal prism belonging to the space group
P63mc (No. 186) and contains four atoms. As calculated by DFT (Nishidate et al.
2006), the valence band, of 4.3 eV width, arises from S 3p states and the conduction
band mainly from Cd 5Ss states. The calculated band gap is 1.20 eV, showing the
common underestimation of DFT calculations with respect to the experimental
value of 2.42 eV at room temperature. Nevertheless, cadmium sulphide is a good
example of a semiconductor experiencing quantum size effects: Its absorption onset
can be tuned up to 4.5 eV as the size is varied from a macroscopic crystal down to
the molecular regime; moreover, this quantum size effect can be maintained during
the assembly of CdS films from quantum-sized particles (Zhang et al. 2009). With
these electronic characteristics, CdS absorbs visible light with wavelengths lower
than 510 nm, and the positions of its valence and conduction bands correspond to
potentials of 1.7 and —0.66 V versus NHE at pH = 7, respectively. Accordingly,
the photogenerated charge carriers are oxidative and reducing enough to oxidise
water and organic molecules (or OH groups) and to reduce both molecular oxygen
and water. Therefore, this semiconductor fulfils the thermodynamic requirements to
be employed for water splitting and pollutant degradation reactions. However, a
self-oxidation reaction under irradiation (anodic photocorrosion) occurs in CdS,
and in sulphides, in general, according to the half-reaction:

CdS + 2h* — Cd*" +S E = +0.32V (NHE,pH 7) (8.1)

which results in the dissolution of the catalyst. This reaction is much more
favoured than water oxidation, so that sulphide photocatalysts can be hardly
employed for stoichiometric water splitting on their own. In the presence of a
suitable sacrificial electron donor, however, this phenomenon can be avoided. The
use of a sulphide solution gives rise to hydrogen formation with simultaneous
oxidation of sulphide to disulphide ions according to the anodic half-reaction:

28*” +2h* — S, E = —0.52 V(NHE, pH 14) (8.2)

Further addition of a strongly reducing agent, such as sulphite or hypo-
phosphite, is required to avoid the accumulation of disulphide ions, which, on the
one hand, are reduced in competition with protons and, on the other hand, act as an
optical filter reducing the light absorption of the photocatalyst. The activity of CdS
in this sacrificial system is optimised at basic pH. In these conditions, and under
irradiation with wavelengths larger than 300 nm, platinised CdS gave quantum
yields up to 25 % for sacrificial hydrogen production in the first studies performed
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in the early 1980s (Bubler et al. 1984). Without Pt as co-catalyst, the photocata-
lytic activity decreased by a factor of 10. By the same dates, Gratzel and co-
workers (Kalyanasundaram et al. 1981) reported the suppression of photocorrosion
in colloidal CdS particles co-loaded with RuO, and Pt that were able to stoi-
chiometrically decompose water under irradiation with wavelengths larger than
400 nm. In this system, water oxidation occurs at the expense of photocorrosion.
Other attempts that have been used in order to avoid photocorrosion of CdS
include stabilisation in micelles, coupling with other semiconductors (see Chap. 15
), and doping (Osterloh 2008). In any case, the current record of sacrificial
hydrogen production in the visible range corresponds to nanostructured CdS (in
the form of nanosheets or hollow nanorods) loaded with nanocrystalline Pt as co-
catalyst, which achieves a quantum yield of 60 % at 440 nm (Bao et al. 2008).

Zinc sulphide is the other major metallic sulphide investigated for photocata-
Iytic applications. ZnS exists in two main polymorphs. In zinc blende, or sphalerite
(cubic), the anions form a cubic close-packed structure and the Zn>* ions are
placed in tetrahedral positions. In the high-temperature hexagonal wurtzite
structure, the cations exist in the tetrahedral positions of the hexagonal close
packing of the anions (Rao and Pisharody 1975). Apparently, both crystalline
forms have very similar photocatalytic activity (Reber and Meier 1984). Most of
the bands in the electronic structure of zinc sulphide consist of hybridised orbitals
due to the high covalent bonding character. Thus, the valence band maximum
mainly consists of slightly hybridised S 3p orbitals and Zn 4s4p orbitals. On the
other hand, the conduction band minimum consists of hybrid Zn 4s4p orbitals with
a certain contribution of S 3p (Tsuji et al. 2004). The optical properties of ZnS
have been extensively investigated because of its luminescent behaviour. The band
gap is 3.6 eV, and therefore, it is photocatalytically active only under UV irra-
diation. Similarly to CdS, it suffers from anodic photocorrosion, decomposing in
the absence of a sacrificial electron donor. However, in the presence of a suitable
sacrificial reagent, it is highly active for photocatalytic water reduction to
hydrogen even in the absence of a metallic co-catalyst. Nevertheless, using Pt as a
co-catalyst and under irradiation with UV light (313 nm), ZnS has led to a
quantum yield as high as 90 % for photocatalytic hydrogen evolution from an
aqueous solution containing sulphide and sulphite (Reber and Meier 1984).
Anyway, as observed in Fig. 8.1, the differences in the hydrogen formation rates
with or without the presence of Pt are rather small, in contrast to what is observed
with CdS.

The high activity of unplatinised ZnS has been ascribed to the formation of
metallic Zn nuclei on the surface, which would act as electron transference cat-
alysts, resulting from a cathodic photodecomposition according to the following
reaction, where A(sub)h denotes a hole scavenger:

ZnS + H' + Ay — Zn + HS™ + A" (8.3)

As with TiO,, attempts to shift the photocatalytic response of ZnS towards
visible wavelengths have been carried out. Doping with different metal cations
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Fig. 8.1 Influence of Pt
concentration (wt %) on the ZnS
hydrogen formation rate 250¢
obtained with ZnS.

Reproduced with permission

from Reber and Meier (1984).
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leads to absorption tails in the visible region and gives rise to activity for sacrificial
hydrogen production with QY of, for example, 1.3 and 3.7 % at 420 nm for Ni-
and Cu-doped ZnS, respectively (Kudo and Miseki 2009; Osterloh 2008).

Solid solutions of CdS and ZnS have also been explored as water splitting
photocatalysts. Both sulphides form a solid solution with wurtzite structure in the
whole composition range Zn; _,Cd,S with 0 < x < 1. The absorption edge of the
resulting material gradually shifts towards longer wavelengths with increasing Cd
content, adding visible light absorption to the interesting photocatalytic properties
of ZnS. Thus, hydrogen is evolved under visible light irradiation when Cd is
introduced in the ZnS lattice, reaching a maximum at a value of x = 0.3 (Navarro
et al. 2009). This maximum should correspond to a compromise of different factors
influenced by the solid solution composition, such as light absorption, conduction
band position and crystal size. The activity can be further increased by a high-
temperature treatment leading to improved crystallinity.

Other simple sulphides are worth to be mentioned regarding photocatalytic
hydrogen production. Thus, WS,, formed by layers of trigonal-prismatic WS¢
units, and with a 1.7 eV direct band gap, produces hydrogen from EDTA solutions
when loaded onto SiO, and sensitised by fluorescein. Bi,S3 (1.3 eV) on its own
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produces hydrogen from a sulphide aqueous solution at intermediate rates that
decline after 100 min. These rates can be improved by 25 % using Pt as co-
catalyst (Osterloh 2008).

Regarding environmental photocatalysis, the corrosion-related drawbacks
explain why photocatalytic detoxification is not a main application of sulphide
photocatalysts. Not only the catalyst is unstable under the reaction conditions
(generally low pollutant concentrations that do not inhibit sulphide oxidation by
acting as sacrificial electron donors), but also, with catalyst dissolution, metallic
ions, especially toxic if CdS is used, may be liberated to the environment, either
directly, in the case of water remediation, or by means of leaching processes when
dealing with immobilised catalysts for air purification. Nevertheless, a number of
works have been devoted to their application to pollutant degradation (Herndndez-
Alonso et al. 2009). Obviously, the (un)stability under the photocatalytic reaction
conditions depends on the nature of the catalyst, and, for instance, the visible-light-
absorbing sulphides In,S; and SnS, have been revealed to be more stable than CdS
in the degradation of aqueous formic acid (Lucena et al. 2012a, b), being active in
all the range of absorbed wavelengths.

Cadmium sulphide has also been employed in photocatalytic selective trans-
formations of organic molecules, discussed in Chap. 3. Due to its relatively high
conduction band energy, it is especially interesting for reduction reactions
(Palmisano et al. 2007). For example, in nitrobenzene reduction in the presence of
cyclohexene, the use of a semiconductor drastically modifies the final products,
with CdS leading to the highest yield of reduced compounds if compared to TiO,
and WOs;. The photocatalytic reduction of aryl azides to amines in water over CdS
nanoparticles takes place with comparatively high quantum yields (near to 0.5 %)
and with almost complete selectivity towards amines, at room temperature and
pressure and at neutral pH. A schematic mechanism of this reaction is depicted in
Fig. 8.2. Other examples of the use of CdS for photocatalytic organic synthesis are
the production of thio-compounds, the selective cyclisation of amino acids and the
formation of bromo-derivatives from phenol (Herndndez-Alonso et al. 2009).

azides to amines by using

CdS or CdSe as catalysts and NH»> .
sodium formate as a +

sacrificial electron donor. =X Hgl‘@zN !MHMHp HCO,LN
Reproduced with permission | \,/l HzN NHo 2Na
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Even if both CdS and ZnS exhibit adequate band energies for the photocatalytic
CO, reduction reaction, they have been much less used than TiO, for this purpose
(see Chap. 4). The formation of carboxylic acids with up to 2 carbon atoms
(glyoxylic, formic and acetic acids) as the main products has been reported using
colloidal CdS particles, although with very low quantum efficiencies. Meanwhile,
the use of ZnS has led to formic acid and methanol as the final products with
efficiencies up to 5.9 % (Roy et al. 2010). In the case of ZnS, sulphur vacancies
have been postulated as the actives sites for CO, reduction.

8.2 Complex Sulphides

Some sulphides containing more than one type of metal atoms have also been
tested as photocatalytic materials. For instance, several indium-containing sulp-
hides have shown interesting activities for sacrificial hydrogen evolution. Naln$S,,
with a structure consisting of layers of edge-sharing InSg octahedra and sodium
cations in the interlayer spaces, absorbs light with wavelength below 550 nm,
corresponding to a band gap of 2.3 eV. Under visible light irradiation (440 nm),
the Pt-loaded photocatalyst gives rise to hydrogen evolution from aqueous SO4>~
solutions with a quantum yield of 6 % (Kudo and Miseki 2009). Pt-loaded AglnsSg
(E, = 1.8 eV) shows a good performance too, with QY = 5.3 % at 411 nm using
K,SOj; and Na,S as sacrificial reagents. A similar amount of hydrogen is evolved
using ZnIn,S, (E, = 2.3 €V) in the same conditions. On the contrary, CulnS,,
with zinc blende structure, and CulnsSg, with spinel-type structure, produce very
low amounts of hydrogen in the presence of sulphite under irradiation with
wavelengths larger than 300 nm, leading to QY of 0.02 % at 460 nm in the case of
the latter and 6 times lower in that of the former.

Chalcopyrite-structured AgGaS, has a band gap energy of 2.6 eV, with the
valence band consisting of hybridised S 3p and Ag 4d orbitals and the conduction
band formed mainly by the contribution of S 3p and Ga 4s4p. Under visible light
irradiation, it is active for water reduction in the presence of sacrificial reagents,
with the onset of the action spectrum in good accordance with that of the diffuse
reflectance UV-vis spectrum. This activity is dramatically increased by noble
metal deposition. In particular, Rh(1 %wt)-AgGaS, gives a quantum yield of 25 %
for hydrogen evolution at 440 nm from an aqueous Na,S and K,SO; solution
(Kudo and Miseki 2009).

Other interesting sulphide-based photocatalysts are those formed by zeolite-
like, open-framework structures containing supertetrahedral clusters as depicted in
Fig. 8.3 (Zheng et al. 2005a). In addition to the improved catalytic properties
expected from the high surface area of a porous material, the electron—hole
recombination rate is likely to be reduced, because, unlike in a dense solid, the
charge carriers do not need to travel all the way to the external surface of the
particle for a reaction to occur. Moreover, it is possible to tune the band structure
of these materials by controlling the framework architecture and composition.


http://dx.doi.org/10.1007/978-1-4471-5061-9_4

8 Chalcogenides and Other Non-oxidic Semiconductors 163

.conduction band e~ » H,
light \HQO

s?, S0

S,2-, SO, etc.

Fig. 8.3 Diagrams of representative supertetrahedral clusters, chalcogenide frameworks and
their photocatalytic activity: a T4 cluster; b T5 cluster; ¢ coreless T4 cluster; d the 3D diamond-
type superlattice in Naj4In;7Cu,S3s - xH,0: Unconnected spheres are water molecules and Na*
sites. Reproduced with permission from Zheng et al. (2005a). Copyright Wiley—-VCH

Both the band gap and the conduction band minimum are expected to increase when
porosity is crated in a crystalline semiconductor, which provides a higher reductive
power for hydrogen generation from water under UV light. As an example, let us
compare the band gap of the above-mentioned NalnS, (2.3 eV) to that of the open-
framework structure LilnS, - xH,O (3.3 eV). On the contrary, the incorporation of
different transition metals is a convenient means to reduce the band gap by raising
the valence band maximum in order to obtain visible light absorption while keeping
the activity for water reduction. For instance, the introduction of Cu* ions into a In—
S framework reduces the band gap to 2.0 eV in NauIn;7Cu,S;5 - xH,O. Under
visible light irradiation, hydrogen is produced over this sulphide from an aqueous
Na,S solution with a quantum yield of about 3.7 % at 420 nm in the absence of any
co-catalyst. This yield is much higher than those obtained with the already men-
tioned, and compositionally related, non-porous CulnS, and CulnsSg. Other
photocatalysts of this type that have been successfully tested in similar conditions
for hydrogen evolution are Na;gMn3In,,Ss4 - xH,O and Na;(Cdyln S35 - xH,0. A
special case in this type of materials is NasIn;S;3 - 6H,O. Unusual SlIn, tetrahedra
were reported for the first time in this open-framework sulphide. It has a band gap of
3.2 eV and shows photocatalytic activity under UV light for hydrogen generation
from an aqueous solution containing Na,SOj; as a sacrificial agent even in the
absence of any co-catalyst (Zheng et al. 2005b).
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Fig. 8.4 On the left, diffuse reflectance spectra of (Agln),Zn,(1-x)S, solid solutions; the values
of x are (a) 0, (b) 0.17, (c) 0.22, (d) 0.29, (e) 0.33, (f) 0.40, (g) 0.5 and () 1. On the right, band
structures of (Agln),Zn,(1-x)S, solid solutions, ZnS and AgInS,. Reproduced with permission
from Tsuji et al. (2004). Copyright American Chemical Society

As mentioned in the previous section regarding CdS and ZnS, solid solutions of
more complex sulphides have also been tested for photocatalytic water splitting.
The utilisation of these solid solutions may permit a fine tuning of the band gap of
the final material. For example, the absorption onset in the diffuse reflectance
spectra of solid solutions in the system AgInS,—ZnS, with wurtzite-type structure,
shifts monotonically with composition variation, as shown in Fig. 8.4 (left). DFT
calculations indicate that both the conduction band minimum and the valence band
maximum are shifted to intermediate energies with respect to the two extreme
compositions, as schematically depicted in Fig. 8.4 (right).

These solid solutions give rise to hydrogen evolution from aqueous sulphite,
being the best results obtained with Pt-loaded (Agln),Zn,(1-x)S, in which
x = 0.22 - 0.29. The activity maximum observed in this composition range is
ascribed to the facts that, with lower x values, In and Ag orbitals are not forming
bands but discrete levels and that, with higher AgInS, contents, the conduction
band position is too low. In optimised reaction conditions, the Pt-loaded
(AgIn)g »»7Zn, 565, photocatalyst gives a quantum yield of 20 % at 420 nm. On the
other hand, substituting Cu for Ag in Pt/Cug golnggoZn; S, results in a lower
quantum Yyield at the same wavelength, with Cu 3d orbitals contributing to the
valence band formation (Kudo and Miseki 2009). Similar results in terms of
crystal and band structure are obtained with the three-component system CulnS,—
AgInS,—ZnS, which, after Ru deposition, gives rise to a remarkable QY of 7.4 %
at 520 nm. This solid solution can use visible light with wavelength up to 700 nm.
It should be emphasised, however, that these materials are only active in the
presence of suitable sacrificial reagents (which nevertheless will be interesting if
sulphur-containing by-products of chemical industries are used as electron
donors), while in pure water only hydrogen but not oxygen is produced, the
oxidation reaction corresponding in this case to photocorrosion (Tsuji et al. 2004).
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8.3 Selenides and Other Non-oxidic Semiconductors

A few semiconductors other than oxides and sulphides have been tested as phot-
ocatalysts, including some selenides (mainly CdSe and ZnSe), silicon-derived
solids and nitrides. We shall not consider the latter here, however, since they will
be covered in Chap. 14.

Some selenides, mainly CdSe, have been proposed for photocatalytic processes.
As in the case of sulphides, their stabilities (both relative to photocorrosion and to
contact with water) are lower compared to oxides but, in any case, their visible
light absorption and their extensive use in photovoltaic devices make them
potentially interesting photocatalysts. CdSe with wurtzite structure is a narrow
band gap semiconductor (indirect, 1.74 eV in the bulk material) mainly used in
photovoltaic devices (Trindade et al. 2001). Similarly to CdS, its band gap energy
is quite sensitive to size effects, and E, values of 1.90 and 2.1 eV have been
reported for CdSe nanocrystals (Ho and Yu 2006; Zhu et al. 2000). In photoca-
talysis, it is more often used in coupled systems as a visible light sensitiser for
wider band gap materials like TiO,, rather than on its own (see Chap. 15). By
itself, CdSe shows a modest photocatalytic activity under visible light that may be
due to a fast electron—hole recombination because of its narrow band gap. Nev-
ertheless, it induces hydrogen evolution under visible light irradiation in the
presence of sacrificial reagents. This process was first demonstrated by Uchihara
and co-workers (1990) with Pt—CdSe powders suspended in an aqueous solution
consisting of sodium sulphite and EDTA, the former acting as hole scavenger and
the latter displacing the flatband potential of CdSe towards more negative values.
The hydrogen yields obtained with CdSe are much lower than those achieved with
CdS, though. As an example of the application of CdSe to the photocatalytic
oxidation of organic pollutants, ca. 10 % degradation of aqueous 4-chlorophenol is
achieved after irradiation at wavelengths larger than 400 nm for 8 h (Ho and Yu
2006). The positive point is that the whole of the degraded pollutant is converted
into CO, according to TOC measurements. Charge separation, and hence photo-
catalytic activity, of CdSe can apparently be enhanced by the addition of gold as a
co-catalyst, as shown by methylene blue reduction under irradiation at 473 nm
using methanol as a hole scavenger (Costi et al. 2008). A considerably higher
conversion is obtained with Au-capped CdSe nanorods (Fig. 8.5) compared to the
bare selenide structures, although the quantum yield is still very low. In com-
parison with CdS, a different mechanism in the reduction of methyl viologen,
related to their different conduction band positions, has been proposed (Stroyuk
et al. 2010).

ZnSe, with wurtzite structure and a band gap of 2.70 eV, is another important
II-VI selenide semiconductor that has been tested as a possible photocatalyst. The
apparently promising results obtained under UV light, nevertheless, need to be
assessed (Xiong et al. 2007). As a final example, f-Ag,Se nanostructures have
been found to degrade (decolourise) RhB solutions under UV irradiation, although
the mineralisation degrees were not reported (Cao et al. 2010).
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Fig. 8.5 a Scheme of a light-induced charge separation mechanism in Au-capped CdSe
nanorods. b TEM image of Au-capped CdSe nanorods. Reproduced with permission from Costi
et al. (2008). Copyright American Chemical Society

Titanium disilicide (TiSi,) is an excellent electronic material, essential in the
ultra-large-scale integration semiconductor industry. It absorbs nearly the entire
visible spectrum, from ca. 360 to 800 nm (grey in colour). TiSi, was recently
reported as a promising photocatalyst for solar water splitting (Ritterskamp et al.
2007). According to the authors, catalytic centres are formed in situ by an initial
TiSi, photooxidation process that, at the same time, prevents further photocorro-
sion of the semiconductor. XPS analyses, together with powder X-ray diffraction,
suggest that a layer of TiO, and SiO,, either amorphous or too thin to be detected
by XRD, is formed at this first stage, with concomitant non-photocatalytic
hydrogen production. Afterwards, hydrogen and oxygen are formed under visible
light irradiation, although only the former is evolved through a photocatalytic
reaction. Oxygen is desorbed in the dark at 100 °C, revealing a high O, storage
ability of TiSi,; thereafter, the material is capable of repeating the process. The
catalytic nature of the reaction is demonstrated by (1) hydrogen production
exceeds the stoichiometric value of a hypothetical total oxidation of TiS, by water;
(2) in the overall process, H, and O, are produced in 2:1 molar ratio, as corre-
sponds to water splitting; and (3) '®0-labelled dioxygen is found in the gas phase
during reactions with '®O-enriched water.

Pt-loaded indium phosphide (InP), with zinc blende structure and a band gap of
1.25 eV, has been reported to lead to hydrogen evolution under visible light from a
variety of sacrificial solutions, among which sulphide ions led to the highest
amount of evolved hydrogen (Ohmori et al. 2000). The catalytic nature of this
reaction, however, has been doubted in a recent review (Osterloh 2008).

Ag;POy, is a body-centred cubic structure with an indirect band gap of 2.36 eV.
The bottom of the conduction band is mainly composed of hybridised Ag 5s5p
with a small contribution of P 3s orbitals, whereas the top of the valence band is
composed of hybridised Ag 4d and O 2p orbitals. According to the relative
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Fig. 8.6 Left Ultraviolet—visible diffuse reflectance spectrum (continuous line) and apparent
quantum yields (symbols) of the AgzPO, semiconductor plotted as a function of wavelength of
the incident light. Right O, evolution from aqueous AgNO; solutions under visible illumination
(4 > 400 nm) over (I) AgsPOy, (II) BiVO, and (III) WO;. Reproduced with permission from Yi
et al. (2010). Copyright Nature Publishing Group

positions of its valence and conduction bands, silver orthophosphate is able to
oxidise water to oxygen but not to reduce protons, so it has been tested for the
evolution of O, under visible light irradiation in the presence of AgNO; as an
electron scavenger (Yi et al. 2010). In this reaction, a maximum apparent quantum
yield of ca. 80 % at 480 nm is obtained. The quantum yield dependence on
irradiation wavelength closely fits the absorption spectrum of the catalyst
(Fig. 8.6), which, together with experiments with isotope-labelled water, confirms
the photocatalytic nature of oxygen evolution. However, in the absence of a
sacrificial electron acceptor, and in accordance with the higher (more positive)
reduction potential of the pair AgzPO,/Ag with respect to H*/H,, silver ortho-
phosphate decomposes in water upon irradiation. This semiconductor also deco-
lourises aqueous solutions of organic dyes in the presence of AgNOj, although,
according to TOC measurements, mineralisation only occurs to some extent, if any
(Yi et al. 2010). A more complex phosphate-like LigFe;(P,0O7)3(POy), exhibits
photocatalytic activity under visible light irradiation (4 > 400 nm) for the deg-
radation of methylene blue and phenol solutions. In addition, it is capable of
reducing water to hydrogen in the presence of I™ as electron donor (Ji 2010).
As already mentioned in Chap. 4, SiC was one of the first semiconductors tested
for photocatalytic CO, reduction (Inoue et al. 1979). As a result of its high con-
duction band energy, the yield of reduced compounds such as formic acid and
methanol was higher than with other semiconductors like TiO,, ZnO or CdS.
Silicon carbide is diverse in band gap energies because it exists in over 200
crystalline forms, among which the most common types are the cubic 3C and the
hexagonal 6H and 4H, which have band gaps of 2.2, 3.02 and 3.20 eV, respec-
tively (Fan and Chu 2010). Under visible light and without any co-catalyst, a green
mixture of the polytypes 6H and 3C leads to hydrogen evolution from different
aqueous sacrificial solutions, being those containing sulphide ions the most effi-
cient hole scavengers. At basic pH, the amount of evolved hydrogen is
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significantly increased. In pure water, however, SiC apparently suffers anodic
photocorrosion, with only hydrogen and no oxygen evolution (Gao et al. 2007). In
the form of nanowires, the cubic zinc-blende-structured 3H polytype has been
reported to oxidise gaseous acetaldehyde under UV irradiation. Apparently, the
formation of a passivation layer of SiO, on the SiC surface is positive for the
photocatalytic activity (Zhou et al. 2006).
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Chapter 9
Single-Site Photocatalysts: Photoactive
Species Dispersed on Porous Matrixes

Silvia Suarez

The unique band-gap structure of semiconductor-based photocatalysts allows the
mobility of charge carriers towards the surface, where they can react with adsorbed
molecules. However, photocatalytic processes can also take place at isolated pho-
toactive centres dispersed on materials with no significant absorption of radiation in
the UVA—Vis range (Hernandez-Alonso et al. 2009). This special configuration is
generally referred to as single-site photocatalyst, and because of its special prop-
erties, it should be differentiated from conventional photocatalysts based upon
semiconductor materials (Anpo and Thomas 2006; Anpo et al. 2009). A sketch to
illustrate the processes that take place on semiconductor-based and single-site
photocatalysts is shown in Fig. 9.1. The electronic levels of a single-site photo-
catalyst are discrete and not continuous like in a semiconductor, and consequently,
the photocatalytic process occurs without transportation of charge carriers. The
active sites are constituted by transition metal cations, whose d orbitals are involved
in charge transfer transitions. The distance between the electron—hole pairs gener-
ated upon irradiation is very short as compared to conventional semiconductor-
based photocatalysts, providing the system with unique properties. In order for the
photocatalytic process to occur, the active sites must be located at the surface of the
catalyst so that the interaction between the reagent molecules is possible. Thus,
substrates with high specific surface area are desired because the dispersion of
cationic species plays a pivotal role in the photocatalytic performance.

Single-site photocatalysts can be used in applications such as pollutants elimi-
nation, CO, photoreduction, production of chemicals with added value and super-
hydrophilic surfaces. As the active sites are spatially isolated, they modulate the
product selectivity. This feature permits to characterize and identify at atomic scale
the active sites and to ascertain the interactions between the reactants by means of
techniques such as XANES, EXAFS, FTIR, UV-Vis and EPR. Furthermore, it
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Fig. 9.1 Comparison between the photooxidation processes taking place on a semiconductor-
based photocatalyst (left) and on a single-site photocatalyst (right). M transition metal

opens up the possibility to study the evolution of the single-site photocatalyst surface
under realistic in situ conditions, analysing the effect of different operation
parameters such as temperature, pressure and component concentration (Anpo and
Thomas 2006).

Zeolites and mesoporous materials are the perfect hosts to prepare single-site
photocatalysts due to their ordered and open structure. Tetrahedrally coordinated
metal oxide centres, such as TiO,, V,0s, Cr,0O3; and Mo,05; moieties, can be
implanted and isolated from the silica matrix.

This chapter is divided in two sections, the first one dealing with zeolite-based
materials and the second with the use of mesoporous structures. In both cases, the
main characteristics, the synthetic routes and the catalytic properties of these
single-site photocatalysts will be detailed, and the benefits of their use in different
applications will be discussed.

9.1 Metal-Substituted Zeolites

Zeolites are crystalline aluminosilicates based on silica or alumina tetrahedral
units linked through an oxygen atom to form a three-dimensional framework,
which has well-defined micropore and channel structures and great capacity for ion
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exchange. There are excellent books, reviews and scientific articles dealing with
the most relevant characteristics and properties of this type of materials. The
reader is referred to the following examples: (Breck 1974; Barrer 1978; Kaly-
anasundaram 1987; Dyer 1988; Ramamurphy 1991; van Bekkum et al. 1991;
Auerbach et al. 2003). Although many naturally occurring zeolites are known,
since early 1950s, they are usually synthesized in order to modify some of their
properties. The main advantages of the zeolite structure as solid matrix are their
large surface area, ranging between 350 and 700 m* g~', and their internal pore
volume of around 0.1 cm?® g~', with a defined pore size in the range of 1 nm. The
channels often contain cations (frequently Na®), which compensate the negative
framework charge, and zeolitic water. The micropore structure, in the range of nm,
significantly improves the internal mass transfer of reactants to the active sites.
Furthermore, the synthetic zeolite structure can be tuned to improve the selectivity
to desired products (Corma and Garcia 2004).

Besides, zeolites present additional distinctive properties for photocatalytic
applications. The most important features are listed below:

e Photochemical stability, high thermal resistance and high chemical inertness.

e High adsorption capacity, combining together adsorption and photocatalytic
properties in the so-called hybrid materials (Sudrez et al. 2008; Hewer et al.
2009).

e Shape selectivity associated with their channelled porous structure.

e Quantum confinement effect due to the influence of the cavity dimensions on the
electronic structure of some guest organic molecules.

e The zeolite framework can participate in the electron transfer process, either as
electron acceptor or as donor (Garcia and Roth 2002).

e The interaction between guest species with the zeolite framework is mainly
associated with the electron-donating properties of the zeolite (Hashimoto
2003).

e Transparency to UV-Vis radiation above 240 nm, which makes possible the
penetration of light into the opaque solid to reach guest molecules located in
intra-particular positions.

e The chemical framework and out-of-the-framework compositions can be easily
modified by varying the Si/Al ratio or by the presence of certain types of cations,
such as Na* or K*.

e Presence of Brgnsted and Lewis acid sites, being the former responsible for the
zeolites ion-exchange ability (Weitkamp 2000).

Although there are a large number of materials with the zeolite structure, only
few of them have found application in the field of photocatalysis. Among those,
the most used photocatalytic applications are zeolites X and Y, and ZSM-5. The
structure and the representative porous system of these two types of aluminosili-
cates are illustrated in Fig. 9.2. Twenty-four linked tetrahedra lead to a cubocta-
hedron sodalite unit, which is the base of the faujasite structure (sodalite units
connected via hexagonal faces). Both zeolites X and Y have the faujasite structure,
being their main difference the ng;/na; ratio, 1 < ngi/na; < 1.5 and ngi/na > 1.5,
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Fig. 9.2 Structure of the most used zeolites for photocatalytic applications showing the pore
system and dimensions [adapted with permission from (Weitkamp 2000). Copyright Elsevier]

respectively. Faujasite possesses three-dimensionally connected microchannels
consisting of supercages with a diameter of 1.30 nm and bridging tunnels with a
smaller diameter of 0.74 nm. Their high adsorption capacity and excellent mass
transfer properties make these materials ideal candidates for industrial applica-
tions. ZSM-5 present MFI structure, which consists of pentasil units containing
intersecting systems of ten-membered rings pores, one straight and one sinusoidal.

9.1.1 Characterization Techniques

In general, the available literature related to single sites on zeolites focuses mainly
on the incorporation of titania into the zeolitic structure. For the sake of simplicity,
TiO, has been selected to show the most used characterization techniques to
determine whether a synthesized material is in a single-site structure or not.
Nevertheless, the field of single sites is not only limited to titanium oxide, and
other transition metals, such as vanadium, chromium and molybdenum, to name
but the most representative ones, have been incorporated as single sites.

In general, zeolite-based photocatalysts consist of highly dispersed titanium
oxide species in tetrahedral coordination anchored to the aluminosilicate matrix.
As a consequence, a shift of the absorption band onset towards a lower wavelength
(blue shift) with respect to that of bulk anatase is produced. This can be attributed
to a direct transition in oxide clusters although modifications in the band-gap
energy due to a size quantization effect have been also suggested as a possible
cause of these changes in the optical properties (Serpone et al. 1995; Corrent et al.
2001), as commented in Chaps. 2 and 11. It is generally assumed that single-site
photocatalyst activity arises from the ligand-to-metal charge transfer (LMCT) at
the excited state, that is, photoinduced single-electron transfer from 0>~ species,
which are considered as ligand, to the Ti** atom. The observation of
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Fig. 9.3 Diffuse reflectance
UV-Vis absorption spectra of
Ti/ZSM-5 catalysts prepared
by different methods: (a) ion
exchange, (b) impregnation
and (c) P25 (reference)
[reproduced with permission
from (Zhang et al. 2001).
Copyright American
Chemical Society]
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photoluminescence can be considered as indicative of the presence of nanoscopic
TiO, moieties, since bulk anatase and rutile are non-luminescent materials. UV—
Vis spectroscopy, along with XANES and EXAFS techniques, is essential to
determine the presence of isolate atoms in the structure. Besides, it is worth
mentioning that the detection of crystalline TiO, by XRD analysis discards the
single-site configuration type.

In Fig. 9.3, an example of the absorption edge blue shift of Ti/ZSM-5 prepared
by ion exchange compared to TiO, P25 is shown. The band with a maximum at
around 230 nm is associated with Ti single sites in tetrahedral coordination. The
decrease in the edge energy of the LMCT transitions obtained by changing the
preparation method from impregnation to ion exchange may be associated with
the increase in the number of nearest Ti atoms, which suggests a modification in
the degree of polymerization of surface Ti atoms. The zeolite crystalline structure
and the metal loading define the size of the encapsulated TiO, clusters and,
therefore, the band gap and the onset of the optical adsorption.

The edge region in the X-ray absorption spectra can provide information on the
environment, geometry and electronic structure of the absorbing atom. Figure 9.4
shows the X-ray absorption near-edge structure (XANES) and Fourier transform
extended X-ray absorption fine structure (FT-EXAFS) spectra for Ti—O in tetra-
hedral coordination (black line) and Ti—O-Ti in octahedral coordination (dot line).

The lack of inversion symmetry in the tetrahedral environment results in a
single intense pre-edge peak located at around 4965 eV, which was assigned to the
normally symmetry-forbidden 1s—3d transition. When octahedral Ti is present as
extra-framework anatase, or in systems with significant disorder in the Ti-O
distances and Ti—O-Si angles, the pre-edge peak becomes less intense and broader
and shifts to higher energy values. These two different environments are repre-
sented in the FT-EXAFS spectrum by a strong peak at around 1.6 A, characteristic
of isolated four-coordinated titanium ions, and 2.7 A, assigned to octahedral
titanium oxide species.
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Fig. 9.4 XANES (left) and FT-EXAFS (right) spectra of Ti-ZSM-5 [adapted with permission
from (Zhang et al. 2001) Copyright American Chemical Society]

9.1.2 Synthesis Methods

Hydrothermal methods are the usual way to prepare zeolites. This process requires
a source of silicon, the most typical ones being fumed silica (Cab-O-Sil), sodium
silicate or Si(OEt),, a source of aluminium, such as aluminium oxyhydroxide,
AI(OEt);, sodium aluminate and other Al** salts and a templating ion, generally an
organic cation or a hydrated metal ion. The reaction is conducted at high pH by
adding alkali metal hydroxide or quaternary ammonium hydroxide.

Different heteroatoms (other than aluminium or silicon) can be inserted into the
zeolite structure as T-atoms (tetrahedral metals), including titanium, vanadium,
iron and other transition metals. The easiness of the process is determined by the
density of negative framework charge, cation-exchange capacity, density and
strength of Brgnsted acid sites, thermal stability, unit cell dimensions and
hydrophobic/hydrophilic characters of the surface.

Transition metal ions, frequently titanium, can be introduced into the zeolite
framework either by the hydrothermal synthesis or by post-synthesis methods. Ti-
containing f-zeolite has been synthesized by means of hydrothermal methods.
Anpo et al. have achieved a precise control of their hydrophobic and hydrophilic
characters (Ikeue et al. 2001). Ti-f zeolites synthesized with hydroxide ions (e.g.
N, N’-dibenzyl-4,4’-trimethylene bis(N-methylpiperidinium) dihydroxide) exhibit
hydrophilic properties, whereas those synthesized with fluoride ions, such as tet-
racthylammonium fluoride, have hydrophobic properties. Titanosilicalite (TS-1)
presents a mordenite-inverted MFI structure, and it has been synthesized by a sol—
gel method with silicon and titanium alkoxides as precursors and tetrapropylam-
monium hydroxide (TPAOH) as structure-directing agent (Taramasso et al. 1983).
Yamamoto and co-workers have developed a novel alkoxide-free synthesis
method involving a mechanochemical process (Yamamoto et al. 2006). In this
method, silica and titania nanoparticles, used as silicon and titanium sources
instead of the corresponding alkoxides, are milled under dry conditions. The
milling treatment causes a mechanochemical reaction between the silica and
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titania, resulting in the formation of an amorphous silica—titania composite pow-
der, precursor of TS-1. Micrometre-sized TS-1 with good catalytic activity has
been successfully obtained through crystallization via hydrothermal treatments.
The incorporation of vanadium or chromium leads to similar structures (Hari
Prasad Rao et al. 1992; Anpo et al. 1999, 2003).

Among post-synthesis methods, ion exchange has been extensively used. The
negative charge porous framework and the small and mobile cations sitting on the
pores endow zeolites with very high ion-exchange ability. In this simple synthetic
approach, the zeolite is suspended in an aqueous solution of a salt containing the
desired cation to be exchanged by Na*, in conditions which favour the mass
transfer phenomena, such as high temperatures and strong stirring. The synthesis
of titania clusters (Liu et al. 1993) can be accomplished by using mixed oxalate
salts, such as (NH4),(TiNO)(C,0,4),. Another alternative is the absorption of
titanium tetraisopropoxide within the zeolite in isopropyl alcohol with citric acid,
followed by addition of ethylene glycol (Park et al. 2003). In contrast, impreg-
nation method, which has also been used to prepare Ti/ZSM-5 photocatalysts using
aqueous solutions of titanium ammonium oxalate, does not allow a proper control
of the metal dispersion, and it generally leads to the formation of aggregates
(Zhang et al. 2001). Other transition metals have also been incorporated into
zeolites by ion exchange. For example, Cu*-ZSM-5 has been prepared using an
aqueous Cu(NH;)7" solution (Matsuoka and Anpo 2003a). Evacuation of the
original Cu®*-ZSM-5 at high temperature allows the reduction of Cu®*, obtaining
Cu™-ZSM-5, active in the photodecomposition of nitric oxide (Anpo et al. 1994).
In the same line, Ag*/ZSM-5 can be prepared in aqueous Ag(NH3)5 solution
(Matsuoka and Anpo 2003b). The ion-exchange technique has some limitations: in
some cases, the hydrated cations become too bulky to enter inside zeolite pores; in
others, the precursor salt containing the cation in the desired valence state is
unstable or insoluble in water. In these situations, solid-state ion exchange emerges
as a suitable alternative. The zeolite, usually in its H* form, and a precursor
containing the in-going cation, for example V,Os, are intimately mixed and heated
under an inert atmosphere (Higashimoto et al. 2000; Kerc et al. 2003).

A great deal of attention has been devoted as well to incorporate metals such as
Pd, Pt, Ag and Au, into the zeolite matrix through the proper synthesis method in
order to control the particle size, which will define the photocatalytic properties of
these materials. The metal can be introduced into the zeolite pores by ion exchange
with the ammonia-complexed cationic form, for example [Pd(NH3)4]2+ or
[Pt(NH3),]*", followed by thermal removal of the ammine ligands and the creation
of Brgnsted acid sites by the metal reduction.

The photoassisted deposition (PAD) method is frequently used for the incor-
poration of metals into zeolitic structures with controlled size (Yamashita et al.
2007). The process is based on UV-Vis irradiation of the zeolitic material in an
aqueous solution containing the metal precursor. Hexachloroplatinic acid is
habitually used for the incorporation of Pt into the silica matrix, but other salts or
mixtures of salts can be employed as precursors. For example, nanosized Pd—Au
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alloy particles have been prepared with aqueous solutions of PdCIl, and HAuCl,
under UV-Vis irradiation at 25 °C.

9.1.3 Applications of Single-Site Zeolites

The high dispersion of the metal moieties in the zeolite structure generally leads to
higher photocatalytic activity and selectivity as compared to conventional phot-
ocatalysts. Although the photocatalytic properties of single site in zeolites have
been less explored than those of mesoporous materials, some remarkable results
have been obtained for pollution remediation, in particular for the decomposition
of NO into N, and O,, and for the removal of organic compounds in air or water
phase. Promising results have been also obtained for CO, photoreduction with
H,O to produce methanol or methane, and the synthesis of high added value
organic products.

An important aspect in the field of pollutants degradation is that the develop-
ment of zeolites with hydrophobic properties will certainly improve their
adsorption ability towards organic compounds such as alcohols and organic
halides, both diluted in water or in gas phase, and consequently, higher quantum
yields can be expected. In this way, TS-1 has been successfully applied, for
instance, to the decomposition of 4-nitrophenol (Lee et al. 2003) and monoetha-
nolamine (Ban et al. 1999) from aqueous solutions. Concerning the abatement of
pollutants in gas phase, highly dispersed tetrahedral titanium species in a zeolite
matrix are amongst the most promising photocatalysts reported to promote direct
NO reduction to N, under UV irradiation (Takeuchi et al. 2009), with higher
reaction rate and selectivity to N, than to pure TiO,. A well-accepted reaction path
for this photocatalytic process, depicted in Fig. 9.5, is based on the weak
adsorption of two NO molecules on Ti** species. Once excited at a precise
wavelength, an electron transfer takes place with the subsequent formation of Ti**
and O™, which can react with the two NO molecules, resulting in the formation of
N2 and 02.
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Figure 9.6 shows the selectivity to N, and N,O obtained with different phot-
ocatalysts based on zeolites in comparison with TiO, P25. It can be observed that
N, selectivity of zeolites is higher than on P25, but especially on the ion-
exchanged ones, and increasing at lower Si/Al ratios (figuring in brackets). This
photocatalytic performance can be associated with the different coordination
geometry and polymerization degree of surface titanium oxide species. In the case
of aggregated particles of octahedrally coordinated titanium dioxide, the photo-
generated electrons and holes react with NO molecules at different sites, and the N
and O formed in the primary NO decomposition process immediately react with
close NO molecules, forming NO, and N,O. Thus, the photocatalytic reaction
mechanism on the highly dispersed isolated tetrahedrally coordinated TiO,4 species
is completely different from the mechanism operating on titanium oxide semi-
conductor particles (Anpo et al. 1985). Polymerization of titanium oxide species,
usually observed when titanium oxide is incorporated by impregnation methods,
results in a lower fraction of Ti—~O-Si bonds. As a consequence, the photocatalytic
performance significantly decreases.

This behaviour has also been reported for Cu*/zeolite photocatalysts, which
exhibit superior photocatalytic performances when copper species are incorporated
into ZSM-5 rather than into Y-zeolite. This observation has been rationalized by
taking into account the narrower pores of ZSM-5 that could enhance the elec-
trostatic field on the Cu™ sites (Anpo and Thomas 2006). This family of catalysts
has been proved to be very efficient in the NO decomposition reaction at tem-
peratures as low as 2 °C (Anpo et al. 1994). The performance of V-oxide species
highly dispersed within zeolite frameworks has also been investigated in this
reaction both in the absence and in the presence of reducing agents. (Higashimoto
et al. 2000). The reaction rate increases in the presence of propane, leading to the
formation of propylene-, ethylene- and oxygen-containing compounds, such as
CH;CHO and CO,, in addition to N,. The abstraction of a hydrogen atom from the
hydrocarbon by a charge-transfer excited state (V**—07)* plays a significant role
in the promotion of the reaction, propane being more active than more stable
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molecules such as methane or ethane. Ag*/ZSM-5 also presents high photoactivity
in the decomposition of NO, although N,O and NO, are also detected. The
electron transfer from the excited Ag* ion to the IT antibonding molecular orbital
of the NO molecule plays a significant role in the photocatalytic decomposition of
NO. The higher performance of Ag*/ZSM-5 (Matsuoka et al. 1996) compared to
Cu™/ZSM-5 (Anpo et al. 1994) has been assigned to the high chemical stability of
the Ag™ ion and to its efficient interaction with the NO molecule.

As commented in Chap. 4, the generation of valuable chemicals via CO,
photoreduction in the presence of HO and the photocatalytic decomposition of
H,0 into H, and O, have been successful performed with this type of materials
(Takeuchi et al. 2009). During the hydrogenation of CO, with single-site photo-
catalysts, Ikeue et al. (2001) have detected the formation of CH;OH and CH,4 as
main reaction products, as well as CO, O,, C,H, and C,Hg in minor proportion. As
shown in Fig. 9.7, the photocatalytic activity of hydrophilic Ti-f (OH) is slightly
higher than that of P25, almost non-active in this case; however, a remarkable
photocatalytic performance is observed on the hydrophobic Ti-f (F). On the other
hand, CdS/zeolite catalysts have been reported active for water splitting, gener-
ating H, in the presence of suitable sacrificial agents (Tel’biz et al. 1994). In
general, it can be concluded that the zeolite nature affects the photocatalytic
activity and selectivity of photocatalytic reactions. The generation of a high
concentration of (Ti**—O07)* is directly related to the reactivity, and more
selective materials are obtained with tetrahedrally coordinated Ti. In any case, it is
worth noting that due to the optical characteristic of these materials, photoacti-
vation requires, in general, UV-C irradiation and this fact excludes the use of
sunlight.
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et al. 2001). Copyright
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9.2 Metal-Loaded Mesostructured Silica

Ordered mesoporous materials, discovered by Mobil Oil scientists in 1992, opened
up new possibilities for modulating the selectivity of catalytic reactions. Mobil
crystalline material number 41 (MCM-41) is one of the most commonly employed,
mainly due to its large surface area and to its structural arrangement, consisting of
hexagonally ordered pores with diameters ranging from 2 to 10 nm. Along with
the MCM-41 hexagonal phase, cubic MCM-48 and laminar MCM-50 arrange the
so-called M41S family. Six years later, silica materials with much larger pores,
between 4.6 and 30 nm, were produced at the University of California, Santa
Barbara (Zhao et al. 1998). The material was named Santa Barbara Amorphous-
type material or SBA-15. This solid has also a hexagonal array of pores, with some
microporous contribution. In addition, other mesoporous silicas, like FSM-16
(Zama et al. 2000) or TUD-1 (Hamdy et al. 2006; Mul et al. 2008), have been used
as matrixes for obtaining different single-site photocatalysts.

The main difference between mesoporous materials and zeolites is that the
former present larger pore size, lying within the mesopore range, but constituted
by non-crystalline pure silica walls (Vartuli et al. 1998). Owing to the lack of
active sites in the pure siliceous mesoporous solid, much effort has been devoted to
increase their activity by chemical modification (Kerc et al. 2003).

In this section, the main relevant details concerning the synthesis and appli-
cations of metal-loaded mesoporous structures will be discussed, in particular for
MCM-41, one of the most representative mesoporous molecular sieves.

9.2.1 Characterization Techniques

The preservation of the mesoporous structure and the successful implantation of a
semiconductor in a single-site configuration can be determined by N, adsorption—
desorption isotherms, XRD, TEM, UV-Vis, XANES and EXAFS spectroscopies
(Rey et al. 1996). An example of the results obtained by these techniques is shown
in Fig. 9.8 for M-oxide moieties (M = V-, Cr-, Mo-, W-). The typical type IV N,
adsorption—desorption isotherm of a mesoporous material, indicating the presence
of mesopores with an average pore diameter of around 3 nm, is shown in
Fig. 9.8A. The XRD pattern shows a sharp peak between 2 and 4, depending on
the metal selected, ascribed to the (100) reflection of the hexagonally packed
mesoporous structure. It is important to notice that diffraction lines of bulk metal
oxides are not observed in the X-ray diffraction pattern, indicating that the metal
oxide moieties are present as highly dispersed phases within mesoporous silica
matrixes (Fig. 9.8B).

The UV-Vis spectrum of the Ti-mesoporous silica thin film (MSTF) shows an
absorption band in the UV region below 280 nm, with a peak at 215 nm attributed
to the LMCT (ligand-to-metal charge transfer) transition from O~ to Ti**, as also
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Fig. 9.8 A N, adsorption—desorption isotherms (Ti-), B XRD, C UV-Vis spectra (V-, Cr-, Mo-
and W-) and D XANES, EXAFS curves (Ti-); (a) Ti-containing ordered mesoporous thin films
(MSTF) and (b) tetrapropyl orthotitanate, obtained for M-substituted mesoporous materials
[reproduced with permission from (Horiuchi and Yamashita 2011). Copyright Elsevier]

described for zeolites in Sect. 9.1.1. An example of the typical UV-Vis spectra
obtained with other metal-substituted mesoporous materials is shown in Fig. 9.8C.
Clearly, transition metal oxide moieties in the M-MSTF (M = V, Cr, Mo and W)
exist in isolated and tetrahedrally coordinated states within mesoporous silica
matrixes. The XANES and EXAFS spectra of Ti-MSTF and tetrapropyl orthoti-
tanate (TPOT), which is a reference sample for tetrahedrally coordinated TiO4
species, are also shown in Fig. 9.8D. Both samples record XANES spectra with a
sharp pre-edge peak at 4967 eV, attributed to the 1s—3d transition in the regular
tetrahedron structure (Blasco et al. 1995). In addition, the FT-EXAFS spectrum
shows only one peak at 1.4 A, corresponding to the neighbouring oxygen atom
(Ti—-O bond). These results confirm that Ti-oxide moieties incorporated into the
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silica matrix exist as isolated and tetrahedrally coordinated species (Horiuchi and
Yamashita 2011).

9.2.2 Synthesis

The preparation of mesostructured materials can be accomplished by different
approaches, such as the hydrothermal and sol-gel methods. (Davis and Lobo 1992;
Casci 1994; Zhao et al. 1996). The process involves a silica precursor and a
surfactant, typically an organic amine, in aqueous media. The physical properties
of the final material depend on the synthesis conditions (temperature, pH, reaction
time, type of surfactant and surfactant-to-silica molar ratio). Thus, the surface area
of the final material may range from 400 to 1700 m? g™, the pore size between
1.5 and 10 nm and pore volumes of up to 1.1 cm® g~ can be obtained (Kresge
1992). The typical mesoporous structure of MCM-41 is shown in Fig. 9.9. The
hexagonal pore structure, constituted by ordered parallel channels, can be clearly
appreciated in the TEM micrographs.

MCM-41 silica can be prepared by one of two possible electrostatic assembly
pathways. The S*I™ pathway involves electrostatic interactions and charge
matching between positively charged assemblies of rod-like micelles of quaternary
ammonium surfactants (S*) and anionic silicate species (I7). The second pathway,
the so-called counter-ion-mediated S*X 1" pathway, makes use of the same sur-
factant cations under strongly acidic conditions in order to assemble positively
charged silica precursors (I"). As in the case of zeolites, a great body of work has
been accomplished by different research groups in order to incorporate titanium

Fig. 9.9 TEM micrographs UL 3
of two possible orientations, e \ \\\1\'{\\ \ L
parallel and perpendicular to - '-I\:'\".‘\

(001) plane, for the MCM-41 \

structure (Diaz 2001)
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moieties into the structure of mesoporous molecular sieves, generally using tita-
nium alkoxide as a precursor (Blasco et al. 1995; Alba et al. 1996). Ti-containing
MCM-41 has been synthesized in acidic systems by using either ionic surfactants
or primary amine as template (Tanev et al. 1994; Blasco et al. 1995; Yamashita
et al. 1998). The Ti/Si ratio is the key parameter for maintaining the silica
structure. Mesoporous materials prepared with Ti/Si = 0.1 lead to the collapse of
the silica framework due to the excess of Ti in the final solid.

Ti substitution via ambient temperature electrostatic assembly S*I~ and S°I°
allows an almost complete incorporation of titanium into the mesoporous frame-
work, whereas S*XI" impedes the titanium incorporation (Zhang et al. 1996,
2000). On the other hand, the temperature-controlled microwave-assisted synthesis
method shortens the crystallization time as compared to conventional hydrother-
mal conditions (Wu and Bein 1996). A further approach to prepare these modified
MCM-41 materials under softer conditions and shorter synthesis reaction times is
through a photoassisted procedure. Ti- and V-mesoporous materials have been
prepared by this process using tetraisopropyl orthotitanate and vanadium precur-
sors. The XRD results indicate that this preparation route shortens the crystalli-
zation time and preserves the formation of the single-site configuration (Hu et al.
2004, 2007; Aradjo 2007). Grafting methods have also been employed for the
insertion of heteroatoms such as Ti and Mo into silica-based materials. In the case
of titanium, titanocene dichloride precursor has been used (Maschmeyer et al.
1995; Danon et al. 2011). Mo species can be introduced in a highly disperse state
by reaction of MoCls with the surface OH groups (Louis et al. 1993).

The incorporation of other semiconductors into the synthesized MCM-41 and
HSM structures, with or without Ti, opens the possibility of designing visible-
light-active materials (Rey et al. 1996; Anpo and Takeuchi 2003). With this
purpose, V, Cr, Mo, W and precious metals, such as Pt, Pd and Ag, are some of the
most studied metals. Large transition metal cations such as those of Mo and W,
scarcely used with zeolite structures, can be easily incorporated into the MCM-41
framework because of its more flexible structure. The displacement of the
absorption band for both Ti-MCM-41 and Ti-HSM samples at different vanadium
loadings is represented in Fig. 9.10. As can be observed, the incorporation of
vanadium results in a progressive red shift of the absorption band located between
240 and 260 nm.

The PAD method has also shown excellent results for the incorporation of metal
atoms such as Cr, Pd and Pt into Ti-oxide moieties. As in the case of zeolites, the
incorporation of Pt is generally accomplished by this method, with particle sizes in
the range 4-5 nm. On the contrary, conventional impregnation leads to a broad
distribution of particle sizes in the range 2-20 nm (Yamashita 1998; Shironita et al.
2008, 2009). The photoassisted process has been applied to prepare visible-light-
sensitive Cr/Ti binary oxide photocatalysts through a direct interaction between the
Cr-oxide and Ti-oxide moieties (Yamashita et al. 2005, 2008b).

Mesoporous TiO, thin films are very attractive photocatalyst conformations,
since they combine a highly ordered mesoporous structure along with a very high
transmittance, provided that transparent substrates such as glass and organic
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polymers are employed. Structure-directing agents such as Brij 30, F127 and
polyethylene glycol can be used in the sol—gel preparation technique. Thereafter, a
thin film can be created by dip-coating or any other suitable deposition method.
The samples are subsequently treated at high temperature to promote the
decomposition of the structure-directing agent, but avoiding cation migration
processes, frequently observed for glass materials.

Recently, a great deal of interest is shown in the insertion of metals with high
redox potentials, typically V, Cr, Ti, Fe or Ni, into the MCM-41 structure (Blasco
et al. 1995; Ulagappan and Frei 2000). These metals produce isomorphic substi-
tutions which increase the catalytic activity in photooxidation processes involving
organic molecules of commercial interest such as phenols and bulky aromatics
(Aratjo et al. 2007).

9.2.3 Photocatalytic Applications

Mesoporous silicas incorporating metals in single-site configuration have been
investigated in many reactions, including the elimination of pollutants, such as
NO, benzene, propane, acetaldehyde and trichloroethylene, in gas phase and water
solutions; the development of superhydrophilic materials; organic synthesis
reactions; the photocatalytic reduction of CO, with water; or the photooxidation of
carbon monoxide.

Ti-HSM and Ti-MCM-41 have been extensively studied in the direct decom-
position of nitric oxide (Zhang et al. 2000; Hu et al. 2006). These single-site
photocatalysts record very high activity and N, selectivity as compared to pure
TiO, anatase, like in the case of zeolitic supports (see Sect. 9.1.3). For photo-
catalysts containing up to 0.6 wt % Ti, isolated tetrahedrally coordinated species
predominate. For higher Ti contents, adjacent species with Ti** in octahedral
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coordination are also detected. A direct relationship between the yield of charge
transfer excited states of the isolated species and the N, formation is observed. The
implantation of V ions results in the formation of Ti-O-V ensembles, yielding
photocatalysts able to work even under visible light irradiation (4 > 420 nm) with
high photocatalytic efficiency (Anpo and Takeuchi 2003). Anpo et al. have also
analysed the photocatalytic activity of Ti-, V- and Mo-MCM-41 for NO decom-
position (Anpo et al. 2009).

The effect of the incorporation of a reducing agent has also been investigated
with Mo- and Cr-mesoporous molecular sieves (Matsuoka and Anpo 2003a; Anpo
et al. 2009). Based on photoluminescence results, obtained in the presence of NO
or propane and their mixtures, a mechanism was proposed, where hydrocarbon
radicals are formed by H abstraction of the photoexcited Mo oxide from propane.
These intermediate species react with NO to produce N, along with oxygen-
containing compounds. The photocatalytic decomposition of NO is promoted by
the presence of carbon monoxide, leading to the formation of N, and CO,. The
formation of N is higher with photocatalysts containing 1 wt % Mo concentra-
tion, which generates the highest amount of Mo** species through the photore-
duction of Mo®* with CO. Moreover, Cr-based materials show good activity under
visible light irradiation with N, selectivity of around 97 %, whereas it decreases to
45 % under UV conditions.

Another photocatalytic application of Ti—-Cr-MCM-41 is the decomposition of
hydrogen sulphide under visible light, mainly related to the presence of Cr®*
species (Wang et al. 2012). Deactivation is observed as a consequence of sulphate
accumulation and reduction of Cr®", as previous observed for TiO,-impregnated
Cr-MCM-41 (Portela et al. 2008).

Due to the rather good performance of bulk photocatalysts for the elimination
of organic compounds, more costly single-site photocatalysts have been less
explored in this field. Nevertheless, the interest in single-site photocatalysts has
been triggered because of their higher activity and selectivity for some particular
photocatalytic applications. The most active and interesting research field relates
to the development of active photocatalysts in the visible region. V-, Fe- or Cr-
substituted titania-containing MCM-41 has been tested in the degradation of
organic pollutants in water (Davydov et al. 2001). The chromium-substituted
MCM-41 was identified as the best support for titania incorporation. This con-
figuration yielded the highest degradation rates for HCOOH, 2,4,6-trichlorophenol
and 4-chlorophenol. Si—O-Cr and Ti—O-Cr arrangements create an opportunity for
a two-step excitation in the visible range. Moreover, Co- and Cr—-Al-MCM-41
have been used in the photocatalytic degradation of acetaldehyde (Rodrigues et al.
2004) and trichloroethylene (Rodrigues et al. 2005) in the gas phase using UV and
visible light. Although the rate constant of TiO, P25 is higher than that of M-Al-
MCM-41 under UV irradiation, the latter presents reasonable photoactivity under
visible irradiation. The increasing acidity and ion-exchange ability of Al-substi-
tuted MCM-41, with surface areas over 1000 m?> g_l, account for the choice of Al-
MCM-41 as a support for the incorporation of well-dispersed photoactive sites.
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On the other hand, Ti-MCM-41 molecular sieves have been studied in the UV-
assisted sonophotochemical removal of salicylic acid (Reddy et al. 2003). In this
process, the use of ultrasounds allows the creation of microbubbles, which pro-
motes the production of active radicals such as H* and OH". Clearly, the combi-
nation of solid particles and ultrasounds in this case produces a synergetic effect,
and the formation of toxic by-products is decreased. Ti-HSM photocatalysts have
also been tested for the degradation of benzene. Its unique properties, which relate
to the high dispersion of Ti-oxide species, explain their enhanced photoactivity
and stability as compared to TiO, P25 (Zhuang et al. 2010).

The design of mesoporous thin films with controlled hydrophobic—hydrophilic
properties is a promising field of application. Single-site Ti, V, Cr, Mo or W
cations contained in mesoporous silica thin films induce superhydrophilicity, an
essential property, even in the dark, for the self-cleaning and antifogging prop-
erties commented in Chap. 3. The water contact angle of these materials is kept
below 10°, decreases upon UV irradiation, and, in some cases, is even further
reduced upon visible light irradiation (Yamashita et al. 2006; Yamashita and Mori
2007; Yamashita et al. 2008a). This behaviour has been explained considering that
the introduction of tetrahedrally coordinated M-oxide moieties into the mesopor-
ous silica matrix leads to the formation of new adsorption sites for water mole-
cules. The charge transfer excited state of the metal oxide moieties (Ti, Mo, W, Cr)
formed under UV-Vis irradiation plays an active role in the process. In addition,
the mesoporous structure enhances their hydrophilicity by increasing the number
of silanol groups exposed on the inner surface of the mesopores and inducing
capillary phenomena.

The surface of metal oxide mesoporous materials can be transformed from
hydrophilic to hydrophobic by a polymerization process. Ethylene polymerization
over mesostructured silica incorporating Ti- and Cr-oxide moieties has been per-
formed under UV irradiation. The resulting inorganic—organic materials can main-
tain their transparency after the deposition of the organic phase, with a significant
increase in the water contact angle (Wang et al. 2006; Yamashita et al. 2008a, b).

Organic synthesis is another important field where single-site photocatalysis
can be successfully applied. The production of chemicals with these photocatalysts
has been mainly related to the photooxidation of hydrocarbons in the presence of
oxygen, for example, the oxidation of benzene to phenol (Zama et al. 2000), the
photooxidation of methane to produce formaldehyde (Lépez and Martinez 2002)
or the photooxidation of propane to acetone (Hamdy et al. 2006). The photocat-
alytic epoxidation of olefins with Ti-containing mesoporous silica in the presence
of acetonitrile has also been investigated, obtaining a higher selectivity than with
bulk TiO, (Shiraishi et al. 2005; Morishita et al. 2006). Moreover, Cr- and Cr/Ti-
containing mesoporous silicas prepared by the photoassisted method show higher
reactivity and selectivity in the propane-to-propene photooxidation under visible
light than the same catalysts prepared by the impregnation method (Yamashita
et al. 2008b). Cr-HSM shows good photocatalytic activity in the partial oxidation
of propane for the production of oxygen-containing hydrocarbons, such as acetone
and acrolein, both under UV light and visible light (Yamashita et al. 2001), and V-
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and Ti-containing MCM-41 for obtaining acetone (Hu et al. 2007). VO,/SBA-15
has been tested in the selective photoassisted oxidation of methane to produce
formaldehyde (Lépez and Martinez 2002). Ti-TUD-1 and V-TUD-1 have been
tested for the selective photooxidation of propane to acetone under UV and visible
irradiation (Hamdy et al. 2006; Mul et al. 2008). Photocatalytic oxidation of
cyclohexane with molecular oxygen to cyclohexanol and cyclohexanone, an
important intermediate in the e-caprolactam synthesis, can be carried out using
hydrophobically modified Cr-containing mesoporous silica under visible light
(Shiraishi et al. 2008). Photoactivation of tetrahedrally coordinated chromate
species (Cr®") led to the formation of electrophilic excited state Cr**" species, able
to strongly attract cyclohexane protons, hence promoting their efficient oxidation.

The photooxidation of CO by O, is essential in the fuel cell technology to
remove CO impurities from H,, hence avoiding electrode poisoning. Mo-MCM-41
has been used in this reaction, showing good quantum yields of around 12 %,
which are still far from the efficiencies of conventional heterogeneous catalytic
processes with precious metal-based catalysts (Anpo et al. 2009). The proposed
reaction mechanism starts with the formation of a charge transfer triplet excited
state. Then, Mo’ —O~ excited species are reduced by CO to Mo™*", and finally, the
initial oxidation state is recovered by oxidation with O,.

The development of single-site photocatalysts has allowed as well a better
characterization and control of the active sites for the photocatalytic reduction of
CO, with H,O, as commented in Chap. 4 (Thomas et al. 2005; Indrakanti et al.
2009). Frei and co-workers studied the reaction mechanism under UV light using
methanol as the electron donor for TS-1. HCO,H, CO and HCO,CHj; were the
detected products, and formic acid was detected as the primary 2-electron
reduction product of CO, at the LMCT-excited Ti centres (Ulagappan and Frei
2000). They also proposed a mechanism for the CO, photoreduction on a bime-
tallic ZrCu(I)-MCM-41 silicate sieve, in which CO, splits into CO and O, at the
excited metal-to-metal charge transfer sites (Lin et al. 2004; Lin and Frei 2005).
Hwang et al. (2005) reported that CH;OH is the main reaction product for the PCR
of CO, with water, with the highest production for Ti-SBA-15 in the series Ti-
SBA-15, Ti-MCM-41, Ti-MCM-48 and TS-1. This observation was correlated
with the higher dispersion of Ti active sites on SBA-15 due to the acidic medium
used for the synthesis. Yamashita et al. (1998) studied the effect of pore size on the
reaction. The MCM-48 structure, with large pores >20 A and three-dimensional
channels, shows better results than the one-dimensional MCM-41, and the lower
pore size of TS-1 seems to be the reason for the lower photoactivity of this
material. Moreover, the incorporation of a low quantity of Pt into the Ti-MCM-41
structure significantly promotes methane formation, with the subsequent decrease
in the methanol yield. XAFS and photoluminescence analyses revealed a certain
electron transfer from the photoexcited Ti-oxide species to the neighbouring Pt
metal, resulting in the better charge separation. Lin et al. (2004) reported that the
primary product for the photoreduction of CO, with water over Ti-MCM-41 was
CO, and no methane and methanol formations were detected.
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9.3 Stability and Other General Aspects of Single-Site
Photocatalysts

Although it is well known that the presence of water vapour provokes zeolite de-
aluminization at high temperatures, which leads to the collapse of the zeolitic
structure, not much information is available about the stability of these materials at
lower temperatures. However, this fact should be considered in long-term photo-
catalytic applications. Other aspect to be taken into account is the likely leaching of
the photoactive component during the reaction; this phenomenon can be very acute
in water-phase reactions. This is one of the problems of metal-based zeolite phot-
ocatalysts, reflected not only in the decrease in the active-phase content but also in
the competition between the homogeneous (e.g. photo-Fenton) and heterogeneous
processes. These facts, in which extension depends strongly on the pH of the
medium, limit the applicability of zeolitic materials for aqueous solutions processes.

Another feature to be considered is pore blocking by deposition of non-desired
compounds. Aramendia et al. (2007) have studied the photooxidation of 2-pro-
panol in gas phase with several zeolites, reporting a photoactivity reduction of
around 30 % with respect to the initial values. Deactivation and regeneration are
demanding issues that require a detailed study in each case. In this line, it is
reported in the literature that the treatment of CN ™ -containing wastewaters leads to
catalyst deactivation after an initial photocatalytic activity of 90 % (Domenech
and Peral 1989; Corma and Garcia 2004). The photocatalyst efficiency can be
restored by flushing with distilled water, distilled water plus irradiation or treat-
ment with acid or bases.

The price of the final photocatalyst is determined by the price of the raw
materials used for the synthesis (e.g. precursors, templates). The cost of metal-
based photocatalysts, however, is dominated by the price of the metal component.
Synthetic zeolites have been used for many years in the oil industry, but natural
zeolites, less expensive, are becoming very attractive alternatives.

Concerning mesoporous structures, the stability of the pore walls against
chemical agents, reaction products or water are some aspects to be considered for
long-term applications. In this respect, thicker silica walls as those of SBA-15
confer additional resistance to these materials. As in zeolites, other aspects to be
taken into account for mesoporous structures are metal leaching and deactivation.
Metal leaching is one of the problems of photocatalysts based on M oxide (e.g. V,
Cr, Mo) dispersed on mesoporous silicas, as they tend to undergo ion leaching
after prolonged contact of the solid with liquids. Furthermore, under reaction
conditions, Cr*® species are transformed into Cr*?, leading to catalyst deactivation
in both H,S (Wang et al. 2012) and formic acid degradation (Davydov et al. 2001).
It seems clear that Cr'®=0*" — Cr*>—0'" transitions are responsible for the
photoactivity under visible light, and the accumulation of electrons on the surface
of the catalyst leads to the depletion of the six-valence chromium and subsequent
deactivation of the catalyst. This is a very serious limitation to the practical use of
these types of photoactive materials. In fact, no real catalytic cycle would take
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place if this process occurs extensively, and the materials would rather behave as a
consumable reagent. Further studies would be required to better understand this
aspect and to establish viable strategies of regeneration.
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Chapter 10
The Role of Co-catalysts: Interaction
and Synergies with Semiconductors

Victor A. de la Pefia O’Shea

It is well known that the selection of an appropriate semiconductor is the key to
obtain the desired results in a photocatalytic reaction. In the previous chapters, it
has been shown which are the requirements for several photocatalytic processes,
including pollutant removal, water detoxification or solar fuel production (from
water splitting or CO, photoreduction), and how semiconductor engineering can
help to improve the intrinsic physico-chemical and catalytic properties of a single-
phase photocatalyst attending to solve the main drawbacks in photocatalytic
reactions. However, in some cases, the modification of the photocatalyst with an
appropriate co-catalyst leads to an improvement in the photoactivity. The use of
co-catalysts leads to (1) a better charge separation and a decrease in the recom-
bination rate, because these co-catalysts act as electron attractors; (2) an
enhancement in the activity or a selectivity control in the redox reactions, because
of their performance as specific catalytic active sites for reaction evolution; and, in
some cases, (3) a broadening in the light operating conditions from UV to visible
wavelengths.

The effect of the co-catalyst is mainly related to its ability to extract and
manage the photogenerated electrons. These processes are governed by various
factors such as band-edge potential and work function of the photocatalyst (Kudo
et al. 2000; Kato et al. 2003) and the loaded species (Nosaka et al. 1984).
Regarding the last point, the photocatalytic activity of a given material (co-cata-
lyst/semiconductor) is, in general, highly dependent on the optimal distribution of
the co-catalyst. An increase in the metal loading and a good dispersion lead to
faster reaction rates. However, undue amounts provoke a decrease in the activity
because the co-catalyst sites can act as recombination centres or impede light
absorption. This behaviour is explained by a volcano-type trend between the co-
catalyst amount and the photoactivity (Maeda 2011), as shown in Fig. 10.1.
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Therefore, the loading method is a key factor to control the photocatalytic
reactivity. Several procedures have been used in photocatalysis to deposit the co-
catalyst over the semiconductor:

Incipient wetness impregnation (IWI), also called dry impregnation or capillary
impregnation, where the semiconductor is soaked with a volume of the metallic
precursor solution (in water or in an organic solvent), equal to the pore volume of
the support. The maximum charge of metal phase is determined by the solubility of
the precursor salt. When the solution is added in excess of solvent, the method is
called wet impregnation (WI). Thereafter, the catalysts can be dried and calcined in
air or inert atmosphere, to complete the precursor decomposition.

Precipitation deposition, where the co-catalyst is deposited by slow addition of
a precipitating agent to a metallic solution. The precipitating agent is selected
taking into account the nature of the precursor, the solvent and the characteristics
of the support. This procedure is more adequate for non-porous supports.

In-situ photochemical deposition method (PD), developed by Kraeutler and
Bard (1978), which has been extensively used during the last years (Nakamatsu
et al. 1986; Einaga and Harada 2005). In this procedure, the semiconductor is
dispersed in a solution of the metal precursor. The suspension is then irradiated
leading to the reduction in the metal cations to their metallic state. An electron
donor can be included to favour the photodeposition.

If several active components are to be introduced, they can be deposited by co-
impregnation, when all co-catalysts are deposited at the same time, or successive
impregnation, if the components are sequentially introduced. In this case, drying
and calcination take place between impregnations and as final step.
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10.1 Co-catalyst/Semiconductor Interaction

As it has been previously described, the use of a co-catalyst influences the opto-
electronic properties of the semiconductor photocatalysts. This effect leads to
changes in the light absorption and in the recombination processes. Depending on
the co-catalyst nature, different kinds of behaviours have been observed.

The charge separation effect that takes place in metal (M) or metal oxide (MO)
co-catalysts deposited over a semiconductor surface can be explained, from the
electrochemical point of view, as a set of homogenously distributed “short cir-
cuits”, where each nanoparticle acts as cathode or anode, thus improving the
catalytic redox behaviour of the bare semiconductor (Wang et al. 1992).

In the case of using metals as co-catalysts, metal nanoparticles (NPs) act as
electron scavengers, delaying the recombination processes. The efficiency of this
electron transfer depends on the metal ability to compete for the photogenerated
electrons with other acceptor molecules at the semiconductor interface. Besides,
depending on the metal, different behaviours are observed; thus, Pt and Pd provide
an ohmic contact, while other metals such as Ag and Au exhibit capacitive
properties.

In the general case of a metal/semiconductor system, it is known that UV light
leads to a decrease in the metal Fermi level (more negative potential), which
approaches the conduction band due to the electron storage. This change is due to
an electronic transfer from the semiconductor to the metallic NPs, leading to an
excess of negative charge in the metal and a positive charge in the semiconductor.
As a result, a Schottky barrier is formed between the semiconductor conduction
band and the metal Fermi level. Some studies have shown that the shift in the
Fermi level could be as high as 0.1 V per stored electron in a nanoparticle (Chen
et al. 1998a, b; Chen and Murray 1999; Takai and Kamat 2011; Templeton et al.
2000). This shift allows the photogenerated electrons in the semiconductor to be
trapped on the metal nanoparticles, improving the charge separation (Fujishima
et al. 2008; Tada et al. 2009; Zhang and Yates 2012). Smaller size particles were
found to induce a maximum shift in the Fermi level of the metal/semiconductor
catalyst. Radiative recombination occurs in the range of picoseconds for bare
semiconductors, while in the case of trapped photoelectrons, it happens at the
nanosecond to microsecond scale, depending on the size of metal and support. A
decrease in the semiconductor particle size increases the trapped electrons
recombination rate. Regarding metal particles, a decrease in the size leads to a
higher modification in the Fermi level towards more negative potentials, pro-
voking an increase in the photogenerated electrons lifetime.

Taking into account that sunlight possesses a high quantity of visible light
photons, as it can be observed in Fig. 4.1 (Chap. 4), it is very important to know
the response of metal/semiconductor systems to this kind of irradiation. In the
visible wavelength range, the expected charge transfer is from the metal nano-
particles to the semiconductor. Some studies have shown that under visible light,
electron transfer from the metal nanoparticles produces the formation of radical
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species on the semiconductor surface. In this case, the co-catalyst acts as electron
donor or even acceptor, depending on the relative position of the Fermi level with
respect to the CB (Gao et al. 2011; Ismael et al. 2009).

One of the main important challenges in the last years has been the use of metal
nanoparticles with surface plasmon resonance (SPR) in photocatalytic applica-
tions. This effect is due to the collective electron oscillation in metallic nano-
particles, which at specific wavelengths can be driven resonantly, generating an
electric field. These materials can thereby, and also because of their high scattering
ability, concentrate and trap the light in the semiconductor and therefore enhance
the photocatalytic activity. These materials can be designed to absorb light from
the ultraviolet to the near-infrared region through a choice of their particle size,
shape and dielectric environment (Shuller et al. 2010). This fact enables the
synthesis of photocatalysts with a broadband enhancement across the wide solar
spectrum. Two of the mainly used co-catalysts with SPR effect are Au and Ag
NPs, which possess intense optical absorption and scattering properties, often with
10° times higher extinction coefficients than individual organic dye molecules (see
Chap. 16).

Under UV light, the electron transfer from the semiconductor to SPR nano-
particles (such as Ag or Au) is easily distinguished by the changes observed in the
plasmon frequency. The addition of photogenerated electrons to the NPs leads to a
blue shift in the absorption spectrum (Hirakawa and Kamat 2005; Novo and
Mulvaney 2007) that makes it possible to calculate the number of stored electrons.
Takai et al. show that by UV irradiation of TiO, nanoparticles and Ag* ions, silver
is reduced and deposited over the titania surface (Takai and Kamat 2011). These
Ag” nanoparticles depict an absorption band at 430 nm due to SPR effect, which is
shifted to 415 nm when the irradiation time is increased. This behaviour is due to
an excess of electrons kept in the Ag NPs. Under illumination, the discharge has a
lower rate than the charge process and a fraction of these electrons keeps in trap.
However, in the dark, the plasmon band slowly returns to its previous value.
Therefore, the electron storage is reversible and dependent on the amount of Ag
deposited on TiO, (Fig. 10.2).
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Fig. 10.2 Charge equilibration scenarios between TiO, and Ag nanoparticles during continuous
UV irradiation and in the dark. Reproduced with permission from Takai and Kamat (2011).
Copyright American Chemical Society
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Fig. 10.3 a Schematic diagram of plasmon-induced charge separation and associated photo-
chemistry at the metal/semiconductor photocatalyst. b Schematic diagram of downward band
bending by Au and its effect on hole transport, causing decreasing %0, PSD yield. ¢ Plots of the
work function change, calculated by DFT and the Macdonald and Barlow model versus Au
coverage on 1802/T102(1 10) surface. Reproduced with permission from Zhang and Yates (2012).
Copyright American Chemical Society

In the case of visible light irradiation, light absorption by SPR/semiconductor
catalysts also occurs, but through the metal SPR. The electron transfer from the
SPR nanoparticles to the semiconductor is observed in the range of picoseconds,
with yields between 10 and 50 % (Kubacka et al. 2012). As depicted in Fig. 10.3,
recent theoretical calculations have pointed out that the photocatalytic activity of
these materials under visible light is due to the SPR—semiconductor interaction,
involving surface-localized gap states of semiconductor (Zhang et al. 2011; Zhang
and Yates 2012). This theory is in divergence with the proposed charge transfer
phenomenon.

The use of other elements in the form of oxides, such as Cu, Cr and Fe, among
others, which have a more ionic character, leads to a different behaviour in the
photocatalytic activity. These oxides supported over semiconductors are used
under UV, visible or even sunlight. The charge transfer depends on the light
wavelength and the type of metal oxide.

The case of Cu oxides (with the presence of Cu,O/CuO phases) on anatase is a
clear example of size effect on the charge transfer at different wavelengths
(Borgohain et al. 2002; Rafea and Roushdy 2009; Xu and Schoonen 2000; Yin
et al. 2005; Lalitha et al. 2010). Catalysts with Cu-oxide NPs larger than 15 nm
lead to an increase in the charge separation only under UV irradiation. The
decrease in the particle size to 10 nm produces a modification in the Fermi-level
position, and an increase in the bang gap allows charge transfer from the copper
oxide to the semiconductor in the visible region. For lower particle sizes, the band
gap reaches a 3.0 eV value, and under UV irradiation, the charge transfer is
possible in both directions.

On the other hand, the opto-electronic characteristics of iron oxide (a-Fe,O3)
allow the charge transfer even under visible light irradiation. When the particle
size of this co-catalyst is between 10 and 3 nm, visible photon-excited electrons
can be transferred to the anatase phase with the adequate distribution of the density
of states (Libera et al. 2010; Tada et al. 2011).
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10.2 Photocatalytic Behaviour

Although many unmodified wide-band-gap semiconductors are active for overall
water splitting, their activities are drastically improved by loading with co-cata-
lysts. Noble metals, such as Pt, Pd, Rh, Au and Ag, and oxides, such as CuO, NiO
and, in minor proportion, RuO, and IrO,, have been reported to be effective co-
catalysts, as it has been observed in many examples cited throughout this book.
Thus, the development of new co-catalysts has brought about numerous break-
throughs in different photocatalytic reactions.

10.2.1 Noble Metals

As it is mentioned above, noble metals like Pt, Pd, Rh, Au and Ag are well known
as excellent co-catalysts, playing a crucial role in different redox reactions such as
water detoxification, H, generation by water splitting or fuels and fine chemicals
production by CO, photoreduction.

The main role of these metals is to prevent the recombination reaction
(Bamwenda et al. 1995; Chong et al. 2010; Maeda and Domen 2007; Ni et al.
2007; Osterloh 2008). Furthermore, their particularity is that their Fermi levels
have energy that is usually located below the CB of a great number of semicon-
ductor materials. This characteristic allows the transference of photogenerated
electrons from the VB to the metal nanoparticles, while holes remain in the
semiconductor (Hernandez-Alonso et al. 2009; Subramanian et al. 2001, 2003,
2004; Jakob et al. 2003; Kamat et al. 2002; Liu et al. 2004).

10.2.1.1 Platinum

One of the mainly used elements in photocatalysts is platinum. Since the early
studies in environmental applications, this metal has been used in different
investigations on water purification (Sobczynski and Dobosz 2001). Izumi et al.
showed the role of Pt over TiO, in the photooxidation of benzene (Izumi et al.
1980). This study pointed out that Pt NPs facilitate hydrocarbon oxidation by
lowering the oxygen reduction potential and demonstrated the important effect of
OH radicals on this kind of reactions. Crittenden et al. studied the influence of
surface admixtures of Pt on the photocatalytic activity of TiO, in the abatement of
chlorinated hydrocarbons, such as trichloroethylene and 1,4-dichlorobenzene,
observing an improvement in the photoactivity compared to that of bare TiO,
(Crittenden et al. 1997). On the other hand, Matsunaga et al. reported the first
heterogeneous photocatalyst based on Pt/TiO, applied in disinfection. This group
carried out their studies using photochemical and photoelectrochemical processes
(Matsunaga et al. 1985).
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Pt is one of the most used co-catalysts for water splitting. The transfer of
photogenerated electrons from TiO, to Pt islands was investigated by Anpo and
Takeuchi (2003), employing electron spin resonance (ESR). This work revealed an
increase in the Ti 3p signals that is higher for longer irradiation times and is
reduced for larger Pt loadings. This behaviour was attributed to an accumulation of
electrons in Pt NPs that brings the Pt Fermi level closer to the CB of TiO,.
Furthermore, smaller metal particles deposited on TiO, surface exhibit a more
negative Fermi-level shift (Subramanian et al. 2003). However, a rapid back
reaction between H, and O, may diminish the activity of Pt/TiO, photocatalyst for
water splitting (Maeda 2011). In order to minimize this drawback, some additives
have been used in aqueous solution reactions, NaOH being the first of them
(Fujishima 2000). In addition, the use of carbonate salts leads to an increase in the
H,/O, ratio close to the stoichiometric value, as reported by Sayama et al. IR
studies showed the formation of several carbonate species, such as HCO; ™, co’-,
HCO;~ and C,04”~, over Pt, by consumption of photogenerated holes (Sayama
and Arakawa 1992). Further experiments using different additives and Pt/semi-
conductor catalysts were performed, showing an increase in the H, production
(Sayama et al. 1998; Arakawa and Sayama 2000). On the other hand, the addition
of other anions as I favours the suppression of the backward reaction (Abe et al.
2003). The use of high amounts of carbonate or iodide anions leads to poisoning
by the coverage of the catalyst surface, producing a decrease in the light absorption
(Sayama and Arakawa 1996).

Until the early 1990s, only a few visible-light-active catalysts had been
developed. One of these systems was Pt/CdS, which appeared to be suitable for
water splitting due to the appropriate position of conduction and valence bands
(Mau et al. 1984; Reber and Rusek 1986). Nevertheless, these catalysts are
unstable in water and highly toxic, as explained in Chap. 8 (Williams 1960). With
other semiconductors such as SrTiO3, Pt has shown a low activity in overall water
splitting under UV light (Kudo 2003). However, co-doped with Sb or Ta and Cr,
H, production was higher even under visible light irradiation, with 4 > 420 nm
(Zou et al. 2001). In the case of Pt/TaNO, the activity for H, evolution upon visible
irradiation in aqueous methanol solutions is one order of magnitude less than for
O, evolution (Hitoki et al. 2002). Other interesting case under visible light is the
Pt/AgInZn;So that shows a H, evolution rate of 944 umol/h (Kudo et al. 2002).
Platinum has also been used with niobates such as HCa,Nb3O;, observing an
increase in H, production of 40 times higher than that for a Pt/TiO, sample
(Yamaguti and Sato 1985).

Pt has been also used as co-catalyst in CO, photoreduction over different TiO,
forms. Zhang et al. found that an optimal amount of Pt leads to a higher CH4
production over TiO, nanotubes than over TiO, NPs (Zhang et al. 2009). These
studies shown an increase in the methane formation with higher H,O/CO, ratio for
TiO, NT, which is not observed on TiO, NPs. This behaviour has been reported as
well for Pt/TiO, nanorods. A possible explanation is the preferential exposure of (0
1 0) TiO, faces in the nanorods (Pan et al. 2011).
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10.2.1.2 Palladium

The role of palladium NPs as co-catalyst for photooxidation processes was studied
by Wang et al. The Pd islands formed in this catalyst eliminate the excess of
negative charge accumulated on the semiconductor surface, increasing the quan-
tum yield of 2,2-dichloropropionate photooxidation up to 7 times in comparison
with bare titania (Wang et al. 1992). Other studies performed by Papp et al.
showed the influence of surface Pd additives on the activity of TiO, in 1,4-
dichlorobenzene photodegradation and in salicylic acid photooxidation (Papp et al.
1993). A 30 % increase was observed with an optimized metal loading on titania
(0.15 or 0.2 at %). Chen et al. compared the photodegradation of methanol, eth-
anol, trichloromethane, trichloroethylene and dichloropropionic acid in water
suspensions of TiO,, Pt/TiO, and Pd/TiO, (Chen et al. 1999a, b, c). In the case of
dichloropropionic acid, the Pt NPs did not lead to an important increase in the
photoactivity of TiO,; however, Pd/TiO, catalyst strongly retarded the photode-
carboxylation reaction. These studies show that oxygen reduction by photogen-
erated electrons occurs on metal islands in the pores, whereas oxidation by holes
takes place on an illuminated part of the surface. In addition, PA\TiO, has been
used in CO, photoreduction. Yui et al. studied the effect of Pd (1 % wt) NPs
supported on TiO, by the photodeposition method (Yui et al. 2011). The main
obtained product was CH,, and small amounts of CO and C,Hg were also detected.
The drawback of this catalyst is the deactivation by Pd oxidation during the
reaction.

Pd has been also deposited over ZnO surfaces using a photodeposition method,
leading to an increase in the gas-phase photocatalytic oxidation of n-heptane. This
improvement in the catalytic behaviour has been related to the proliferation of
adsorbed oxygen measured by surface photovoltage spectroscopy (Ligiang et al.
2004).

10.2.1.3 Rhodium

Rh has been used as co-catalyst in different photocatalytic reactions. In the case of
H, production by water splitting, the obtained results show that the catalytic
activity is highly influenced by the dispersion of Rh NPs, because they tend to
aggregate, decreasing the photocatalytic yield. Thus, Hata el al. prepared highly
dispersed Rh NPs, stabilized by 3-mercapto-1-propanesulphuric acid, over
KCa,Nb30,y and HCa,Nbs0O,(, obtaining an enhancement in the H, production
(Hata et al. 2008). In this case, Rh(OH); and Rh,O3 nanoparticles were anchored
to the calcium niobate sheets by covalent interactions. The same group published a
work investigating other Rh—O-Nb systems based on K4;NbgO;;7 nanoscrolls to
elucidate the effect of expanding the interlayer space on activity. A higher
hydrogen generation rate was achieved in this system compared to the previous
one.
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CO, photoreduction using hydrogen as a reductant has also been performed
using Rh/semiconductor catalysts illuminated with an Hg lamp. The main product
is CO, with rates changing as a function of the used semiconductor (TiO,, ZrO,,
MgO and Ga,0j3) (Kohno et al. 1997a, 1999; Teramura et al. 2004, 2008). The
higher H, production was obtained for Rh/TiO,. When TiO, and ZrO, were
illuminated with UV light (365 and 254 nm), CH4 was also produced (Lo 2007).

10.2.1.4 Gold

As in the case of platinum, Au nanoparticles can act as an electron scavenger
(Chen et al. 1998c, 1999), but the latter exhibits capacitive properties (Kamat
2012). Electron accumulation of Au/TiO, catalyst is produced by a shift from the
Au Fermi level (+0.45 vs NHE) to more negative potentials; this change is also
observed in Au/ZnO catalysts (Subramanian et al. 2003; Wood et al. 2001).
Another evidence is the appearance of the surface plasmon frequency (SPF) effect
that shows a blue shift in the absorption spectrum due to the increasing SPF of the
electron gas (Novo and Mulvaney 2007; Takai and Kamat 2011; Hirakawa and
Kamat 2005).

Dobosz et al. prepared Au/TiO, catalyst for phenol photodegradation (Dobosz
and Sobczynski 2001). This study shows that gold prevents the deactivation
compared to bare TiO,. Catechol, hydroquinone and p-benzoquinone were found
as main intermediates in the photoreaction. Sakthivel et al. investigated the pho-
tooxidation of Acid Green 16 using Pt-, Au- and Pd-loaded TiO, as photocatalysts
(Sakthivel et al. 2004). Loadings of Pt and Au were more effective than Pd because
of suitable electron affinity and work function of Pt and Au.

Iwase et al. studied the effect of the photodeposition of gold particles on several
niobates and tantalates: K4NbgO;7, Sr,Nb,O5, KTaO5 and NaTaO5; (Iwase et al.
2006). Overall water splitting was most efficient on Au/NaTaO; catalyst. In the
first stage of the reaction, H, production is five times higher than for Au(l %)-
loaded La-doped NaTaO; catalyst (See Chap. 7). The comparison with a Pt cat-
alyst shows a slightly higher H, production and negligible back reaction for Au co-
catalyst.

As has been commented in the previous section, gold NPs possess surface
plasmon effects that, in combination with an appropriate semiconductor, lead to
photoactivity under a broad region of the spectrum (from UV to visible). The
plasmonic excitation of an Au/TiO, system by visible light leads to the selective
oxidation of thiol to disulphide, while UV light irradiation leads to the reverse
reduction reaction (Naya et al. 2010).

Hou et al. analysed in depth the metal-semiconductor charge transfer processes
that take place in an Au/TiO, catalyst used in a CO, photoreduction reaction
carried out under different wavelengths (Hou et al. 2011). Under irradiation with
visible light near to the Au plasmon resonance (532 nm), a 24-fold improvement
in the photocatalytic activity is observed due to the intense local electromagnetic
fields created by the surface plasmons of the Au nanoparticles. These authors
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demonstrate that plasmon-excited electrons in the Au NPs cannot be directly
transferred to TiO,. Thus, the photoactivity under visible light at the plasmon
resonance wavelength is explained by the fact that because of the strong elec-
tromagnetic fields, electron-hole pairs are locally produced in TiO, with a rate
several orders of magnitude higher than in the case of irradiation with other
wavelengths. Only when the incident light (254 nm) is sufficient to excite the d-
band electrons of Au to a conduction band that lies above that of TiO,, a direct
charge transfer between these two materials is possible. In this case, a different
mechanism occurs, resulting in the production of additional reaction products,
including C,Hg, CH3;0H and HCHO. Under intermediate wavelength illumination
(365 nm), Au/TiO, also catalyses reactions with a similar CH, production than
bare TiO, (Fig. 10.4). This behaviour means that the electron transfer is not
produced, confirming that the plasmonic enhancement in photocatalysis under
visible illumination is a result of the strong electric fields created by the SPR of the
Au NPs rather than of direct charge transfer.

10.2.1.5 Silver

Silver has mainly been used in photocatalysis as bactericidal agent in hygiene and
medicinal applications. Several studies have indicated that Ag/TiO, catalyst may
enhance the photodestruction, even under visible irradiation, of different azodyes
and pathogenic bacteria, such as E. coli, Streptococcus pyogenes, Staphylococcus
aureus and Acinetobacter baumannii (Hu et al. 2006; Yao et al. 2008; Hu et al.
2007; Matsui et al. 2004).
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Silver is also used for water detoxification, where several studies have shown an
increase in the activity of 1,4-dichlorobenzene and phenol photooxidation after Ag
photodeposition over TiO, (Lee et al. 1993; Dobosz and Sobczynski 2003). In the
field of water purification, Kohtani et al. have applied Ag/BiVO, to the photocat-
alytic degradation of various aqueous pollutants (Kohtani et al. 2005a, b). This
catalyst shows a higher activity than bare BiVO, in the photodegradation of 4-n-
octyl- and 4-n-nonylphenol. The enhancement in the activity behaviour is connected
with the strong adsorption of the pollutant over the surface of the silver co-catalyst.

Koci et al. have studied the role of silver NPs supported on TiO, in CO,
photoreduction under UV and visible irradiation (Koci et al. 2010). The best
results were obtained in an Ag(7 %)/TiO, photocatalyst that showed the sub-
sequent products in the decrease order:

H, > CH4 > CH30H > CO.

On the other hand, an AgBr/TiO, photocatalyst prepared by the deposition—
precipitation method was also tested for CO, photoreduction under visible light in
aqueous solutions (Asi et al. 2011). The maximum yield of CH4, CH30H, ethanol
and CO at pH 8.5 under visible light was achieved using AgBr (23.2 wt%)/TiO,.
Characterization studies showed that this catalyst is stable under reaction condi-
tions, and the leaching of silver is not observed.

As in the case of gold, silver nanoparticles possess surface plasmon effect, and
under a determinate wavelength illumination (in the range of the visible light near
to the UV region), an excitation of localized plasmon polaritons on the surface of
silver NPs leads to an increase in the near-field amplitude. As previously com-
mented, the exact resonance wavelength depends on the shape and the dielectric
environment of the NPs. Awazu et al. demonstrated that thanks to the intensifi-
cation of the localized surface plasmon in an Ag/TiO, catalyst coated with SiO; (to
prevent the metal oxidation), an enhancement by a factor of 7 was obtained in the
photodecomposition of methylene blue under near-UV illumination (Awazu 2008).

10.2.2 Transition Metals

Since noble metals are very expensive, more research is needed to identify low-
cost metals with acceptable enhancement in photocatalytic activity. Some exam-
ples of these photocatalytic systems are explained in this section.

10.2.2.1 Copper

Copper is one of the most used co-catalysts for both photocatalytic oxidation and
reduction processes. Several Cu-based supported co-catalysts have been used in
the degradation of different organic water pollutants and bacteria. It has been
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reported that in Cu/TiO, catalysts, metallic copper (Cu®) and copper (CuO and
Cu,0) coexist in the same material (Sunada et al. 2003). This concurrence is
explained because when Cu/TiO, is irradiated, copper oxides can be reduced to
Cu®, which in turn can be oxidized back by photogenerated electrons and holes,
respectively. The antibacterial function of TiO, photocatalysts is markedly
enhanced, even with weak UV light, when copper is used. In the study performed
by Sunada et al., E. coli cells survived under dark conditions. However, when the
Cu/TiO, film was irradiated with very weak UV light, the survival fraction began
to decrease (Sunada et al. 2003). Initial illumination had a negligible effect, but
after 2 h, a marked decrease in survival was observed. The conclusion of this work
is that cell deactivation proceeds as follows: TiO, attacks the bacteria membrane,
and copper acts against the cytoplasmic membrane. In fact, TiO, allow the
intrusion of the copper ions into the cell, facilitating the effective kill of E. Coli on
a Cu/TiO, film even under very weak UV light.

Dhanalakshimi et al. investigated dye-sensitized hydrogen production, where
Cu/TiO; and Pt/TiO, were used as photocatalysts (Dhanalakshmi et al. 2001). An
enhancement in the H, production was observed, and the effect of Cu loading was
almost comparable with Pt loading. Differently, Wu and Lee studied a Cu/TiO,
catalyst for hydrogen production from methanol solution (Wu and Lee 2004). At the
optimal Cu loading, hydrogen production rate was enhanced as much as 10 times.

In CO, photoreduction studies performed by Tseng et al. using different Cu—
TiO, systems (doped and supported), all catalysts are more efficient than bare P25,
being doped systems twice more efficient in CH3;OH production than the supported
ones. However, other products obtained in the supported system, such as CHy,,
HCOOH and other hydrocarbons, were not detected in Cu-doped TiO, (Tseng
et al. 2002, 2004; Tseng and Wu 2004). The higher activity of this catalyst was
attributed to the good dispersion of predominant Cu(l) species, with 25 % of total
copper loading located on the outermost TiO, surface. Later studies using an
optical fibre photoreactor showed that methanol formation is a function of Cu
oxidation state (Wu and Lin 2005; Wu 2005). The maximum amount of methanol
was obtained for CuO-TiO, and then with Cu,O-TiO, and Cu-TiO, (Slamet et al.
2005). Cu/TiO, catalyst has also been used embedded inside the mesoporous
channels of SBA-15, obtaining CH;OH as the main product (Yang et al. 2009).
Loading copper on titania somewhat increases the photocatalytic CO, reduction
efficiency. Thus, inert mesoporous matrices also contribute to improve the CO,
photoconversion by dispersion of copper over titania particles. A recent study of
Cu-TiO, supported on a molecular sieve leads to oxalic acid as main product in
pure and basic water (Srinivas et al. 2011). Trace amounts of CH,, CH;0H and
acetic acid were also observed when the reaction was carried out in basic water.

10.2.2.2 Nickel
Other low-cost metals, such as NiOy (Anpo and Takeuchi 2003), were also found

to be effective for photocatalytic activity enhancement. This metal oxide is
expected to be a promising material to improve photocatalytic activities for
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practical applications. In this context, several NiO-loaded catalysts have been
reported to be effective to stoichiometrically decompose H,O into H, and O, (see
Fig. 10.5), using different materials such as:

1. SrTiO3 (Domen et al. 1980, 1982a, b, 1986a, b) and NaTaO; (Kato and Kudo
1999, 2001, 2002, 2003; Kato et al. 2003) has been used for photoelectro-
chemical water splitting with a good performance, but when the bare semi-
conductors are used, the photoactivity is negligible. However, if this system is
modified with NiO, the studies revealed that the Ni/NiO core/shell formed is
more effective for H, evolution, because the interface between Ni-NiO and
SrTiO5; or NaTaOj5 facilitates electron transfer.

2. K4NbgO7 (Kudo et al. 1989a, b) is a layered material where K* cations can be
replaced by Ni** in alternate layers. Under irradiation, the photoelectrons
generated in Ni NPs reduce H" to H,, while the photoholes formed in the other
layers lead to water oxidation to produce O,.

3. K,La,Ti30 (Takata et al. 1997a, b)-layered perovskite was used as support
for Ni/NiO core—shell nanoparticles, similarly to SrTiO; and NaTaOj3. In this
case, thanks to Ni NPs, a separation of the photogenrated electrons and holes, at
the external surface and the interlayer spaces, leads to an increase in the H,
production.

10.2.2.3 Oxides of Other Transition Metals

Ruthenium oxide has been demonstrated by many researchers to be effective as an
oxidation site for the evolution of O, gas (Borgarello et al. 1981; Duonghong et al.
1981; Kawai and Sakata 1980a, b). RuO, NPs over n-type semiconductors act as
reduction catalyst (Amouyal et al. 1980; Keller et al. 1982), being an important co-
catalyst for promoting overall water splitting. Sakata et al. reported that the rate of
H, evolution in the presence of ethanol is 30 times higher over RuO,/TiO, than for
bare TiO, (Sakata et al. 1984). RuO, has been used as co-catalyst with barium
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titanate semiconductors (Kohno et al. 1996, 1997a, b, ¢, 1998): BaTisOy,
BagTi;7049, BasTi 3050 and Ba,TigO,y. The higher activity was obtained with
RuO,/BaTisOq9 sample, despite metallic Ru species themselves being poor co-
catalysts (Ogura et al. 1998, 2000). These studies show that pentagonal-prism
tunnel structure of BaTiyOy prevents the aggregation of the RuO, NPs, leading to
an increase in the metal oxide dispersion and an enhancement in the overall water-
splitting activity. Recently, Sato et al. have discovered that the use of RuO, with
various p-block metal oxides is also effective for overall water splitting (Sato et al.
2002, 2003, 2005). Finally, RuO,/(Ga;_,Zny)(N;_4Oy) has been shown to be an
effective photocatalyst for overall water splitting under visible light irradiation
(Maeda et al. 2005, Teramura et al. 2005).

As another example, iridium oxide plays an important role as hole transfer
mediator under UV irradiation. Spectroscopic studies have enabled to identify
trapped holes on TiO, suspensions and to monitor their transfer to IrO, (Meekins
and Kamat 2011). An estimation of three holes per particle has been realized by
titration measurements under UV irradiation (7 min) of a TiO, suspension in
ethanol containing 5 % acetic acid. IrO, also catalyses the oxidation of reduced
oxygen species by trapped holes to produce molecular oxygen.

10.2.3 Bi-metallic Co-catalysts

Recently, some authors have proposed a combination of different metals and metal
oxides that leads to a synergistic effect between them and gives rise to a qualitative
improvement in the photocatalytic activity. One of the most recent examples of the
use of a metal-metal oxide mixture was developed by Liu et al., who synthetized
different photocatalysts based on Zn,GeO, for CO, photoreduction (2010). The
inclusion of RuO, (1 wt%) as co-catalyst led to an increase in methane production
from 0.41 to 1.9 pmol/h g, while the further addition of Pt as another co-catalyst
increased the CH,4 production to 6.5 pmol/h g. The use of both additives favours
CO; reduction and avoids the back reaction between H, and O, in water splitting.

Other most interesting examples are core—shell structures with a metal oxide
covering a metallic core. As previously mentioned, one of the first core/shell
structures used for photocatalytic applications was the Ni/NiO system (Kudo and
Miseki 2009), but the main advance in these multicomponent co-catalysts has been
performed by Maeda et al., who have developed very efficient materials for overall
water splitting. As it was commented above, although metal nanoparticles (such as
Pt or Rh) improve the photocatalytic activity in H, production, the aggregation of
these NPs under reaction conditions leads to a decrease in the photocatalytic
activity, even when these nanoparticles are highly dispersed (Hata et al. 2008).
However, the pioneer study developed by Maeda et al. points out that when a core/
shell structure is used in photo-co-catalytic water splitting, like in GaN:ZnO
loaded with metal/Cr,O3 core—shell co-catalyst, an enhancement in the H, pro-
duction from pure water is obtained, due to a notable decrease in recombination
rates with respect to the case of the uncovered Rh or Pt particles (Maeda et al.
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Fig. 10.6 a Schematic illustration of Cr,O3 deposition through the reduction in Cr(VI) cations
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co-catalyst for photocatalytic overall water splitting. Reproduced with permission from Maeda
and Domen (2010c). Copyright American Chemical Society

2006, 2010a). These core—shell co-catalysts were firstly prepared by photoreduc-
tion of Cr(IV) ions over Rh NPs in air-free conditions. Structural studies per-
formed by high-resolution transmission electron microscopy and X-ray
photoelectron spectroscopy show that the Rh core is covered by a Cr,Oj3 shell of
2 nm thickness (Fig. 10.6).

The results obtained with these systems suggest that metal/Cr,O3 structures
suppress metal deactivation and avoid both the backward reaction to produce water
and the O, photoreduction reaction that decreases the activity (Maeda et al. 2007).
These authors optimized the preparation procedure using stabilized Rh NPs that
showed a particle size 4 times lower than those obtained by the photodeposition
method. These nanoparticles were covered with a shell of Cr,O3, leading to a
three-time photoactivity enhancement compared to the equivalent systems with
poorer dispersion (Sakamoto et al. 2009). Later studies performed with spectro-
scopic and electrochemical techniques indicate that the Cr,Oj5 shell is permeable to
protons, but not to O, molecules, and that H, formation is produced in the metal/
Cr,05 interface (Fig. 10.6d) (Yoshida et al. 2009).

Subsequent studies have shown an increase in the photocatalytic activity under
visible light irradiation with Rh/Cr,O; catalyst mixed with Mn;O4 nanoparticles.
This new system leads to separate active sites for H, (core—shell structure) and O,
(Mn304 NPs) evolution in water splitting (Maeda et al. 2010b).
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Chapter 11
Shaping Photocatalysts: Morphological
Modifications of Semiconductors

Maria Dolores Hernandez-Alonso

11.1 The Relevance of Size and Shape

Tuning the size and shape of semiconductor particles to improve the performance
and widen the range of application of these materials has attracted an extraordinary
interest in nanotechnology, and it is matter of extensive research. Besides com-
position and structure, at the nanometre scale, material properties have proved to
be very sensitive not only to the size but also to the shape of the particles. Control
over nanocrystal architecture has opened the range of applications of semicon-
ductors from light-emitting diodes (LEDs), medical diagnosis and energy storage,
to information processing, besides their conventional uses in catalysis (Trindade
2001; Chen 2007).

Particle size is a parameter that strongly influences the characteristics of
photocatalysts, especially when the particle decreases to the nanometre scale.
Nanostructured materials have been attracting an increasing attention in the last
decades due to their unique electronic, optical, magnetic and chemical properties,
different from those of the bulk, conferred by the ultrafine crystallite sizes and high
surface areas, considering that surface-to-volume ratio increases as the crystal size
decreases. The term nanoparticle embraces particles with sizes between 1 and
100 nm, at least in one of their dimensions. The primary particle size of a pho-
tocatalyst defines the size of the crystals and determines the available surface area
for adsorption and photooxidation. However, it has to be taken into account that
aggregation of particles is difficult to avoid, and aggregation can influence the
adsorption of molecules, light scattering and light absorptivity, charge carrier
dynamics, etc. (Friedmann et al. 2010).

For instance, the optical properties of TiO, substantially change by decreasing
the particle size and aggregation. As previously commented, titanium dioxide is
the most widely used white pigment due to its excellent opacity and brightness and
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very high refractive index (n = 2.7), which enables an efficient scattering of light.
Pigmentary titania is manufactured as particles of around 0.2-0.4 microns, where
light scattering ability is maximized. For these sizes, Mie’s light scattering theory
can be applied, being this approach valid for objects whose size is in the same
order of magnitude than the wavelength of the scattered light. However, for
photocatalytic purposes, nanocrystalline titania is usually employed. In this case,
the optical properties of TiO, nanoparticles can be interpreted by the Rayleigh’s
theory of light scattering, which describes the elastic scattering by particles much
smaller than the wavelength of the light. Thus, in contrast to opaque titania,
aggregates, solutions and films of isolated nanosized TiO, crystals are transparent
in the visible range (Allen et al. 2009).

In a semiconductor material, the small size is also translated into a spatial
confinement of the wave function of the charge carriers, known as quantum size
effect (QSE), especially significant when the size is comparable with or smaller
than the so-called exciton Bohr radius, ag:

_ K

- (11.1)

as
where 7 is the reduced Planck’s constant, ¢ is the dielectric constant of the
semiconductor, u is the effective mass of the exciton (electron + hole), and e is
the elementary charge (Trindade 2001).

These special characteristics turn nanoparticles into very attractive potential
catalysts. As commented in Chap. 2, in a bulk semiconductor, the molecular
orbitals of the atoms, of similar energy, form a continuum band: the valence band
constituted by the lower energy levels and filled with electrons and the conduction
band formed by the unoccupied higher energy levels. These two bands are sepa-
rated by an energy gap (band gap, E,), typically in the range 0.3-3.8 eV, and
characteristic of each semiconductor. Reducing the size of the semiconductor
particles decreases the space in which the excitons move, confining their motion
(El-Sayed 2004). In the case of nanocrystalline semiconductors, the density of
states and energy levels can be considered as an intermediate state between bulk
and molecules (Fig. 11.1) and, thus, the band structure as discrete sets of electronic
levels near the band edges (Trindade 2001). Due to the QSE phenomenon,
semiconductor particles with sizes smaller than their corresponding Bohr radius
are also called quantum dots.

For a spherical particle, the original QSE formulation proposed by Louis Brus
in 1984 (Brus 1984) predicts, by applying a series of approximations, that as the
size decreases, the effective band gap increases and the absorption spectrum shifts
to lower wavelengths (higher energy). This means that for a small particle, the
energy required to excite an electron to the lowest level of the conduction band is
higher than for bigger particles. The modification of the band gap with particle size
can be estimated as
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Fig. 11.1 Schematic representation of the energy levels in a molecule, nanostructured
semiconductor and a bulk semiconductor (based on Hoffmann et al. 1995)
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E, = <2R2 H) R (11.2)
where R is the particle radius.

Consequently, quantum confinement allows tuning the band gap of a semi-
conductor particle by selecting the size, and by excitation at high energies,
quantum dots could give result to the production of more than one exciton in a
single particle from one photon (Klimov 2007).

This blue shift has been experimentally observed by some authors for different
semiconductors (e.g. ag = 9.6 nm for CdSe; 2.4 nm for CdS; 7.5 nm for CdTe).
As an example, Fig. 11.2 shows the changing colour observed in BiOI
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Fig. 11.2 Photograph of BiOI nanoparticles of increasing size from (a) to (e) and their
corresponding UV-vis absorption spectra (reproduced with permission from Henle et al. 2007.
Copyright American Chemical Society)
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nanoparticles of different particle sizes, together with their corresponding UV—vis
absorption spectra (Henle et al. 2007).

In the particular case of TiO,, it has been also reported both for anatase and for
rutile particles (Anpo et al. 1987; Maira et al. 2000). Nevertheless, it is worth
saying that the existence of the QSE in nanostructured TiO, is controversial and
some authors claim that the effect is not perceptible for particle sizes lower than a
threshold diameter in the range 0.6-3.8 nm (Serpone et al. 1995; Monticone et al.
2000), although significant effects of the size on the electronic band structure and
surface characteristics were observed in those cases. Other considerations attribute
the appearance of the blue shift when decreasing the size of titania not to the QSE,
but to the presence of an amorphous part of titania (Ohtani 2008) or to allowed
direct band transitions in the otherwise indirect band-gap semiconductor (Serpone
et al. 1995). Although bulk anatase TiO, is an indirect band-gap semiconductor,
with direct electron transitions between band centres prohibited by crystal sym-
metry, nanosized titania may behave as a direct semiconductor. This fact can be
advantageous for photonic applications due to the improved optical absorption.

It is also worth mentioning that the stability of the different crystalline phases of
a material is also size dependent. From a thermodynamic point of view, the surface
free energy becomes an important component of the total Gibbs free energy and,
together with stress contributions, influences the overall stability of nanoparticles.
As a consequence, phases that have low stability in bulk materials can become
stable in the nanostructured form. This phenomenon has been observed in TiO,,
VO, Al,O3 or MoOy. Thus, the anatase phase becomes more stable than rutile at
small TiO, particle sizes (Grassian 2008).

How are all these size-dependant properties translated in terms of performance
of a nanostructured photocatalyst? The correlation between particle size and
photocatalytic activity is not simple. On the one hand, due to a weaker electron—
phonon interaction with decreasing size, the electron lifetime is expected to
increase. Besides, the smaller the crystallite size of a catalyst, the larger the surface
area available for adsorption and photocatalytic reaction. However, the spatial
confinement of small nanoparticles can also increase the electron/hole recombi-
nation rate. The large surface-to-volume ratio in nanoparticles introduces a number
of atoms with unsaturated coordination and surface defects, generating a high
density of “surface states” that can fall within the band gap of the photocatalyst,
which may act as recombination centres (Zhang 1997).

There are numerous works that claim that decreasing the particle size of the
semiconductor leads to an increased photocatalytic activity and improved selec-
tivity in the decomposition of pollutants than bulk particles (Anpo et al. 1987; Xu
et al. 1999). Nonetheless, other reports show that there is not a continuous increase
in the photocatalytic performance when decreasing the particle size (Wang et al.
1997; Rivera et al. 1993). Actually, there seems to be an optimum size, around
7-10 nm for TiO, below which a detrimental effect of size predominates
(Fig. 11.3). This lower performance has been attributed to an increased surface e/
h* recombination rate in the very small particles that counteracts their beneficial
larger surface area and to the inherent structural and optoelectronic properties of
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Fig. 11.3 Examples of the influence of TiO, particle size on photoactivity: a trichloroethylene
conversion rate as a function of anatase TiO, primary particle size [(o) samples prepared by the
sol-gel process; ((0) Commercial TiO, Degussa P25] (reproduced with permission from Maira
et al. 2000. Copyright Elsevier); b first-order kinetic constants (min~") versus average sample
size (given as Dy, the diameter of the sphere of equivalent volume) for the photochemical
degradation of methylene blue under UV-vis irradiation (adapted with permission from Cernuto
et al. 2011. Copyright American Chemical Society)

nanosized particles (Zhang et al. 1998; Maira et al. 2000; Cernuto et al. 2011). In
the case of photocatalytic reactions in aqueous phase, the tendency of nanoparti-
cles to form aggregates depending on pH has to be taken into account, since it
could affect the surface area available for adsorption and reaction.

Advances in nanotechnology have allowed gaining control also over the shape
and surface structure of nanosized materials, by understanding the kinetics of the
nucleation and growth stages of the synthetic processes. Thus, nanoparticles with
rods, tubes, plates, sheets or flower-like shapes, among others, can be obtained
through the selection of the synthesis conditions. For instance, both size and shape
of nanoparticles can be modulated by wet chemical techniques, using surfactant
molecules or templates, which allow controlling the space in which the crystals
grow. Epitaxial growth methods [e.g. chemical vapour deposition (CVD)] can also
be successfully applied for shaping semiconductors, although they have the
peculiarity of producing nanocrystals attached to a substrate.

As mentioned before, the shape also influences the properties of photocatalysts
at the nanoscale range by defining the number of atoms at the surface, and the
crystal facets exposed. Thus, the band gap of a semiconductor may be tuned by
confining the exciton through modification, not only of the size, but also of the
dimensionality of the nanocrystal (Fig. 11.4). While spherical particles are ther-
modynamically the most stable, they have the smallest number of total surface
atoms; one-dimensional or two-dimensional nanostructures have a large fraction of
atoms on their surface, making them useful for (photo)catalytic applications
(Smith and Nie 2010).

Quantum mechanical modelling methods show that the electronic structure and
the expected blue shift in nanosized particles strongly depend on the shape
(Auvinen et al. 2011). Theoretical approximations also predict that quantum
confinement should be stronger for dots than for rods and, in turn, stronger for rods
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Fig. 11.4 Influence of shape on the electronic and surface properties of semiconductor
nanocrystals: a band gap of CdSe quantum discs, wires and dots versus the length of the confined
dimension. The bulk band gap and exciton diameter are noted on the axes; b fractions of atoms on
the nanocrystal surface against the total number of atoms; ¢ TEM micrographs of CdSe dots,
rods, tetrapods and discs (reproduced with permission from Smith and Nie 2010. Copyright
American Chemical Society)

than for plates. Quantum dots (Sect. 16.3) are confined in the three dimensions,
while plates, being two-dimensional nanostructures, are confined only in the third
dimension; finally, one-dimensional morphologies such as nanotubes, nanorods
and nanowires are confined in two dimensions, with the electronic and optical
properties depending on the aspect ratio (length/diameter). This fact has been
experimentally observed for CdSe quantum rods, whose band gap was found to
decrease as the rod length increases (Li et al. 2001).

Some studies have also concluded that in the case of spheres (aspect ratio = 1),
the non-radiative relaxation rate of the excited electrons decreases as the diameter
increases, while in the case of nanorods, the relaxation rate decreases as the aspect
ratio increases. It means that for the same diameter, the relaxation rate of rods
would be lower than that of spheres. The mechanism of relaxation (e.g. electron—
hole recombination, trapping of the electron...) can differ from one system to
another, depending basically on the quality of the surface and the presence of
trapping sites (El-Sayed 2004).

In another example, the photocatalytic activity dependence of BiVO, on the
morphology was explored, showing that rod-like structures presented higher sur-
face area, surface oxygen vacancy density and lower band gap than BiVO, with
spherical or sheet-like morphology, which was translated into an enhanced pho-
tocatalytic performance under visible light (Jiang et al. 2011).
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At present, the synthesis of nanocrystals with tailored exposed surfaces is
attracting a great deal of interest as a novel strategy to improve the efficiency of
photocatalysts and particularly of TiO, (Ohno 2002). On the basis that {101}
facets are thermodynamically more stable in anatase crystals than the highly
reactive, but minority in the equilibrium state, (001) surfaces, the synthesis of TiO,
crystals with a large percentage of reactive facets is being explored aimed at
enhancing its photocatalytic efficiency. In this respect, anatase TiO, single crystals
with a large percentage of {001} facets could be recently produced using fluorine-
containing species (e.g. hydrofluoric acid) as capping agent under hydrothermal
conditions (Fig. 11.5). It was observed that in this fluorinated surfaces, the relative
stability of {001} and {101} was reversed and that no crystal facet control could
be achieved in the absence of hydrofluoric acid in the synthesis. It has been
reported that the role of hydrofluoric acid is, on the one hand, to retard the
hydrolysis of the titanium precursor and, on the other hand, to reduce surface
energy, so the isotropic growth along the [010] and [100] direction is promoted
(Yang et al. 2008). Theoretical calculations indicate that {001} facets of anatase
TiO, may have improved photocatalytic performance with respect to {101} facets,
and accordingly, a higher generation of hydroxyl radicals (-OH) has been exper-
imentally observed on (001) surfaces. In contrast to the previous results, higher
activities in the photocatalytic oxidation of acetone or toluene have been obtained
on anatase with dominant {101} facets than on reference photocatalyst Degussa
P25 (Xiang et al. 2010; Cao et al. 2011). High photocatalytic activity has been also
observed in the degradation of acetaldehyde on anatase crystals with dominant
{101} crystal facets. Therefore, reported results on the photocatalytic performance
of these highly faceted materials are sometimes contradictory, and further research
and experimental evidences are required (Fang et al. 2011). Recently, the
dependence of the photogenerated species on the exposed crystal faces in anatase
has been explored by electron spin resonance (ESR). The study observed that the
concentration of trapped holes (O~ centres) increased with the increase in the
{001} surface area, leading to a high photoactivity, while the amount of Ti**

® electron
O positive hole

Fig. 11.5 a Schematic illustration of the electrons and holes transfer on anatase TiO, particles
with a specific exposed crystal face; b geometric model of an anatase crystal with preferential
{001} facets; ¢ SEM image of TiO, single-crystal nanosheets with a large percentage of exposed
{001} facets (adapted with permission from Fang et al. 2011. Copyright American Chemical
Society)
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centres increased with the {101} surface area, the latter leading to a worse pho-
tocatalytic efficiency. This would indicate that {001} surfaces play the main role in
the photocatalytic process by providing oxidation sites, while the {101} ones seem
to be only directly involved as reductive site supplier (D’Arienzo et al. 2011).

It is worth saying that as a consequence of the extensive research on particles of
nanometric size, new concerns have recently arisen about their potential toxicity.
Most of the studies show that the toxicity associated with TiO, nanoparticles
seems to be relatively mild, as it has been addressed in detail in Chap. 5. However,
further studies are necessary to definitively set the limits of safety for nanoma-
terials (Liao et al. 2009).

11.2 Synthesis of Nanostructured Photocatalysts

In contrast to techniques such as spray pyrolysis or CVD, wet chemical methods
allow obtaining nanoparticles with tailored size, shape and crystal structure, at
relatively low temperatures. These structural and morphological parameters can be
easily tuned by modification of the synthetic conditions.

For obtaining nanoparticulate photocatalysts, different wet chemical procedures
can be employed, such as direct oxidation, sol—gel, reverse microemulsions and
hydrothermal methods. Some of the most commonly used preparation procedures
will be described below. Besides wet chemical methods, aerosol flame-assisted
processes and other frequently used synthetic procedures for the preparation of
photocatalysts will be briefly defined.

11.2.1 Sol-Gel Methods

Sol-gel methodologies allow obtaining well-crystallized nanoparticles with a high
chemical homogeneity at mild temperatures (Li et al. 2004; Herndndez-Alonso
et al. 2006). The process involves the formation of metal-oxo-polymer networks
from metal alkoxides or metal salt precursors, as it was described in detail in
Chap. 5. The tendency of alkoxides to rapidly hydrolyse can make the sol-gel
synthesis difficult to control, so different products can be obtained by introducing
different variations in the preparation routes.

Wet gels are formed when the sols are casted in a mould. Dense ceramics can
be obtained by drying and thermal treatment of the wet gels, while highly porous
materials can be synthesized if the solvent in a wet gel is removed under super-
critical conditions. These high surface area materials, called aerogels, present very
interesting properties, as a very low thermal conductivity and a remarkable low
density (Fig. 11.6). They are also known as frozen or solid smoke due to their
translucent appearance. Anatase TiO, aerogels, with a BET surface area above
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w.

Fig. 11.6 Photographs of aerogels as those used in the NASA’s Stardust spacecraft (images
reproduced from the NASA Aerogel Factsheet, http://stardust.jpl.nasa.gov/aerogel_factsheet.pdf)

200 m?/g and mesopores in the range 2-10 nm, have been prepared by extracting
the solvent from the gel with supercritical CO, (Campbell et al. 1992).

In sol-gel processing, products’ microstructure and their surface characteristics
can be controlled by changing parameters such as pH of the reaction medium,
water-to-alkoxide ratio and reaction temperature (Bischoff and Anderson 1995).
For instance, the relative rates of nucleation and particle growth can be controlled
by adjusting the water-to-alkoxide ratio. Increasing this ratio will favour nucle-
ation versus particle growth. The hydrolysis and condensation rates can be mod-
ified by acid or base catalysis. The addition of an acid in the reaction medium will
prevent the particle growth and agglomeration, as previously commented (Wang
and Ying 1999). The use of surfactants and templates can be used as shape
controllers.

Thus, highly crystalline TiO, nanoparticles of different sizes and shapes can be
produced by sol-gel methods by tuning the synthesis parameters. Some examples
of well-defined nanocrystals with controlled shape, obtained through hydrolysis and
polycondensation of titanium alkoxide in the presence of tetramethylammonium
hydroxide (Me4,NOH), are presented in Fig. 11.7 (Chemseddine and Moritz 1999).

11.2.2 Hydrothermal and Solvothermal Synthesis

A hydrothermal technique is a wet chemical method that involves the synthesis of
crystalline powders in aqueous solutions upon heating at temperatures above the
boiling point of water, with the consequent generation of vapour pressure.
Hydrothermal synthesis of nanoparticles can be carried out at soft temperatures,
usually between 100 and 200 °C, generating crystalline and effective nanostruc-
tured photocatalysts. In a typical hydrothermal procedure, a high-pressure


http://stardust.jpl.nasa.gov/aerogel_factsheet.pdf

226 M. D. Hernandez-Alonso

Fig. 11.7 TEM images of TiO, nanoparticles of different shape prepared by hydrolysis of
Ti(OR), in the presence of tetramethylammonium hydroxide (MesNOH) (adapted with
permission from Chemseddine and Moritz 1999. Copyright Wiley—VCH)

apparatus, called “autoclave”, provided with a Teflon-lined vessel, is employed in
a reaction in aqueous solution under controlled temperature and pressure. Tem-
perature can be risen above the boiling point of water, reaching the pressure of
vapour saturation. The temperature and the volume of solution added to the
autoclave will determine the internal pressure. Crystalline structure, particle size
and morphology or surface characteristics, can be controlled by changing synthetic
parameters such as the pH, temperature and length of treatment and reactant
concentrations (Wang and Ying 1999). Other processes give rise to amorphous
precipitates which require a calcination treatment to induce crystallization. These
heat treatments lead to grain growth (with the subsequent decrease in surface area)
and may induce phase transformations. However, the hydrothermal synthesis
procedure makes it possible to prepare metastable phases, as well as the use of
considerable lower synthesis temperatures which lead to crystalline materials with
a small particle size.

Anatase TiO, nanoparticles, with crystal sizes in the range 2—11 nm, can be
easily obtained by means of hydrothermal techniques (Maira et al. 2000). Crys-
tallite size is controlled by the composition of an alcohol-water mixture, while the
temperature and length of the treatment are used to ensure the crystallinity of the
product and for a fine-tuning of the size. Thus, hydrothermal methods can be an
alternative to calcination post-treatments for promoting crystallization under mild
temperatures. Besides conventional-shaped TiO, nanoparticles, one-dimensional
nanostructures such as nanotubes, nanorods and nanowires can also be produced
by hydrothermal methods.

The solvothermal technology is analogous to the hydrothermal method, but in
this case, a non-aqueous solvent is employed. This feature allows, by selecting the
solvent according to its boiling point, to elevate the temperature of the synthesis
much higher than in the hydrothermal method. Thus, the shape, size and crystal-
linity of the products can be more precisely controlled in a solvothermal reaction,
being able to provide a wide variety of nanoparticles with narrow size and shape
distribution (Chen 2007). Figure 11.8 shows TEM images of TiO, nanoparticles
and nanorods prepared by this method.
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Fig. 11.8 TEM micrographs of TiO, nanoparticles and nanorods synthesized by a solvothermal
method (adapted with permission from Li et al. 2006a. Copyright Wiley—VCH)

11.2.3 Reverse Microemulsions

The term “microemulsion” was used for the first time by J.H. Schulman, who
defined it as a thermodynamically stable mixture of two immiscible components
like, for example, oil and water (Schulman and Friend 1949), although it was
Boutonnet et al. in 1982 who firstly reported the synthesis of nanoparticles from
microemulsions (Boutonnet et al. 1982).

A microemulsion is an isotropic system optically transparent, consisting of an
aqueous phase, an organic phase and an amphiphilic substance (surfactant). These
mixtures, macroscopically homogeneous, are heterogeneous solutions at molecular
level, and their structure is derived from the ratio of the different components of
the microemulsion. In the particular case of reverse microemulsions (water-in-oil),
the internal structure is constituted by nanosized droplets of aqueous phase sur-
rounded by a monolayer of surfactant molecules (micelles), dispersed in a non-
polar organic solvent (Fig. 11.9). A cosurfactant (usually an alcohol) is often
added in order to favour obtaining stable and transparent microemulsions, reducing
the surfactant concentration and enhancing the interactions with the surfactant

Fig. 11.9 Schematic Reverse micelle Reverse microemulsion
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molecules, which confers an increased flexibility of the interfacial film. The
amphiphilic nature of the cosurfactant is also able to modulate the exchange
dynamics of water droplets (Curri et al. 2000).

Reverse micelles are used as microreactors to synthesize ultrafine powders with
controlled size and a narrow particle size distribution. The synthetic procedure is
based on the possibility of dissolving a certain amount of a water-soluble precursor
in the inner hydrophilic part of the micelles. The nanoparticle growth is deter-
mined by the size of the micelles, which, in turn, is determined by the surfactant
and the water/surfactant ratio employed in the reaction. The nuclei are formed
inside the droplet, while the surfactant sterically controls the particle growth and
thus the final particle size. The size is also influenced by the concentration of the
precursor species in the aqueous domains due to its effect on the nucleation rate.
For example, it has been reported that smaller particles of CdS can be obtained by
increasing the concentration of the reactant due to an increase in the nucleation
rate (Lianos and Thomas 1987). However, larger aggregates can be formed after
nucleation by agglomeration.

Reverse microemulsions constitute a very suitable technique for the preparation
of photocatalysts (Fuerte et al. 2001), with a fine-tuning of the particle size and the
composition of multicomponent systems. In a general procedure, one micro-
emulsion containing the precursor and one microemulsion containing a precipi-
tating agent are mixed. However, in the case of TiO,-based materials, a
precipitating agent is not needed and the synthesis can proceed by the hydrolysis of
the alkoxide solution into the aqueous phase of the reverse microemulsion system.

An additional advantage of this method is that unlike aqueous-phase chemical
reactions that take place very fast and are difficult to control, in a microemulsion,
the reactions between micelles containing the different reactants are considerably
slower, which allows the reactions to be carried out in multiple steps and to
synthesize multicomponent materials.

This synthesis procedure normally requires a post-synthesis calcination step in
order to get rid of any organic residue, coming from the surfactant or the cosur-
factant, and to transform the usually amorphous precipitate into a crystalline oxide.
Annealing in the presence of the micelles can avoid the growth and agglomeration
of the nanoparticles (Chen 2007).

New developments of this methodology have allowed obtaining TiO, nano-
particles from water-in-CO, microemulsions, which avoid the use of organic
solvents (Lim et al. 2002).

11.2.4 Aerosol Flame Synthesis

Aerosol technology is also being extensively applied in nanotechnology. In aerosol
techniques, the synthesis of nanoparticles can be generated by atomization of a
liquid solution, for instance by electrospray or ultrasonic atomization, and sub-
sequent particle formation in a droplet upon evaporation of the solvent. If spray
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pyrolysis (e.g. laser spray pyrolysis, flame spray pyrolysis) is employed as
atomizer method, the high temperatures provided can also induce chemical reac-
tions inside the droplets, besides fragmentation of the particles that will result in
the production of smaller nanoparticles. Aerosol particle formation can also occur
in the gas phase. In this case, the volatile precursors are vaporized using energy
provided by a furnace, plasma, laser or a flame reactor (Biskos et al. 2008).

Among aerosol techniques, flame-assisted procedures deserve especial mention
since reference photocatalyst Degussa P25 is industrially prepared by a flame
process, through the hydrolysis of volatile titanium precursor in an oxyhydrogen
(H,/O,) flame (Inorganic Materials for Catalyst Innovation AEROSIL®, AER-
OXIDE® and SIPERNAT® Metal Oxides and Silica Based Materials Industry
Information). The precursor is transformed into the titanium oxide and starts to
form particles by nucleation and growth in the gas phase. Flame-assisted tech-
nology makes possible to obtain nanostructures of high purity in a continuous
process and allows the large-scale production of nanoparticles since materials are
processed without the requirement of any further post-treatment steps, such as
filtration and washing. Furthermore, this technique reduces wastes generation. The
crystalline structure, size and morphology of the generated particles can be
modulated by selecting the precursors or the operating parameters of the flame
(Strobel et al. 2006; Biskos et al. 2008). Besides commercial P25, flame-prepared
TiO, photocatalysts, with nanoparticle size in the range 6-50 nm, have been
successfully synthesized and a high efficiency in the photooxidation of different
compounds has been reported. Doped-TiO,, ZnO or BiVO, photocatalysts have
been also prepared by flame-assisted techniques (Strobel et al. 2006; Castillo et al.
2010).

11.2.5 Other Preparation Methods

Vapour deposition techniques refer to synthesis processes in which the reactants
are in vapour state and condense to form a solid-phase material. These methods are
particularly useful for the deposition of photocatalysts as films on different sub-
strates. If no chemical reaction takes place, the process is called physical vapour
deposition (PVD), while in the so-called CVD, the precursors react or decompose
on the substrate surface forming the desired film. The morphology of the nano-
structures can be controlled by modifying the reaction conditions. Other physical
methods for films deposition are sputtering, thermal deposition, ion implantation,
laser vaporization and molecular beam epitaxy. Atomic layer epitaxy, diffusion
flame pyrolysis, thermal plasma pyrolysis and spray pyrolysis are comprised
among chemical deposition approaches used for preparing nanomaterials. A
pyrolysis technique is a combustion method that involves the thermal decompo-
sition of a precursor into the desired product, as powder or thin film, while
unwanted wastes evaporate. Although generally pyrolytic methods lead to particles
with a wide size distribution, it is possible to obtain nanosized materials with
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uniform composition and size by modifying the procedure and reaction conditions
(Eslamian and Ashgriz 2006). Coatings consisting of photocatalyst nanoparticles
can be also obtained by electrochemical deposition. In this method, the substrate to
be coated, acting as cathode, is immersed into a solution that contains the salt of
the metal to be deposited. The metallic ions are attracted to the cathode and
reduced the metallic form. Electrodeposition has proved to be a convenient method
to prepare TiO, films.

Ultrasound (sonochemical method) and microwave radiation (microwave
method) are also useful approaches for the preparation of nanostructured photo-
catalysts. For instance, TiO, nanotubes and nanorods can be prepared either by
sonication or by microwave heating of TiO, particles in strong basic conditions
(Chen 2007).

Highly active multicomponent oxide nanosized photocatalysts, with high
crystallinity and homogeneity, have been prepared at relatively low temperatures
by the so-called polymerized complex technique. The method is based on the
polymerization between ethylene glycol and citric acid in the presence of soluble
metal—citric acid complexes (Ikeda et al. 1998). Different titanate-based photo-
catalysts (e.g. SrTiOs;, BaTisO9/RuQO,, NiO/Sr;Ti,07, K;La,Tiz0,9) have been
successfully obtained by this route.

11.3 Low-Dimensional Nanostructures: Tubes, Rods,
Fibres or Belts

Traditionally, nanostructured photocatalysts have been manufactured as spheroidal
particles. Recently, the synthesis, characterization and applications of low-
dimensional semiconductor nanostructures have been attracting a great deal of
attention due to their dimensional confinement and their structurally dependent
physical and chemical properties. Anisotropy in a semiconductor nanoparticle
breaks the symmetry of the electronic energy levels along the different directions
of the crystal, and thus, in one-dimensional nanostructures such as rods and tubes,
the band-gap emission will be mainly defined by the diameter, as it is the “con-
fining” dimension. Their large surface area and their high electron and proton
conductivity contribute to the interest in their potential applications in photoca-
talysis. In particular, titania and titanate-elongated nanostructures, such as nano-
rods, nanofibres, nanosheets and nanotubes, have been the subject of study of a fair
amount of works. In addition to the high specific surface area, low dimensionality
has proved to affect charge carrier recombination dynamics, and thus, a longer
half-life and a longer diffusion length of the photogenerated charge carriers can be
expected (Tachikawa et al. 2007).

In this context, the discovery of a simple synthetic method for the preparation
of titanate nanotubes, consisting of the digestion of TiO, nanoparticles under
strong basic conditions followed by acidic washing, opened a new potential route
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for the preparation of nanostructures with a high specific surface area and narrow
pore-size distribution in the mesoporous range, without using expensive template
molecules (Kasuga et al. 1998). All polymorphs of TiO, can be used as precursors
in the hydrothermal synthesis of nanotubes. These nanotubular structures combine
the properties of conventional titania nanoparticles as a wide-band-gap semicon-
ductor with a considerable higher surface area, which is expected to increase their
adsorption capacity and, therefore, favour catalytic and photocatalytic processes.

A fair number of works where Kasuga’s hydrothermal method has been applied
can be found in the literature, and the effect of changing synthetic parameters on
the nanotube structure and photocatalytic activity has been analysed (Hernandez-
Alonso et al. 2011a, b). Although nanotubes were reported to have TiO, anatase
structure by Kasuga et al., recent works seem to agree that without calcination, the
nanotubes obtained by the hydrothermal method normally have Na,_,H,Ti;O;
stoichiometry. The presence of Na* in the titanate structure has proved to have a
negative effect on the photocatalytic activity on these materials, and thus, the
complete sodium removal by protonation of the titanate nanotubes during the
acidic washing is highly desirable. The most general description of the structure of
protonated titanate nanotubes, after sodium exchange, is Hy_,Ti,
Oon—m+(1—2(OH)2-xH,0O, where x and z refer to crystallographic water and ion-
exchangeable OH groups, and n and m account for the type of crystal lattice. These
structures can be monoclinic (H,TizO,, H,TiO409, TiO,-B), orthorhombic (diti-
tanate H,Ti,O4(OH), or lepidocrocite-type HyxTi,_[1,04-nH,0, [ = oxygen
vacancy) or tetragonal (anatase). These protonated titanate nanotubes can formally
be considered as hydrated forms of TiO,. The nanotubular morphology has been
proposed to be adopted in order to reduce the charge imbalance caused by
unsaturated or dangling bonds on the edges of the intermediate structures or to an
asymmetric chemical environment or mechanical stress that would justify the
formation of the nanotubes. It has been suggested that the nanotubes would be
formed by helical scrolling of single (010) layer (“snail”) or by curving of several
conjoined nanosheets (“onion”), as it is schematically represented in Fig. 11.10
(Bavykin et al. 2004). The resultant nanotubes are several hundreds of nanometres
in length, with an outer tube diameter of around 10 nm (Fig. 11.11). The high ion-
exchange capacity of the titanates can be exploited to functionalize nanotubes.
Taking advantage of this property, transition metal titanates has been prepared
with the aim of shifting the absorption edge of these materials to the visible range
for solar applications (Bavykin and Walsh 2009).

Upon calcination, a progressive transformation of the titanate structure into
anatase takes place. Below 350—400 °C, the nanotubular morphology is still pre-
dominant, and at 500 °C, titanate nanotubes evolved into elongated anatase par-
ticles. Despite the larger surface area of the non-calcined or low-temperature
calcined materials, increasing the temperature of the post-synthesis thermal
treatment up to 300400 °C boosted the photocatalytic activity of these materials
due to an optimal balance between surface and structural characteristics
(Hernandez-Alonso et al. 2011b).
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Fig. 11.10 Schematic representation of the possible formation mechanisms of multiwalled
nanotubes (reproduced with permission from Bavykin et al. 2004. Copyright Royal Society of
Chemistry)

Fig. 11.11 Titanate nanotubes synthesized by hydrothermal treatment of TiO, in 10 M NaOH
(adapted with permission from Herndndez-Alonso et al. 2011a. Copyright The Royal Society of
Chemistry)

Although the efficiency exhibited by titanate nanotubes in the degradation of
dyes in aqueous solutions has been sometimes reported to be lower than reference
TiO, photocatalysts, the elongated particles have proved to be more easily



11 Morphological Modifications of Semiconductors 233

recovered from solutions, which would be a benefit in large-scale applications that
could compensate, at least partly, their poorer photoactivity. On the other hand, the
results of the performance of these materials for the photocatalytic degradation of
pollutants in the gas phase are more promising (Bavykin and Walsh 2009; Her-
nandez-Alonso et al. 2011b).

For practical applications, it has to be considered that titanates are thermody-
namically metastable phases and mechanically fragile nanostructures. The use of
alkaline or neutral conditions, organic solvents and temperatures below 400 °C
will provide a stable environment for titanate nanotubes (Bavykin and Walsh
2009).

Besides nanotubes, other low-dimensional TiO,-based nanostructures can be
developed by hydrothermal methods, such as nanorods, nanofibres, nanosheets and
nanobelts (Fig. 11.12), which differ in the shape and aspect ratio. For instance,
nanosheets are structures usually less than 10 nm in thickness and more than
100 nm in the other two dimensions, and nanofibres have 10-100 nm width and
can be as large as several tens of microns. While titanate nanotubes are obtained
by hydrothermal treatment of raw TiO, under strong alkaline conditions at tem-
peratures in the range 110-150 °C, the formation of nanofibres and nanobelts takes
place at higher temperatures with lower specific surface area and porosity.
Nanorod morphologies, with a lower aspect ratio, can be obtained by annealing the
protonated nanotubes at temperatures higher than 400 °C, while in the case of
sodium-containing titanates, temperatures higher than 600 °C are needed to
transform the nanotubular structures into nanorods. Nanorods can also be directly
synthesized by hydrothermal methods. The morphology of the hydrothermally
obtained nanorods may be tuned by using different surfactants or by changing the

(b) U(c} [

(d) (e)

Fig. 11.12 a-e Schematic representation of different low-dimensional morphologies; f SEM
image of anatase TiO, tetragonal faceted-nanorods (adapted with permission from Li and
Xu 2010. Copyright The Royal Society of Chemistry); and g SEM image of H,Ti;O; nanobelts
(reproduced with permission from Zhou et al. 2011. The Royal Society of Chemistry)
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solvent composition. In the case of TiO, nanosheets, they can be obtained by
delamination of layered protonated titanate into layers (Chen 2007).

Elongated TiO,-based nanostructures have shown higher surface wettability
than conventional titania, which is beneficial for self-cleaning and antifogging
applications, due to an increased surface roughness that results in a higher
hydrophilicity. For these purposes, it is necessary to immobilize these structures on
a substrate. Among other approaches, it is worth emphasizing the fabrication of
films by electrochemical methods that, instead of the randomly oriented titanate
nanotubes obtained by hydrothermal techniques, fabricate ordered arrays of titania
nanotubes (Fig. 11.13). Anodic oxidation of titanium foils in a fluoride-containing
electrolyte produces a continuous film of self-organized nanotubes, oriented per-
pendicular to the substrate, with an inner diameter ranging from 20 to 250 nm,
wall thicknesses of 5-35 nm and length of several microns. These parameters can
be precisely controlled. One end of the nanotubes is open, while the other one, in
contact with the substrate, is always closed (Bavykin and Walsh 2009; Param-
asivam et al. 2012). Although a post-anodization calcination stage was usually
required to render photocatalytic active crystalline structures, a two-step anodizing
process has been successfully developed for the synthesis of crystalline anatase
TiO, nanotube arrays at low temperature, which allows the process to be applied
on temperature-sensitive substrates (e.g. polymers) (Allam et al. 2008). TiO,
nanotube arrays formed by anodization have shown remarkable performance in
gas sensing, photovoltaic and photocatalytic applications. These nanotube arrays
have also been widely studied for water photoelectrolysis, photoreduction of CO,
into chemical fuels or dye-sensitized solar cells, where a significantly lower charge
carrier recombination has been demonstrated. Furthermore, the porosity of the
self-organized structure favours the diffusion of reactant molecules to the active
surface area and allows the incident photons to be more effectively absorbed, with
anisotropic optical scattering taking place when the pores periodicity and the light
wavelength have comparable values (Allen et al. 2009).

Fig. 11.13 Top view and cross-section of crystalline TiO, nanotube arrays obtained by
anodization of a Ti foil (reproduced with permission from Allam et al. 2008, Copyright Wiley—
VCH; and Shankar et al. 2009, Copyright American Chemical Society)
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Attempts to shift the optical response of TiO, nanotube arrays from the UV to
the visible region have been carried out. With this purpose, the use of external
sensitizers or compositional dopants such as nitrogen has been reported (Mor et al.
2006).

11.4 More Complex Morphologies: From Hierarchical
Structures and Photonic Crystals to Biomimetic
Materials

In addition to the already mentioned nanostructures, different approaches to syn-
thesize photocatalysts with unusual and more complex morphologies are being
developed. Besides, new approaches based on the spatial structuring of semi-
conductors are being adopted with the aim of enhancing the photocatalytic
activity. Controlling the physical structure from the subnanometric to the sub-
millimetric scale has opened the window to obtain a new generation of more
efficient photocatalysts (Aprile et al. 2008). In this respect, the design of hierar-
chical three-dimensional (3D) structures is attracting an increasing interest in
nanotechnology. Some of these hierarchical architectures, with multimodal or
multiscale pores, have been reported to exhibit improved photocatalytic efficiency
with respect to other morphologies and to the reference photocatalyst Degussa
P25. For instance, flower-shaped TiO, with high photocatalytic activities has been
obtained by simple hydrothermal methods (Fig. 11.14a). The good performance
exhibited by these morphologies has been attributed to their large specific surface
area and to their special superstructure, which has proved to enhance light har-
vesting and favour the diffusion and separation of the photogenerated charge
carriers (Nguyen-Phan et al. 2011; Tian et al. 2011). Other flower-like photocat-
alysts, like BiVOy,, have also showed improved performance with respect to other
morphologies (Fan et al. 2011).

Fig. 11.14 SEM images of: a Hierarchical flower-like TiO, photocatalyst (reproduced with
permission from Nguyen-Phan et al. 2011. Copyright Elsevier); b Porous ZnO spheres
(reproduced with permission from Ma et al. 2011. Copyright Elsevier)
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Porous ZnO spheres have also been successfully synthesized and tested as
photocatalysts, showing improved activity when compared to conventional ZnO,
ascribed to the higher surface area and to the special assembled structure, which is
said to enable the efficient charge carrier separation through interparticle charge
transfer (Fig. 11.14b).

A good example of three-dimensional organization at the nanoscale is the
incorporation of TiO, clusters inside the rigid framework of microporous materials
(pore size < 2 nm). Zeolites are the most widely used hosts, as it is described in
detail in Chap. 9.

Recently, mesostructured semiconductors have come on scene. The synthesis of
mesoporous materials without the use of organic templates has been often
attempted (Chen and Mao 2007). Nevertheless, with the assistance of structure-
directing agents, such as surfactants, ordered metal oxide mesoporous materials
with a pore size ranging from 2 to 50 nm can be obtained. Among them, the
synthesis of highly ordered mesoporous TiO, is of particular interest, whose large
surface area and pore size may result beneficial for photocatalytic purposes. Dif-
ferent approaches to obtaining mesostructured titania have been developed, with
the main difficulty of preserving the structural integrity of the material while
introducing crystallinity into the porous framework, and uniformly organized and
oriented mesoporous titania thin films, constituted by ordered anatase particles,
have been grown with 2D or 3D mesostructure (Yang et al. 1998; Crepaldi et al.
2003). This can be obtained by incorporating, during the hydrolysis stage, template
molecules such as polyethylene oxide-based triblock polymers (commercially
available as Pluronic-127) which act as scaffolds for the assembly of the TiO,
nuclei (Yu et al. 2004). However, these structures are rather unstable, and they can
collapse when the size of the anatase domains in the walls grows (Nilsson et al.
2011). In any case, these simple sol-gel techniques can be employed to build these
3D mesostructured TiO,, allowing at the same time the integration of other pho-
toactive nanomaterials in order to promote charge separation and electron or

Electron transfer
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Fig. 11.15 Scheme of the sensitization of titania to visible light through electron transfer from
CdS to anatase nanocrystals and TEM image of the mixed nanocrystalline TiO,/CdS mesoporous
film along the [111] axis of the structure (adapted with permission from Bartl et al. 2004.
Copyright Wiley—VCH)
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energy transfer. Thus, sensitization of titania to visible light has been produced,
through electron transfer, by designing mixed TiO,/CdS mesoporous frameworks,
with walls composed of integrated arrays of the wide and narrow band-gap
semiconductor nanocrystals (Bartl et al. 2005) (Fig. 11.15). Besides, the channels
of mesoporous TiO, can act as host for different species, such as metal particles
(Ag, Pt, etc.), for the sake of improving the performance of the photocatalyst.
High-ordered macroporous TiO, has also been developed. These nanostruc-
tures, with lattice periodicity in the range of the wavelength of light, are known as
photonic crystals and constitute a novel class of nanomaterials with unique optical
properties, such as high refractive index and high photocatalytic efficiencies. The
improved photocatalytic performance has been attributed to the enhanced light-
harvesting efficiency, affected by the morphology and macroscopic structure of the
photocatalyst. The large reflectivity in the visible light range and multiple scat-
tering effects, caused by the ordered macropores, may give rise to a more effective
utilization of solar light in photocatalytic applications. In a photonic crystal, the
structural periodicity allows the propagation of photons of specific wavelengths
through the structure, forming allowed bands, analogous to electron bands in
conventional materials. On the other hand, coherent Bragg’s diffraction forbids
light of certain wavelengths to propagate through the material, and the spectral
range of large reflectivity is known as stop-band or photonic band gap. A complete
photonic band gap occurs when a range of wavelengths is forbidden for every state
of polarization and crystallographic direction. At the frequency edges of the stop-
band, photons propagate at a strongly reduced velocity, and consequently, they are
called slow photons. If the energy of these slow photons overlaps with the
absorbance of the material, an enhancement of the absorption is expected as a
consequence of the increase in the effective optical path length (Chen et al. 2006).
One-, two- and three-dimensional photonic crystals have been developed, having
one-, two and three-dimensional photonic band gaps, respectively. Self-assembly
of colloidal crystals is a simple and inexpensive route to synthesize photonic
crystals. The result of the crystallization of a colloidal monodispersion of spheres
to form a material with a three-dimensional periodic structure is called opal.
The long-range periodic order in the photonic crystal increases the light/pho-
tocatalyst contact time and the probability of electronic excitation. 3D-ordered
titania can be fabricated as inverse-opal photonic crystals, in which the above-
described effects, the presence of a stop-band and multiple scattering, are present.
Inverse-opal structures can be synthesized by filling the voids in a colloidal crystal
template (opal) with the dielectric material and, then, by removing the original
opal template by wet chemical etching or calcination (Fig. 11.16) (Waterhouse and
Waterland 2007). The potential of TiO, inverse opals in photocatalytic applica-
tions has been explored. The studies conclude that the intrinsic properties of the
TiO, crystals of inverse opals and conventional titania nanoparticles are similar,
being the effect of the photonic crystal structure and slow photons responsible for
the enhanced photocatalytic performance of the former materials. For a superior
photoactivity, the energy of the photonic stop-band must be optimized with respect
to the semiconductor electronic band gap, in order to effectively harvest slow
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Fig. 11.16 SEM micrographs of TiO, inverse opals fabricated from colloidal crystal templates
(PMMA) (adapted with permission from Waterhouse 2007. Copyright Elsevier)

photons at the same time that undesirable reflectivity losses are suppressed. It has
been also demonstrated the high tolerance to structural disorder of their photo-
catalytic efficiency, which opens the door for a practical utilization of these
photonic crystals (Chen et al. 2006; Chen et al. 2007).

However, some studies consider that other structures are more desirable for
certain optical applications since the omnidirectional photonic band gap of inverse
opals is narrow and located at high frequency. Thus, alternative colloidal crystal-
based structures have been developed. This is the case of three-dimensional
photonic crystals of TiO, hollow spheres, which can be obtained with different
sphere diameters and shell thicknesses by sol-gel processes and template tech-
niques (Li et al. 2006b). These opals do not possess a complete photonic gap since
the stop-band position varies with the angle of incidence of incoming photons.
Non-close-packed structures of these hollow spheres have proved to present a
photonic band gap at visible wavelengths, wider than close-packed systems (Zhu
et al. 2007. SEM micrographs of both close-packed and non-close-packed struc-
tures are presented in Fig. 11.17.

Fig. 11.17 Three-dimensional photonic crystals of TiO, hollow spheres: a close-packed
structure connected through pores (adapted with permission from Li et al. 2006b. Copyright
American Chemical Society) and b non-close-packed structure (adapted with permission from
Zhu et al. 2007. Copyright Elsevier)



3]

11 Morphological Modifications of Semiconductors 39

v
" PUN-TIO, (f) it
4

\»2«

upper

epidermis . -

N __\f

=

5
1

=
=

I

i

@

zm-m. Photosystem Il
Water-splitting photosystem

(e (k)
(2e- NADP*+H* "?
o))
Solar £ 3) Eromao B @, )_@_H,oﬁm
) 2 N-Ti ”'_‘I @

Z 2 ) (T %
(1), 2 ,_.. Be Eoic +a @ A l}/ MH—*{E)

g N

w ) A._
Reaction center- N, h*
nyll =
'\.& Photosystem |
MNADPH-producing photosystem

(1), (i): light harvesting
(2), (ii): charge separation
(3): nature’s form of hydrogen (i. e. NADPH) production

(iii): photochemical hydrogen production

Fig. 11.18 Comparison of the structure and function of natural and artificial leaves (reproduced
with permission from Zhou et al. 2010. Copyright Wiley—VCH)

As a variation in inverse opals, the so-called photonic sponges have been
recently developed, formed from a random distribution (quasi-fractal) of inter-
connected spherical air cavities with different micrometric sizes. These systems
are said to present the ideal architecture to harvest photons from the whole solar
spectrum, with most of the incident photons trapped in the network, in contrast to
other photonic structures that diffract light in a narrow range of wavelengths.
Comparison of the photocatalytic performance of a photonic sponge film prepared
from P25 and the unstructured reference photocatalyst indicated that the use of the
photonic sponge increased the photoactivity in one order of magnitude (Carbonell
et al. 2008).

All these previously described systems prove that it is possible to increase the
photocatalytic efficiency by spatial structuring of the photocatalysts, without the
need of introducing modifications in its chemical composition.

It is worth mentioning recent studies that seek to imitate the structure and
functionality of biological systems, using them as models or templates for the
design and fabrication of photoactive materials. These structures intend to
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revolutionize the development of cost-efficient photocatalytic and photoelectro-
chemical solar devices. For instance, biomimetic structures inspired in the hier-
archical structure of leaves are being developed in an effort to replicate, artificially,
the natural process of the photosynthesis (Fig. 11.18). In these artificial leaves,
natural photosynthetic pigments are replaced by manufactured photocatalysts.
These systems are expected to promote the capture of sunlight photons and long-
lifetime electron—hole separation, favouring processes such as CO, fixation and
photochemical hydrogen production, in an artificial photosynthesis pathway (Zhou
et al. 2010).

Other example of biomimetic photocatalyst design is the fabrication of a
mesoporous TiO, by imitation of the bamboo inner membrane structure (Li et al.
2007). However, real progress in terms of significantly increased photoactivity still
needs to be proved.

References

Allam NK, Shankar K, Grimes CA (2008) A general method for the anodic formation of
crystalline metal oxide nanotube arrays without the use of thermal annealing. Adv Mater
20:3942-3946

Allen NS, Edge M, Verran J, Caballero L, Abrusci C, Stratton J, Maltby J, Bygott C (2009)
Photocatalytic surfaces: environmental benefits of nanotitania. Open Mater Sci J 3:6-27

Anpo M, Shima T, Kodama S, Kubokama Y (1987) Photocatalytic hydrogenation of CH;CCH
with H,O on small-particle TiO,: size quantization effects and reaction intermediaries. J Phys
Chem 91:4305-4310

Aprile C, Corma A, Garcia H (2008) Enhancement of the photocatalytic activity of TiO, through
spatial structuring and particle size control: from subnanometric to submillimetric length
scale. Phys Chem Chem Phys 10:769-783

Auvinen S, Alatalo M, Haario H, Jalava J-P, Lamminmiki R-J (2011) Size and shape-dependence
of the electronic and spectral properties in TiO, nanoparticles. J Phys Chem C
115(17):8484-8493

Bartl MH, Boettcher SW, Frindell KL, Stucky GD (2005) 3-D molecular assembly of function in
titania-based composite material systems. Accounts Chem Res 38(4):263-271

Bartl MH, Puls SP, Tang J, Lichtenegger HC, Stucky GD (2004) Cubic mesoporous frameworks
with a mixed semiconductor nanocrystalline wall structure and enhanced sensitivity to visible
light. Angew Chem Int Ed 43:3037-3040

Bavykin DV, Parmon VN, Lapkin AA, Walsh FC (2004) The effect of hydrothermal conditions
on the mesoporous structure of TiO, nanotubes. J Mater Chem 14:3370-3377

Bavykin DV, Walsh FC (2009) Elongated titanate nanostructures and their applications. Eur J
Inorg Chem 8:977-997

Bischoff BL, Anderson MA (1995) Peptization process in the sol-gel preparation of porous
anatase (TiO,). Chem Mater 7:1772-1778

Biskos G, Vons V, Yurteri U, Schmidt-Ott A (2008) Generation and sizing of particles for
aerosol-based nanotechnology. KONA Powder Part J 23:13-35

Boutonnet M, Kizling J, Stenius P, Maire G (1982) The preparation of monodisperse colloidal
metal particles from microemulsions. Colloids Surf 5:209-225

Brus LE (1984) Electron-electron and electron-hole interactions in small semiconductor
crystallites—the size dependence of the lowest excited electronic state. J Phys Chem
80:4403-4409



11 Morphological Modifications of Semiconductors 241

Campbell LK, Na BK, Ko EI (1992) Synthesis and characterisation of Titania Aerogels. Chem
Mater 4:1329-1333

Cao FL, Wang JG, Lv FJ, Zhang DQ, Huo YH, Li GS, Li HX, Zhu J (2011) Photocatalytic
oxidation of toluene to benzaldehyde over anatase TiO, hollow spheres with exposed 001
facets. Catal Commun 12:946-950

Carbonell E, Ramiro-Manzano F, Rodriguez I, Corma A, Meseguer F, Garcia H (2008)
Enhancement of TiO, photocatalytic activity by structuring the photocatalyst film as photonic
sponge. Photoch Photobio Sci 7:931-935

Castillo NC, Heel A, Graule T, Pulgarin C (2010) Flame-assisted synthesis of nanoscale,
amorphous and crystalline, spherical BiVO, with visible-light photocatalytic activity. Appl
Catal B-Environ 95:335-347

Cernuto G, Masciocchi N, Cervellino A, Colonna GM, Guagliardi A (2011) Size and shape
dependence of the photocatalytic activity of TiO, nanocrystals: a total scattering debye
function study. J Am Chem Soc 133:3114-3119

Chemseddine A, Moritz T (1999) Nanostructuring titania: control over nanocrystal structure, size,
shape, and organization. Eur J Inorg Chem, pp 235-245

Chen JIL, von Freymann G, Choi SY, Kitaev V, Ozin GA (2006) Amplified photochemistry with
slow photons. Adv Mat 18:1915-1919

Chen JIL, von Freymann G, Choi SY, Kitaev V, Ozin GA (2007) Effect of disorder on the
optically amplified photocatalytic efficiency of titania inverse opals. J Am Chem Soc
129:1196-1202

Chen X, Mao SS (2007) Titanium dioxide nanomaterials: synthesis, properties, modifications,
and applications. Chem Rev 107:2891-2959

Crepaldi EL, Soler-Illia GJAA, Grosso D, Cagnol F, Ribot F, Sanchez C (2003) Controlled
formation of highly organized mesoporous titania thin films: from mesostructured hybrids to
mesoporous nanoanatase TiO,. J Am Chem Soc 125:9770-9786

Curri ML, Agostiano A, Manna L, Della Monica M, Catalano M, Chiavarone L, Spagnolo V,
Lugara M (2000) Synthesis and characterization of CdS nanoclusters in a quaternary
microemulsion: the role of the cosurfactant. J] Phys Chem B 104:8391-8397

D’Arienzo M, Carbajo J, Bahamonde A, Crippa M, Polizzi S, Scotti R, Wahba L, Morazzoni F
(2011) Photogenerated defects in shape-controlled TiO, anatase nanocrystals: a probe to
evaluate the role of crystal facets in photocatalytic processes. J Am Chem Soc
133:17652-17661

El-Sayed MA (2004) Small is different: shape-, size-, and composition-dependent properties of
some colloidal semiconductor nanocrystals. Accounts Chem Res 37:326-333

Eslamian M, Ashgriz N (2006) The effect of pressure on the crystallinity and morphology of
powders prepared by spray pyrolysis. Powder Technol 167:149-159

Fan HM, Wang DJ, Wang LL, Li HY, Wang P, Jiang TF, Xie TF (2011) Hydrothermal synthesis
and photoelectric properties of BiVO, with different morphologies: An efficient visible-light
photocatalyst. Appl Surf Sci 257(17):7758-7762

Fang WQ, Gong XQ, Yang HG (2011) On the unusual properties of anatase TiO, exposed by
highly reactive facets. J Phys Chem Lett 2:725-734

Friedmann D, Mendive C, Bahnemann D (2010) TiO, for water treatment: parameters affecting
the kinetics and mechanisms of photocatalysis. Appl Catal B-Environ 99:398-406

Fuerte A, Hernandez-Alonso MD, Maira AJ, Martinez-Arias A, Fernandez-Garcia M, Conesa JC,
Soria J (2001) Visible light-activated nanosized doped-TiO, photocatalysts. Chem Commun,
pp 2718-2719

Grassian VH (2008) When size really matters: size-dependent properties and surface chemistry of
metal and metal oxide nanoparticles in gas and liquid phase environments. J Phys Chem C
112:18303-18313

Henle J, Simon P, Frenzel A, Scholz S, Kaskel S (2007) Nanosized BiOX (X = Cl, Br, I)
particles synthesized in reverse microemulsions. Chem Mater 19:366-373



242 M. D. Hernandez-Alonso

Herndndez-Alonso MD, Garcia-Rodriguez S, Sanchez B, Coronado JM (2011a) Revisiting the
hydrothermal synthesis of titanate nanotubes: new insights on the key factors affecting the
morphology. Nanoscale 3:2233-2240

Hernandez-Alonso MD, Garcia-Rodriguez S, Suarez S, Portela R, Sanchez B, Coronado JM
(2011b) Highly selective one-dimensional TiO,-based nanostructures for air treatment
applications. Appl Catal B-Environ 110:251-259

Hernandez-Alonso MD, Tejedor-Tejedor I, Coronado JM, Soria J, Anderson MA (2006) Sol-gel
preparation of TiO,-ZrO, thin films supported on glass rings: influence of phase composition
on photocatalytic activity. Thin Solid Films 502:125-131

Hoffmann MR, Martin ST, Choi W, Bahnemann DW (1995) Environmental applications of
semiconductor photocatalysis. Chem Rev 95:69-96

Ikeda S, Hara M, Kondo JN, Domen K, Takahashi H, Okubo T, Kakihana M (1998) Preparation
of K,La,TizO¢ by polymerized complex method and photocatalytic decomposition of water.
Chem Mater 10:72-77

Jiang HY, Dai HX, Meng X, Zhang L, Deng JG, Ji KM (2011) Morphology-dependent
photocatalytic performance of monoclinic BiVO, for methyl orange degradation under
visible-light irradiation. Chinese J Catal 32(6):939-949

Kasuga T, Hiramatsu M, Hoson A, Sekino T, Niihara K (1998) Formation of titanium oxide
nanotube. Langmuir 14:3160-3163

Klimov VI (2007) Spectral and dynamical properties of multiexcitons in semiconductor
nanocrystals. Annu Rev Phys Chem 58:635-673

LiJ, Shi X, Wang L, Liu F (2007) Synthesis of biomorphological mesoporous TiO, templated by
mimicking bamboo membrane in supercritical CO,. J Colloid Interf Sci 315:230-236

Li J, Xu D (2010) Tetragonal faceted-nanorods of anatase TiO, single crystals with a large
percentage of active 100 facets. Chem Commun 46:2301-2303

Li L-S, Hu J, Yang W, Alivisatos AP (2001) Band gap variation of size- and shape-controlled
colloidal CdSe quantum rods. Nano Lett 1:349-351

Li XL, Peng Q, Yi JX, Wang X, Li YD (2006a) Near monodisperse TiO, nanoparticles and
nanorods. Chem-Eur J 12:2383-2391

Li Y, Kunitake T, Fujikawa S (2006b) Efficient fabrication and enhanced photocatalytic activities
of 3D-ordered films of titania hollow spheres. J Phys Chem B 110:13000-13004

Li Y, White TJ, Lim SH (2004) Low-temperature synthesis and microstructural control of titania
nano-particles. J Solid State Chem 177:1372-1381

Lianos P, Thomas JK (1987) Small CdS particles in inverted micelles. J Colloid Interf Sci
117:505-512

Liao C-M, Chiang Y-H, Chio C-P (2009) Assessing the airborne titanium dioxide nanoparticle-
related exposure hazard at workplace. J Hazard Mater 162(1):57-65

Lim KT, Hwang HS, Lee MS, Lee GD, Hong S-S, Johnston KP (2002) Formation of TiO,
nanoparticles in water-in-CO, microemulsions. Chem Commun, pp 1528-1529

Ma P, Wu Y, Fu Z, Wang W (2011) Shape-controlled synthesis and photocatalytic properties of
three-dimensional and porous zinc oxide. J Alloy Compd 509:3576-3581

Maira AJ, Yeung KL, Lee CY, Yue PL, Chan CK (2000) Size effects in gas-phase photo-
oxidation of trichloroethylene using nanometer-sized TiO, catalysts. J Catal 192:185-196

Monticone S, Tufeu R, Kanaev AV, Scolan E, Sanchez C (2000) Quantum size effect in TiO,
nanoparticles: does it exist? Appl Surf Sci 162-163:565-570

Mor KG, Varghese OK, Paulose M, Shankar K, Grimes CA (2006) A review on highly ordered,
vertically oriented TiO, nanotube arrays: fabrication, material properties, and solar energy
applications. Sol Energy Mater Sol Cells 90:2011-2075

Nguyen-Phan T-D, Kim EJ, Hahn SH, Kim W-J, Shin EW (2011) Synthesis of hierarchical rose
bridal bouquet- and humming-top-like TiO, nanostructures and their shape-dependent
degradation efficiency of dye. J Colloid Interf Sci 356:138-144



11 Morphological Modifications of Semiconductors 243

Nilsson E, Sakamoto Y, Palmqvist AEC (2011) Low-temperature synthesis and HRTEM analysis
of ordered mesoporous anatase with tunable crystallite size and pore shape. Chem Mater
23:2781-2785

Ohno T, Sarukawa K, Matsumura M (2002) Crystal faces of rutile and anatase TiO, particles and
their roles in photocatalytic reactions. New J Chem 26(9):1167-1170

Ohtani B (2008) Preparing articles on photocatalysis—beyond the illusions, misconceptions, and
speculation. Chem Lett 37(3):217-229

Paramasivam I, Jha H, Liu N, Schmuki P (2012) A review of photocatalysis using self-organized
TiO, nanotubes and other ordered oxide nanostructures. Small 8:3073-3103

Rivera P, Tanaka K, Hisanaga T (1993) Photocatalytic degradation of pollutant over TiO, in
different crystal structures. Appl Catal B-Environ 3:37-44

Schulman JH, Friend JA (1949) Light scattering investigation of the structure of transparent oil-
water disperse systems II. J Colloid Interf Sci 4:497-501

Serpone N, Lawless D, Khairutdinovt R (1995) Size effects on the photophysical properties of
colloidal anatase Tio, particles: size quantization or direct transitions in this indirect
semiconductor? J Phys Chem 99:16646-16654

Shankar K, Basham JI, Allam NK, Varghese OK, Mor GK, Feng X, Paulose M, Seabold JA, Choi
K-S, Grimes CA (2009) Recent advances in the use of TiO, nanotube and nanowire arrays for
oxidative photoelectrochemistry. J Phys Chem C 113:6327-6359

Smith AM, Nie S (2010) Semiconductor nanocrystals: structure, properties, and band gap
engineering. Acc Chem Res 43:190-200

Strobel R, Baiker A, Pratsinis SE (2006) Aerosol flame synthesis of catalysts. Adv Powder
Technol 17:457-480

Tachikawa T, Fujitsuka M, Majima T (2007) Mechanistic insight into the TiO, photocatalytic
reactions: design of new photocatalysts. J] Phys Chem C 111:5259-5275

Tian G, Chen Y, Zhou W, Pan K, Tian C, Huang X-R, Fu H (2011) 3D hierarchical flower-like
TiO, nanostructure: morphology control and its photocatalytic property. Cryst Eng Comm
13:2994-3000

Trindade T (2001) Nanocrystalline semiconductors: synthesis, properties, and perspectives.
Chem Mater 13:3843-3858

Wang C-C, Ying JY (1999) Sol-Gel synthesis and hydrothermal processing of anatase and rutile
titania nanocrystals. Chem Mater 11:3113-3120

Wang C-C, Zhanag Z, Ying JY (1997) Photocatalytic decomposition of halogenated organics
over nanocrystalline titania. Nanostruct Mater 9:583-586

Waterhouse GIN, Waterland MR (2007) Opal and inverse opal photonic crystals: fabrication and
characterization. Polyhedron 26:356-368

Xiang Q, Lv K, Yu J (2010) Pivotal role of fluorine in enhanced photocatalytic activity of anatase
TiO, nanosheets with dominant (0 O 1) facets for the photocatalytic degradation of acetone in
air. Appl Catal B-Environ 96:557-564

Xu N, Shi Z, Fan Y, Dong J, Shi J, Hu MZ-C (1999) Effect of TiO, particle size on photocatalytic
degradation of methylene blue in aqueous suspensions. Ind Eng Chem Res 38:373-379

Yang HG, Sun CH, Qiao SZ, Zou J, Liu G, Smith SC, Cheng HM, Lu GQ (2008) Anatase TiO,
single crystals with a large percentage of reactive facets. Nature 453:638-642

Yang PD, Zhao DY, Margolese DI, Chmelka BF, Stucky GD (1998) Generalized syntheses of
large-pore mesoporous metal oxides with semicrystalline frameworks. Nature 396:152-155

Yu JC, Wang X, Fu X (2004) Pore-wall chemistry and photocatalytic activity of mesoporous
titania molecular sieve films. Chem Mater 16:1523-1530

Zhang JZ (1997) Ultrafast studies of electron dynamics in semiconductor and metal colloidal
nanoparticles: effects of size and surface. Accounts Chem Res 30:423-429

Zhang Z, Wang C-C, Zakaria R, Ying JY (1998) Role of particle size in nanocrystalline TiO,-
based photocatalysts. J Phys Chem B 102:10871-10878



244 M. D. Hernandez-Alonso

Zhou H, Li X, Fan T, Osterloh FE, Ding J, Sabio EM, Zhang D, Guo Q (2010) Artificial inorganic
leafs for efficient photochemical hydrogen production inspired by natural photosynthesis. Adv
Mater 22:951-956

Zhou W, Du G, Hu P, Li G, Wang D, Liu H, Wang J, Boughton RI, Jiang H (2011)
Nanoheterostructures on TiO, nanobelts achieved by acid hydrothermal method with
enhanced photocatalytic and gas sensitive performance. J Mater Chem 21:7937-7945

Zhu Y, Cao Y, Li Z, Ding J, Liu J, Chi Y (2007) Synthesis and photonic band calculations of
NCP face-centered cubic photonic crystals of TiO, hollow spheres. J Colloid Interf Sci
306:133-136



Chapter 12
Immobilised Photocatalysts

Silvia Suarez

Suspensions of photocatalysts, where the photoactive phase is placed in contact
with the fluid to be purified, are commonly used in photocatalytic applications for
the sake of simplicity. However, working with suspensions is not technologically
feasible due to the high cost of the filtration process for the recovery/removal of
the photocatalyst. Besides, the proper illumination of all the photocatalytic par-
ticles in the fluid is complicated. The penetration of photons into the fluid is
hindered by the scattering/absorption of the particles close to the irradiation
source, resulting in a deficient utilisation of the photocatalyst.

Some of these drawbacks can be overcome by using semiconductors immobi-
lised on a substrate such as glass, alumina or silica. In contrast to mixed materials,
described in Chap. 15, the carrier does not enhance the optoelectronic properties of
the photocatalyst but it mainly plays a structural role. The utilisation of supported
photocatalysts opens a wide range of possibilities for the treatment of pollutants in
either aqueous or air phase and for energetic applications as water splitting.
Nowadays, the strategies in this area are focussed on improving the method of
fixation of TiO, on the support, increasing the illuminated area or the adsorption
capacity of the photocatalyst, and analysing the influence of these parameters on
the photocatalytic activity and reaction selectivity. The selection of the substrate is
also an important issue, where the combination of a good interaction with the
semiconductor, an efficient use of photons, the shape, the lightness and the final
price of the composite material are some important factors to be taken into
account. This chapter will address the most important aspects to be considered for
the preparation of immobilised photocatalysts, the techniques available for the
immobilisation of the active phase, and the description of some of the most
commonly used substrates, paying special attention to a novel family of
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bi-functional materials in which adsorption and photocatalytic properties are
combined, the so-called adsorbent—photocatalyst hybrid composites.

12.1 Deposition Methods

In order to obtain an adequate supported photocatalyst, two key aspects must be
considered: the nature of the substrate, which should be adequate to allow a good
interaction between the support and the photoactive phase (coating) and the
incorporation of the photocatalyst into the substrate, which must be accomplished
without damaging the photocatalytic performance. The first condition is essential
because the substrate must withstand the forces generated during the deposition
process of the semiconductor. Moreover, the semiconductor layer must bear ero-
sion processes taking place under the photocatalytic process.
However, the catalytic activity can be affected by the following factors:

1. Changes in the structure of the energy bands of the semiconductor, caused by
the interaction with the substrate or by modification of the catalyst particle size.

2. Transformation of the crystal structure as a result of the heat treatment nec-
essary to improve its fixation onto the support.

3. Formation of agglomerates or aggregates with the consequent reduction in
surface area.

4. Penetration of the photocatalyst particles into the pores of opaque substrates,

hindering illumination. ) )
The immobilisation of a semiconductor on a substrate can be achieved by two

general approaches: (a) those in which the photoactive phase, for instance, TiO,, is
synthesised and then deposited, as such, on the carrier; and (b) those in which the
precursor phase is deposited on the substrate by methods such as sol-gel or
chemical vapour deposition (CVD), and then, the active phase is generated by
chemical or physical methods.

In this section, the most relevant techniques used for the development of thin
films on non-porous supports (dip-coating, spin-coating) or porous media (slip-
casting), and vapour phase methods (CVD or sputtering) are described. Finally, the
last section is devoted to the spray techniques, including spray pyrolysis (SP) and
electrospray (ES). Most of the methods described may be applied for both trans-
parent and opaque supports, such as the dip-coating procedure, chemical or physical
vapour deposition (PVD), or plasma generation—associated techniques, to mention
some examples (Meille 2006). In the last section of the chapter, the most relevant
techniques specifically associated with the preparation of ceramic and metal-based
substrates will be discussed, in connection with photocatalytic applications.

12.1.1 Dip-Coating

The dip-coating technique is widely used in the industry for the manufacture of
materials with high optical quality such as glass plates (Schott), for solar power
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control systems (Calorex®) and for anti-reflective coatings on windows (Amiran®).
In this process, the substrate is immersed in a liquid and then lifted under well-
controlled speed, temperature, pressure and humidity conditions. As a conse-
quence, a thin layer of the components present in the liquid is deposited on the
substrate (Candal et al. 2004). It is important to stress that the preparation should
be performed at a constant speed to ensure the uniformity of the layer. A schematic
representation of the process is shown in Fig. 12.1.

The thickness of the coating becomes defined by the speed of the extraction and
the composition of the liquid phase and can be calculated by the Landau—Levich
equation (Eq. 12.1) assuming that the system is in Newtonian regime:

h =094 U 12.1
-0 C(p o) (2

where £ is the thickness of the coating, 7 is the viscosity, v is the velocity, y, v the
surface tension between liquid and vapour, p the density, and g gravity. Thus, the
thickness of the layer depends directly on the speed of the process.

Experimental results indicate that the dimensions of the layers generated by
dip-coating fit well to those calculated from the Eq. (12.1) (Strawbridge and James
1986). Thus, film thicknesses between 20 nm and 1 pm can be obtained by a
careful selection of both the viscosity of the liquid phase and the raising rate. In the
case of coatings prepared by reactive systems, such as the sol-gel systems where
alkoxides or pre-hydrolysed precursors are used, the accurate control of the
atmosphere is a key parameter. The ambient conditions determine the evaporation
of the solvent and the resulting destabilisation of the sol. As a consequence, the
gelation process occurs and the formation of a transparent layer with small par-
ticles in the range of nanometres is formed. (Brinker et al. 1988). An outline of the
process is shown in Fig. 12.2.

In general, the particles in a sol are stabilised by surface charges, and according
to Stern’s theory (Stern 1924), the gelation process is based on the approach of
charged particles at distances below the potential of repulsion. Thus, the repulsion
force becomes an attractive force, and the gelation process is accelerated. Finally,
the density of the resulting layer increases during the heat treatment process.

111
iy

Wl ‘\[r

1. IMMERSION 2. START-UP 3. DEPOSITION 4. EVAPORATION 5. DRYING
& DREINAGE

Fig. 12.1 Dip-coating stages. / Immersion, 2 start-up, 3 deposition and drainage, 4 evaporation,
5 drying
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Fig. 12.2 Diagram of the steady state dip-coating process [reproduced with permission from
Brinker et al. (1991). Copyright Elsevier]

There are some important parameters determining the final photocatalytic
properties of the layer. The composition of the sol has a relevant role by tuning the
physicochemical characteristics of the photoactive component. The layer thickness
affects directly the photocatalytic activity. For Zr-modified titania layers, Sirisik
et al. (1999) reported that an increase in the thickness from 150 to 300 nm sig-
nificantly improved the activity for the removal of ethylene, but further increment
of photocatalyst content had little effect on the efficiency. The difficulty of light to
penetrate the entire depth of the photocatalyst layer in the reactor bed is the main
reason for this behaviour.

An example of the effect of the sintering time and calcination temperature of
thin films in the degradation of trichloroethylene is shown in Fig. 12.3 (Arconada
et al. 2009). Prolonged sintering times lead to a reduction in the photocatalytic
activity due to the densification of the layer accompanied with a reduction in the
surface area and the pore volume. Moreover, increasing the temperature treatment
leads to a progressive elimination of the surface organic residues along with
further crystallisation of the TiO, anatase phase (Deng et al. 2002; Zhu et al.
2007). A compromise between the calcination temperature and the sintering time
to ensure the desired crystal phase, maintaining a high porosity of the layer, should
be attained. Another alternative strategy is the addition of pore generating agents
to create a more open structure reducing the internal mass transfer limitations
(Sudrez et al. 2011a).

It is worth noting that in the case of using conventional glasses such as soda
lime glass as substrate, diffusion of alkaline elements from the support to the
photoactive layer can occur during the heat treatment at temperatures above
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Fig. 12.3 Effect of the sintering time and temperature treatment of TiO, thin films on glass
prepared by dip-coating on the degradation of trichloroethylene (reproduced with permission of
Arconada et al. (2009). Copyright Elsevier)

300 °C, which would lead to a remarkable decrease in the photoactivity (Yu and
Zhao 2000). The presence of a protective silica layer avoids the diffusion of alkali
ions into the active TiO, film (Guglielmi and Zenezini 1990; Herman et al. 2000;
Yu and Zhao 2000; Nam et al. 2004).

A modification of the dip-coating method is the so-called angle-dependent dip-
coating process (Arfsten et al. 1997). This procedure permits to obtain samples
with asymmetric coatings of different thickness depending on the angle between
each side of the substrate and the liquid, as shown in Fig. 12.4a.

A particularly suitable technique for designing systems with rotational sym-
metry is the spin-coating process shown in Fig. 12.4b (Lai 1979; Chen 1983; Pan
and Lee 2006). In this method, the precursor of the active phase is placed on the
substrate by means of a dispenser and submitted to rotation until uniform distri-
bution of the layer is achieved by centrifugal spreading. This process usually
results in the partial evaporation of the solvent, but frequently the material needs
an additional thermal treatment to stabilise the layer. The thickness of the films
obtained by spin-coating depends on the concentration of the solution and the

(a) (b)

|
[ &

Fig. 12.4 Scheme of a angle-dependent dip-coating process and b spin-coating process
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rotation speed in such a way that the higher the angular speed of spinning, the
thinner the film. When porous substrates are used, the process is called slip-casting
(Candal et al. 2004). The approach is in fact rather similar to the dip-coating one,
but in this case the fluid is introduced into the support by capillary action, creating
a gel layer on the surface. This technique has been applied for the preparation of
membranes (Leenaars et al. 1984; Molinari et al. 2000; Zhang et al. 2006a). The
capillary pressure difference between the pores of the support and the liquid—that
is proportional to the surface tension—and the contact angle between liquid and
solid are the driving force of the deposition of the layer.

12.1.2 Vapour Phase Deposition

The most common vapour phase deposition techniques are CVD (Chemical
Vapour Deposition) and PVD (Physical Vapour Deposition) methods such as
sputtering. The CVD technique allows the production of high purity thin films on
substrates of different nature. The substrate is exposed to one or more volatile
precursors, which react or decompose on the solid surface producing the desired
deposit (Anpo et al. 1989; Jung and Imaishi 2001; Lee et al. 2001a; O’Neill et al.
2003; Nogier et al. 2009; Shan et al. 2010). In order to facilitate the formation of
the solid layer, the substrate is generally maintained at high temperature. Diffu-
sion, adsorption of the reactant into the surface, chemical reaction followed by
desorption, and diffusion of the products are the main step in this process (Ding
et al. 2001).

There are variations of the technique which depend on the operation pressure:
atmospheric pressure CVD, low-pressure CVD and ultrahigh vacuum CVD, pre-
senting the potential advantage of reducing undesired reactions in the gas phase.
Most importantly, such methods improve the uniformity of the deposited film.
Attending to the physical characteristics of the vapour phase, the methods can be
classified as aerosol-assisted CVD and direct liquid injection CVD. Finally, the so-
called plasma-enhanced CVD (PECVD) method takes advantage of the use of
plasma to increase chemical reaction rates, which allows working at lower tem-
peratures (Wu et al. 2011; Maeda and Watanabe 2005; Nizard et al. 2008; Rico
et al. 2009; Hajkova et al. 2009). This method is especially interesting in the case
of temperature-sensitive substrates such as organic polymers. Another advantage
of CVD techniques is that they make it possible to process large surfaces of
substrate, regardless the shape, in a short period of time, producing high quality
and high purity solid materials (Carp et al. 2004). CVD methods have been
extensively used for the deposition of semiconductors on carbon-based materials
(Zhang et al. 2006b; Li Puma et al. 2008), silica (Ding et al. 2000; Hirai et al.
2001) or alumina supports (Lei et al. 1999; Jung et al. 2005). With regard to
transparent substrates, TiO, coatings on glass have been successfully prepared by
reaction of TiCl, and a co-oxygen source (MeOH, EtOH, iPrOH or H,O), resulting
in excellent uniformity, surface coverage, adherence and optical properties and
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giving rise to total degradation of stearic acid (O’Neill et al. 2003). Sarantopoulos
et al. (2009) prepared glass microfibres fabrics and glass plates by using a metal-
organic precursor for chemical vapour infiltration (MOCVI) and chemical vapour
deposition (MOCVD), respectively, using titanium tetraisopropoxide (TTIP).
These materials were tested for the degradation of organic pollutants such as
imazapyr and malic acid in aqueous solutions, and toluene in air. Parameters such
as temperature treatment, thickness of coating and the effect of the substrate were
further analysed. Photocatalytic coatings prepared by these techniques have also
been applied for isomerisation reactions of 2-butene (Anpo et al. 1989), the
elimination of nitrogen and sulphur oxides (Nasonova et al. 2010), or the bacte-
ricidal effect for Ag/TiO, prepared by PECVD (H4jkova et al. 2009), amongst
others.

PVD methods are similar to CVD but, in this case, no chemical reaction takes
place. These methods can be classified into mechanical ones, such as sputtering,
and thermal ones, where the deposition phenomenon is promoted by the evapo-
ration of the target. Cathodic sputtering, electron beam evaporation and pulsed
laser deposition, to cite some of them, are included as PVD techniques. Sputtering
is one of the most frequently used methods for obtaining thin films because it is a
rather simple, versatile and flexible process. In this technique, the source material
(e.g. Ti metal) is bombarded with a beam of gas ions such as Ar™, and the ejected
atoms are subsequently deposited in the substrate. Although inert gases are typi-
cally used, in the process known as reactive sputtering, which is applied to the
preparation of TiO, coatings, reactive gases like oxygen are also utilised. The
sputtering approach covers a number of techniques, ranging from direct current
(DC) discharge in conductive materials to the more sophisticated sputtering
magnetrons operating in radiofrequency (RF), where the target material is an
insulator. Much effort has been devoted to the development of photocatalysts active
in the visible region by the sputtering technique. Thus, besides TiO, thin films
studied for the degradation of ethanol (Eufinger et al. 2007), Ta- and N-co-doped
TiO, (Obata et al. 2007), nitrogen-substituted TiO, (N-TiO,) (Kitano et al. 2006a)
and TiO,—CeO; films (Liu et al. 2005) have also been synthesised and tested in the
photocatalytic oxidation of oleic acid, 2-propanol and dyes, respectively, whilst Pt-
loaded TiO, thin films have been tested in water splitting (Kitano et al. 2006b).

12.1.3 Spraying Methods

Spraying is the preferred option for the industry to coat large surface areas, since it
is a simple and economical method (Takahashi et al. 1989; Byrne et al. 1998).
Generally, a suspension containing the precursor, or the previously synthesised
semiconductor, is prepared. The selection of the solvent, the addition of stabilisers
or additives promoting the adhesion of the layer to the substrate and the physi-
cochemical properties of the substrate are some important points to be considered.
The substrate is coated by special devices designed for this purpose, as a spray
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gun, or by effect of a gas passing through the liquid containing the photoactive
material.

Nanostructured materials with one-dimensional shape can be prepared by the
Spray Pyrolysis (SP) technique (Quintana et al. 2002; Chung et al. 2004; Chiarello
et al. 2008; Pawinrat et al. 2009).

SP is a versatile and low-cost thin film deposition method, which allows scaling
up the material deposition with rod morphology onto large areas. The depositing
solution is placed in an ultrasonic device in which a controlled pressure is applied
by means of a gas flow. Passing through the nozzle, the cloud formed will reach
the substrate that is maintained at a controlled temperature. On the substrate,
solvent evaporation occurs and the film starts to grow (Krunks and Mellikov
1995). The deposition of a seed layer, prepared by SP technique, allows the control
of the growth of nanorods (Quintana et al. 2002). Changes in the solvent com-
position allow the modification of the seed layer properties and the ulterior for-
mation of the nanorods. For the growth of the nanorods, the substrate is immersed
in a NaOH solution containing the metal oxide precursor at a controlled temper-
ature to facilitate the crystal growth into the substrate for a controlled time. Layers
around 600 nm can be prepared by this technique with particles sizes around
30-50 nm (Fig. 12.5). These materials have been successfully used in disinfection
(Rodriguez et al. 2010), degradation of dyes (Quintana et al. 2002), acetaldehyde
decomposition (Li and Haneda 2003), reforming of methanol (Chiarello et al.
2011) or hydrogen production (Chiarello et al. 2008).

An interesting way to create a film on a conductive support is the Electrospray
(ES) technique. This process is based on the generation of a very thin aerosol
through electrostatic charges. Thus, microdroplets are generated by means of
electricity instead of air. The material to be deposited passes, as a liquid, through a
nozzle, where it becomes electrically charged by applying a potential. This
charged liquid is very unstable and tends to accumulate more charge until a critical
point is reached, where droplets of a size smaller than 10 pm in diameter are
stabilised. These drops move towards any surface with opposite charge. In this
process, the solvent evaporates from the surface and the distance between elec-
trical charges within the microdroplet decreases, so that if the drop does not reach

Fig. 12.5 SEM images of ZnO nanorods at pH 4.8 prepared by spray pyrolysis [reproduced with
permission of Rodriguez et al. (2010). Copyright Elsevier]
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an appropriate surface to dissipate this charge, it reaches a critical point and is
expelled (Chen et al. 1998, 1999; Nomura et al. 2003; Fujimoto et al. 2006).

The ES approach is used in the industry for the application of paints and as
coating for metals. The use of a transparent conductive oxide (TCO) or metal
sheets allows the synthesis of TiO, thin films by this technique (Chen et al. 1998,
1999; Fujimoto et al. 2006; Nomura et al. 2003). The ES deposition method makes
it possible to prepare photocatalysts in a single step and to create complex designs
in both the chemical composition and the geometric arrangement, with significant
savings of time and materials. An example of the coral-like morphology obtained
by deposition of a TiO, precursor on a conductive glass substrate with an indium
tin oxide (ITO) coating is shown in Fig. 12.6.

12.2 Substrate Materials

An important issue to be considered for immobilised photocatalysts preparation is
the selection of the support. The substrate should meet certain requirements,
although it may be difficult for a single support to fulfil all of them:

1. The material must be transparent to the applied radiation.

2. It should promote a strong physical-chemical interaction with the active phase
without adversely affecting the chemical properties of the photocatalyst.

3. It should have a high specific surface area and high adsorption capacity of the
pollutant to be treated.

4. Tt should be structured, so that it ensures easy handling and recovery.

5. It should have the proper geometry to facilitate mass transfer processes and

irradiation of the photoactive component.
A number of possible substrates are available in the market, such as those based

on SiO,, quartz optical fibbers, glass fibbers, cellulose membranes, microporous
ceramic membranes, clays, monolithic supports, zeolites, stainless steel or organic
polymers. The selection of the appropriate substrate must consider technological,
economical and practical aspects.

Fig. 12.6 Coral-type
structure for TiO, films
prepared by Electrospray
technique
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In this section, firstly, a description of the most commonly transparent sub-
strates reported in the literature is commented, and secondly, the most relevant
opaque substrates will be described, in connection with the photocatalytic
applications.

12.2.1 Transparent Substrates

From the viewpoint of the optical properties, because of its high transmittance,
glass is amongst the most interesting candidates to support photoactive materials.
There are numerous studies that report the use of the walls of a reactor made of
Pyrex glass to support photocatalysts based on oxides, which has the added
advantage of good adhesion between both materials. This favourable interaction
between the substrate and the photocatalytic layer can be attributed to the presence
of a high concentration of hydroxyl groups on the surface, which can promote the
attachment of the active phase. Moreover, this material can withstand high tem-
perature treatments (up to 500°C) allowing the consolidation of the coating process
and the elimination of undesirable compounds from the synthesis. Another
advantage of glass is that this material is chemically rather inert. Amongst the
main disadvantages, the high weight, the difficulty associated with its fragility
during manipulation and the diffusion of cations from the support to the active
layer at high temperature can be cited. Shaped glass of different geometries such as
Raschig rings (Herndndez-Alonso et al. 2006), pellets (Al-Ekabi and Serpone
1988), microspheres (Nair et al. 1993) or glass microbeds are some of the most
relevant proposals for the treatment of pollutants (Schwitzgebel et al. 1995). In
Fig. 12.7, SEM micrographs of the top and the cross-section views of a TiO, thin
film coated on Pyrex glass are shown. A transparent and uniform thin layer of
around 65 nm, made of TiO, aggregates of around 40 nm, characterised the
coating. Silica has been used in many forms, from common sand to silica gel or
quartz particles, including commercial fuse silica glass fibres covered by TiO,
(Matthews 1987; Hofstadler et al. 1994; Mikula et al. 1995).

Organic polymers such as polydimethylsiloxane (Iketani et al. 2003; Pasc-
hoalino et al. 2006), polyesters (Sdnchez et al. 2006; Portela et al. 2007), poly-
methylmethacrylate or polycarbonate (Langlet et al. 2002) are very interesting
supports because of their high transmittance in the UVA and Vis regions. Addi-
tionally, they are light materials, easy to handle and with the possibility of being
easily structured in different geometries such as honeycomb structures (Sanchez
et al. 2006; Yang et al. 2006; Lunawat et al. 2007). An example is shown in
Fig. 12.8, where SEM micrographs of CdS semiconductor with different loadings
coated on polyethylene terephthalate fibres are reproduced.

Nevertheless, organic polymers present some disadvantages to be considered.
These materials are temperature sensitive and, depending on their nature, can
suffer significant degradation under UV light irradiation, especially in the presence
of the semiconductor, which would decrease the initial transmittance values (Wiles
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Granule by agglomeration (40nm)
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Fig. 12.7 SEM micrographs of top a and cross-sectional b views of a TiO, thin film on a Pyrex
glass support [reproduced with permission of Kim and Hong (2002). Copyright Elsevier]
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Fig. 12.8 SEM micrographs of CdS-based photocatalysts immobilised on polyethylene
terephthalate fibres for two different loadings. a 5 wt %. b 17 wt % [reproduced with permission
of Lunawat et al. (2007). Copyright Elsevier Ltd.]

1973; Nyok-Sai 1977; Gijsman et al. 1999; Kumar et al. 2009; Yang et al. 2011).
Moreover, the hydrophobicity of the surface hinders the interaction with the active
phase, usually in an aqueous medium. In this respect, the deposition of a silica
protective layer or the incorporation of poly(diallyldimethylammonium) chloride,
which provides a positively charged surface for the fixation of the inorganic layers,
has been used as a way to prevent the degradation effect and to improve the
adhesion of the photoactive coating (Matsuda et al. 2003; Sanchez et al. 2006).
Alternatively, the organic polymer surface can be pre-treated with techniques such
as low-pressure plasma (LPP) or atmospheric pressure plasma (APP) in a con-
trolled atmosphere, in order to create carbonyl groups, which will act as anchoring
sites for the fixation of the semiconductor layer (Hegemann et al. 2003). A
comparison of the wavelength dependence of the transmittance of glass and dif-
ferent organic polymers is depicted in Fig. 12.9. This graph clearly shows the high
transmittance of the glass base support at 330 nm. Similar transmittance values
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can be obtained with some polymeric substrates such as cellulose acetate or
poly(methyl methacrylate). Regarding polymers, the composition, the preparation
route and the type of additives strongly influence their transmittance. Thus, some
of these polymeric materials present significant limitations for UV applications,
but they can be applied under visible light.

These polymeric substrates have been applied in several photocatalytic reac-
tions, for instance, water splitting to obtain hydrogen using CdS deposited on
polyester (Lunawat et al. 2007), or elimination of organic molecules in gas phase,
such as trichloroethylene over TiO, on poly(ethylene terephthalate) (PET)
(Sanchez et al. 2006; Coronado et al. 2008a), or acetaldehyde using TiO, on
poly(dimethylsiloxane) (Iketani et al. 2003). In addition, TiO, coated on orth-
ophthalic polyester and poly(dimethylsiloxane) has also been applied to degra-
dation of salicylic acid and phenol (Paschoalino et al. 2006). Similarly, TiO,/PET
has been used for the removal of inorganic molecules, such as hydrogen sulphide
(Portela et al. 2007).

12.2.2 Opaque Supports

Opaque supports have also been used as substrates for photocatalytic applications.
Although these substrates present the drawback of the null transmission of light
compared to conventional transparent glass supports or organic transparent poly-
mers, the selection of materials with high surface area and pore volume (high
adsorption capacity), or materials with improved affinity for the active phase
precursor may be of interest for some applications. Besides, non-adsorbent
materials, such as non-porous ceramics with high thermal resistance or metal foils,
or hybrid composites that combine the adsorption and photocatalytic properties,
have been explored and used in several photocatalytic applications (Carp et al.
2004; Shan et al. 2010; Meille 2006).
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Basically, the incorporation of the photocatalytic material on porous substrates
can be accomplished by two different approaches (Cybulsky and Moulijn 1998).
The first one deals with the incorporation of the active element homogenously
dispersed on the entire body of the porous substrate, in order to obtain a composite
material. The second method relates with the impregnation of the active phase on
the substrate, resulting in an uneven layered structure. The preparation of bulk
catalysts according to the first approach is generally made by extrusion of a dough
that contains all the elements of the catalyst or its precursors. This route of syn-
thesis favours the homogeneous distribution of the active phase along the extru-
date. It usually includes additives that become essential part of the catalyst
conformation. Amongst them, natural silicates are very interesting since they
provide the ceramic paste with optimal rheological properties to be extruded
(Blanco et al. 2000; Avila et al. 2005). Plates, cylinders or monolithic structures
have been prepared by this technique. In the impregnated catalysts, the photoactive
phase is deposited on the previously prepared support by different methods, such
as wet impregnation or deposition—precipitation as preferred options. The soaking
time and the drying step are essential to determine the distribution and homoge-
neity of the active phase of the catalyst.

The coating of opaque materials with photocatalysts can be a complex and
laborious task. Once the ceramic- or metal-based material with the desired
physical and mechanical properties is prepared, it should be coated with a film of
thickness <50 um of the photoactive component, which usually presents a high
surface area (between 50 and 200 m? g~ "); this process is called washcoating. The
washcoat particles, displaying diameters of 10-20 nm may be porous themselves,
providing the system with the meso-microporosity characteristics.

Amongst the numerous methods for incorporating the washcoat to the support,
slip-casting is the most used one. Alternatively, the catalyst can be synthesised
in situ from its precursor, for example, by CVD from TiCly. The specific prepa-
ration method should be adapted to the specific application in order to achieve
major advantages in terms of mechanical stability and photocatalytic activity.

Adsorbent—photocatalyst hybrid materials are very interesting for environ-
mental applications (Yoneyama and Torimoto 2000; Carp et al. 2004). The prin-
ciple of operation is based on the adsorption of the contaminant molecules on the
adsorbent sites and their diffusion towards a vicinal photocatalytic centre
(Fig. 12.10), where the photocatalytic process takes place. Ideally, the adsorbent
should have high specific surface area and high affinity for the pollutants. The
expected benefits from the use of these type of hybrid photocatalysts are (1)
increasing the concentration of pollutant molecules in the neighbourhood of the
active centres, which can enhance the reaction rate; (2) the complete degradation
of the contaminant is favoured, since reaction intermediates can be adsorbed and
further oxidised; (3) these materials allow treating pollutants even at very low
concentration (in the range of ppb), widening the niche of indoor air treatment; (4)
the photocatalyst deactivation by poisoning is delayed, as the mineralisation is
generally promoted.
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Adsorbents such as alumina (Lee et al. 2001b), molecular sieves (see Chap. 9)
(Xu and Langford 1995; Sampath et al. 1994; Takeda et al. 1995), clays (Ilisz et al.
2002) or activated carbon (Herrmann et al. 1999; Nozawa et al. 2001) have been
used. Amongst them, activated carbons show the strongest interaction between the
adsorbent and the pollutant.

Activated carbon mixed with TiO, has been successfully used in the removal of
NO, (Yoneyama and Torimoto 2000) and benzene, toluene, ethylbenzene and
xylene (BTEX) in air, or methylene blue in solutions (Ao and Lee 2003). How-
ever, the behaviour of these carbon—photocatalyst hybrid materials in the photo-
catalytic degradation of phenol is comparable to that of commercial TiO,. These
results reveal the importance of the nature of the contaminant in determining the
performance of these mixed photocatalytic systems. In addition, the physico-
chemical properties of the carbon component, such as the acidity, seem to play a
key role in the photoactivity. The poor control of these factors could explain, at
least partially, some of the contradictory results related to the use of activated
carbon reported in the literature, which points out the difficulty to assess its real
impact as adsorbent materials photocatalytic applications. Due to their inherent
high surface area, carbon nanotubes have also been a popular choice for the
removal of pollutants. Micrographs of a TiO, photocatalyst coated on carbon
nanotubes prepared by liquid phase deposition (LPD), and a summary of the
obtained photocatalytic results are shown in Fig. 12.11. A considerable higher
photocatalytic performance compared to TiO, P25 was achieved for the degra-
dation of dichloroacetic acid in water (Herbig and Lobmann 2004).

The studies conducted with high surface area SiO, show that addition of this
oxide to TiO, promotes the photocatalytic activity for the degradation of cyanide,
phenol, acetophenone and dyes in water. The interaction of silica and titania
centres results in new centres of higher photoactivity. Besides, the presence of
silica increases the mechanical strength, thermal stability and surface area of the
material (Minero et al. 1992).

Sepiolite is a magnesium silicate with a fibre structure. It is a light and inex-
pensive material used as an adsorbent due to its high surface area and porosity.
TiO,/sepiolite bi-functional materials have shown excellent results for the gas
phase degradation of both organic compounds, such as trichloroethylene (Sudrez
et al. 2008; Hewer et al. 2009), and inorganic compounds, such as hydrogen
sulphide (Rasmussen et al. 2010), at laboratory scale and under sun irradiation
conditions using a compound parabolic collector (Sudrez et al. 2011b; Portela et al.
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Fig. 12.11 Carbon nanotubes synthesised at different temperatures. a 350 °C. b 600 °C (left);
photocatalytic activity results obtained for carbon nanotubes for degradation of dichloroacetic
acid in water [reproduced with permission of Herbig and Lobmann (2004). Copyright Elsevier]

2012). An intimate contact between the sepiolite fibres and the titania oxide
particles favoured the mineralisation process, probably due to the contribution of
the sepiolite hydroxyl groups to the mineralisation of undesirable by-products such
as phosgene (Sudrez et al. 2008). Regarding hydrogen sulphide elimination, it has
been demonstrated that this hybrid material avoids the SO, release to the atmo-
sphere observed for conventional TiO,-based materials. This effect is shown in
Fig. 12.12, where the evolution of H,S conversion and selectivity to SO, for TiO,
and sepiolite/TiO, thin films on glass plates are represented.

Materials such as stainless steel, brass, ferritic alloys (Fecralloy®, Kanthal®),
aluminium or titanium can also find application as supports for photocatalysts.
Such systems are indeed attractive alternatives because of their low-cost and high
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Fig. 12.12 Evolution curves of a H,S conversion, b SO, selectivity at different water vapour
content for TiO, thin films and ¢ for SiMgOx/TiO, hybrid material [adapted from Portela et al.
(2010)]
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mechanical strength. In addition, they are easy to cast in the desired shape (Fer-
nandez et al. 1995; Byrne et al. 1998; Balasubramanian et al. 2004; Chen and
Dionysiou 2006a, b; Giornelli et al. 2006). Notwithstanding these properties, there
are relatively few studies dealing with the application of these materials for the
treatment of pollutants. Candal et al. (1998) developed a TiO,/aluminium matrix
prepared by sol-gel with good photocatalytic activity; however, due to corrosion
issues, the stability of the coating was far from acceptable. The outermost layers of
aluminium are prone to be oxidised by means of anodisation processes, resulting in
the stabilisation of a very adherent surface layer of alumina, which can improve
the subsequent adhesion of TiO,. Another alternative discussed in the literature is
the surface modification by thermal treatment, often applied to FeCrAl substrates
(Camra et al. 2005). During treatment at high temperature, an aluminium oxide
layer on the top of the surface in the range of 1 um thickness is produced. Elec-
trophoretic deposition technique (Fernandez et al. 1995) and plasma treatment
(Kang et al. 2011) have also been explored for the incorporation of semiconductor
layers on these metallic materials. The diffusion of cations from the substrate to the
photoactive layer is a factor that must be considered due to its negative effect in the
photoactivity. For example, the migration of cations (Cr*>, Mn** or Fe*®) from
stainless steel substrates treated above 600 °C has been reported (Chen and Dio-
nysiou 2006b). Applications of these materials in the photocatalysis field include
the destruction of bacteria and VOC in indoor air (Vohra et al. 2005; Muifioz-
Vicente et al. 2011, 2012), the degradation of NOx (Bianchi et al. 2012) and the
removal of organic compounds (Tennakone et al. 1997; Yu et al. 2003; Shang et al.
2003; Balasubramanian et al. 2004).

Immobilised photocatalysts can be conformed in multitude of shapes. Plates
(Sudrez et al. 2008), rings (Schultes 2003; Twesme et al. 2006; Coronado et al.
2008b; Neti et al. 2010), spheres (Bouazza et al. 2008; Verbruggen et al. 2011),
monolithic structures (Sanchez et al. 1999; Avila et al. 2005; Carneiro et al. 2009)
or foams (Sanz et al. 2008; Raupp et al. 2001) are some of the most common
conformations (Fig. 12.13). Each of them provides particular fluid dynamic con-
ditions resulting in different pressure drop values and mass transfer phenomena.

Fig. 12.13 Ceramic materials with different geometries. a monolithic supports prepared at the
ICP-CSIC (Madrid, Spain) Sudrez (2002) and b alumina ceramic foams of 10 and 30 pores per
inch (PPI) [reproduced with permission from Raupp et al. (2001). Copyright Elsevier]
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These properties must be considered in order to select the optimum reactor design
for implementation of immobilised photocatalysts at commercial scale.
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Chapter 13
Metal Doping of Semiconductors
for Improving Photoactivity

Maria Dolores Hernandez-Alonso

Anatase TiO, is, by far, the most studied photocatalyst, due to its particular
physicochemical characteristics explained in detail in Chap. 5. Doping the structure
of TiO, has been extensively used as an approach for improving its photocatalytic
properties, and therefore, this and the following chapter are focussed on reviewing
the cationic and anionic doping of this semiconductor.

Metal doping has proved to be a successful approach for obtaining photocat-
alysts with improved photonic efficiencies, generally using less than 10 % of
foreign cations for modifying the semiconductor (Carp et al. 2004). With this
strategy, it is possible to shift the optical response towards higher wavelengths,
increasing the photoactivity under visible irradiation, and to hinder electron—hole
recombination. This may allow using sunlight as an inexpensive and renewable
energy source in photocatalytic applications. Besides optical absorption, other
properties that strongly influence the photocatalytic activity, such as surface area,
pore size, density of hydroxyl groups, surface acidity, and adsorption/desorption
properties, can also be modulated by incorporating a dopant into the photocatalyst
structure. These surface modifications can also lead to a higher selectivity in
different processes (Herndndez-Alonso et al. 2007, 2009).

Impregnation, co-precipitation, ion implantation technique, and sol-gel methods
can be employed to incorporate cationic dopants into TiO,.

13.1 Surface Dispersion Versus Lattice Incorporation

The presence of dopants can, basically, alter the charge transfer properties of TiO,,
modify the adsorption capacity of its surface, or produce a shift of the absorption
edge of the photocatalyst to the visible range (Carp et al. 2004). This last
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modification is highly desirable for a more efficient use of sunlight. It can be
associated with a decrease in the band gap, by interaction of the cation states with
the valence or conduction bands of anatase, or with the creation of intra-band-gap
states, induced by the incorporation of the dopant ions (Kubacka et al. 2012).
Pronounced red shifts can be obtained by means of ion implantation processes,
which consist of the acceleration of the dopant ions in an electric field and their
impact on the semiconductor (Anpo and Takeuchi 2003).

In 1994, a systematic study of quantum-sized (3—4 nm) doped TiO, with
21 cations was conducted by Hoffmann and co-workers (Choi et al. 1994), who
reported on the influence of the metal dopants on the photoreactivity by acting as
electron and hole traps, and by altering the electron—hole recombination rate as
follows:

M™ +ecg — M®DF  electron trap (13.1)

M™ + hyy — MOFD+  hole trap (13.2)

with the energy level of M™/M™~* Jocated below the conduction band edge and
the energy level of M™*D*/M™ above the valence band edge. The presence of these
intra-band-gap energy levels would lead to the already mentioned red shift and the
photocatalytic response under visible light. They also observed the existence of an
optimum dopant concentration, above which the photoactivity decreases. In the case
of quantum-sized particles, this behaviour has been attributed to an increasing
recombination rate with dopant concentration due to the concomitant decrease in the
average distance between trap sites. Nevertheless, similar results have also been
obtained for bulk materials (Karakitsou and Verykios 1993).

Thus, it is worth taken into account that the reported results show that an effective
absorption of visible light does not always guarantee an enhanced photocatalytic
activity under visible irradiation (Choi et al. 2010). A dopant can act as an effective
mediator of interfacial charge transfer, inhibiting the electron—hole recombination
(Choi et al. 1994; Cao et al. 2004), or it can produce the opposite effect. Despite an
extended response in the visible range, metal ions can act as recombination centres,
decreasing the photocatalytic activity of the catalyst under UV irradiation (Herr-
mann et al. 1984; Di Paola et al. 2002). Furthermore, provided that holes with
sufficient oxidizing power are generated in the TiO,-based photocatalyst, a mini-
mum band gap of ca. 2.5 eV will be required to generate electrons that can practi-
cally interact with O, to form oxygen radicals (e.g. O, + e~ — O;7), key
intermediates for many redox reactions to proceed (Kubacka et al. 2012).

Depending on the dopant, two different situations can be reached, as sche-
matically represented in Fig. 13.1: (1) a p-type doping, by introduction of cations
with a lower valence than that of Ti** (M™, n < 4), which act as acceptors of
electrons; (2) an n-type doping by incorporating electron donors, cations with
higher valence than Ti** (M™, n > 5).

Metal dopants can occupy substitutional or interstitial sites at the titania lattice
or form segregated metal oxide clusters or islands on the surface, depending on the
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Fig. 13.1 Schematic representation of the energy levels of doped semiconductors: p-type doping
(left) and n-type doping (right) (based on Chen et al. 2010)

nature (primarily electronegativity and ionic radius) and concentration of the
doping metal and the synthetic procedure. The inherent lattice strain of nanoma-
terials facilitates the structural distortion of nanosized TiO, produced by the
modification of its chemical composition (Chen and Mao 2007). Substitutional
doping of TiO, will tend to occur when the electronegativity and ionic radius of
the doping metal cations match those of Ti**, while interstitial doping will be
preferred if the electronegativity of the doping metal ions approaches that of Ti**,
but its ionic radius is smaller (Xu 1991). On the other hand, metal ions with larger
jonic radii than Ti** (Fig. 13.2) present lower solubility in the TiO, lattice, which
hinders their substitutional incorporation, and will be more probably found as
dispersed metal oxides. In contrast to substitutional doping, a red shift in the

Li*
0.90
Mg2* i Al
086 078 0.68 068
Ti2* | V4* | Cr¥*|Mn™ Fe*|Co™| Ni2* Zn?{Ga*
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Fig. 13.2 Ionic radii of different transition metal dopants with a coordination number of 6 (Choi
et al. 1994) and several rare-earth ions (based on data from Shannon 1976; Xu et al. 2002)
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Fig. 13.3 Solubility limit of different doping elements of the periodic table into the anatase
structure (based on data from Kubacka et al. 2012)

absorption spectrum is not expected in the case of surface dispersion. In order to
keep the charge neutrality in the structure of doped TiO,, cation or anion vacancies
are created. In these cases, the presence of defects associated with the creation of
oxygen vacancies may also contribute to the visible light absorption of the mod-
ified TiO, (Choi et al. 1994; Rehman et al. 2009).

The solubility of the metal cations in the anatase structure is governed by
parameters such as the primary particle size, the M™/Ti** radius ratio, and the
structural strain, the latter influenced in turn by factors such as the metal oxidation
state (Fig. 13.3). A large M™/Ti*" radius ratio favours the presence of oxygen
vacancies, which efficiently release strain in the anatase structure. The solubility of
M"" will determine the tendency of the dopant element to form solid solutions, with
a homogeneous chemical composition throughout the particle (Ti;_M;0,), or to
segregate at the surface of TiO,_ In any case, at concentrations above the solubility
limit of each metal ion, an enrichment of the dopant at the surface is expected, finally
leading to the formation of pure MO, phases (Kubacka et al. 2012).

Other characteristics, such as the surface area or the surface acidity, are also
strongly affected by the incorporation of a dopant into the photocatalyst structure.
The increase in surface acidity observed in chemically mixed binary oxides has
been proposed to appear in order to preserve the electrical neutrality. This model,
proposed by Tanabe and co-workers (Tanabe et al. 1974), postulates that the
coordination number of the guest cation is maintained in the host oxide lattice and
that the coordination number of all the oxygen ions in the major component oxide
is retained in the binary compound. Thus, to keep electric neutrality, Brgnsted
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acidity (extra protons) is expected to appear when the charge imbalance is nega-
tive, while Lewis acidity will be formed when the charge imbalance is positive.
Surface acidity can be linked to other properties, like the population of hydroxyl
groups at the surface of the photocatalyst and its adsorption/desorption capacity. A
specific example of this will be presented in the next section.

Furthermore, surface or bulk metal doping is able to stabilize the anatase or the
rutile phases of titania and modify the temperature of the anatase-to-rutile trans-
formation. This effect has been ascribed to a hindered crystal growth due to the
formation of Ti—O-M bonds. It has been suggested that the creation of oxygen
vacancies, derived from the incorporation of ions of lower valence than Ti*" and
relatively small ionic radius, accelerates the phase transition by reducing the strain
energy that must be overcome for the rearrangement of the Ti—O octahedra and the
other way around for ions of higher valence and larger ionic radius (Shannon and
Pask 1965). Thus, for instance, the presence of Zr** seems to inhibit this transition,
stabilizing the anatase phase at higher temperatures than for bare TiO, (Hernan-
dez-Alonso et al. 2006). Similarly, doping with Al, Ni, Ga, Nb, Ta, and W has
proved to retard the anatase-to-rutile transformation, while Mn, Fe, Cu, or Zn
promote, generally, this transition (Ferndndez-Garcia et al. 2004).

The presence of the corresponding dopant oxide as a segregate phase will affect
the physicochemical properties of the photocatalyst and, consequently, its photo-
activity. For instance, Fresno et al. reported a significantly different behaviour for
Sn- and Zr-doped samples with respect to the coupled TiO,/SnO, and TiO,/ZrO,
materials in the photocatalytic degradation of toluene vapours under UV irradia-
tion. In this study, TiO,/MO, photocatalysts exhibited a high resistance to deac-
tivation not observed in the corresponding mixed oxides and bare TiO,, due to a
lower accumulation of adsorbed intermediates during reaction on the coupled
photocatalysts (Fresno et al. 2008). On the other hand, the incorporation of these
cations into the TiO, structure proved to be beneficial in the degradation of
methylcyclohexane (Fresno et al. 2005; Herndndez-Alonso et al. 2007). In another
example, Kubacka and co-workers observed that the appearance of MO, local
environments (MO, clusters) in Ti-M substitutional mixed oxides implied a
decrease in their photoactivity under sunlight excitation, ascribed to the generation
of localized electronic states involved directly in charge recombination processes
(Kubacka et al. 2008).

Basically, the photocatalytic efficiency of doped TiO, will be influenced by the
electronic configuration of the dopant, its concentration, and its distribution in
titania. However, there are controversial and sometimes contradictory results in the
literature regarding the influence that doping exerts on the photoactivity of TiO,.
The discrepancies are probably ascribed to the different synthetic procedures
employed and to the different reactions selected to test the photocatalytic activity.
The selection of the target molecule to decompose may lead, as commented above,
to diametrically opposed results. These differences make it difficult to compare
results among the published reports. Next, we will briefly discuss some relevant
examples on doped TiO, photocatalysts.
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13.2 Transition Metal Doping

Doping TiO, with transition metal cations with a partially filled d shell creates
energy states in the band gap of the titania (intra-band-gap energy states), which
may induce absorption of visible light caused by the excitation of an electron from
an intra-band-gap energy level to the conduction band of TiO, (Carp et al. 2004).
These electronic levels may be localized or merged with the anatase bands. The
nature and concentration of the doping cation will determine the extent of the
absorption edge red shift. In 1999, Anpo and co-workers reported that Cr and V
cationic implantation of titanium dioxide gave rise to a significant shift in the
absorption spectra towards the visible region, which enabled these photocatalysts
to efficiently operate under visible light (Yamashita et al. 1999). However, as
previously commented, an improved optical absorption in the visible range is not
sufficient to guarantee an enhancement in the photocatalytic performance, and the
whole picture of the structural and electronic modifications induced by the
incorporation of the dopant needs to be taken into account. Besides their role in
charge trapping, dopants should also allow an efficient interfacial transfer of
charge carriers. In the study of Choi et al., only a small enhancement in photo-
activity was observed for dopants with a closed-shell electronic configuration
(AP, Zn**, Ga**, Zr**, Nb°*, Sn**, Sb>*, and Sn°*), which was ascribed to a
hindered charge carrier trapping caused by their stability. The authors also
observed the existence of an optimum dopant concentration, above which the
photocatalytic activity decreased as a consequence of a higher recombination rate
(Choi et al. 1994).

The d-electron configuration of the transition metal, its concentration, and its
distribution in the titania structure (i.e. the presence at substitutional or interstitial
positions of the lattice and the presence at the surface and/or bulk of the particles),
along with other physicochemical factors, play a complex role in the photoactivity
of the modified TiO, (Choi et al. 1994; Kubacka et al. 2012).

Promising results have been obtained with V-, Cr-, Mn-, Fe-, Co-, and Ni-doped
titania photocatalysts under solar irradiation. The incorporation of these 3d tran-
sition metal ions into the titania lattice induces the formation of occupied electron
levels, with the electrons localized around the dopant, as determined by ab initio
calculations (Umebayashi et al. 2002). The localized mid-gap state levels shift to
lower energy as the atomic number of the dopant increases. Consequently, a red
shift of the absorption edge to the visible range is produced, with an observed
effectiveness increasing with the atomic number: V > Cr > Mn > Fe > Ni (Carp
et al. 2004; Chen and Mao 2007). In some cases, a higher extent of the shift can be
obtained by increasing the concentration of the dopant (Kubacka et al. 2012). V,
Nb, Mo, and W also improve the absorption in the visible range, by decreasing the
band-gap energy (Fuerte et al. 2001; Kubacka et al. 2008). Fuerte et al. studied the
influence of highly substitutionally doped anatase, prepared by the inverse mi-
croemulsion procedure, and found a photoactivity enhancement in the case of
Mo®" and W in the degradation of gas-phase toluene under simulated sunlight
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irradiation. The study indicated that at high dopant concentration, the heavier
elements of group VI were the best options for an efficient oxidation of toluene
under visible light. In contrast, at low doping levels, group V elements also led to
an improved performance. The influence of the dopant concentration on the
photocatalytic activity was especially relevant in the case of W. The inverse
microemulsion preparation method allowed the incorporation of up to ca. 20 at.%
of W in substitutional positions of the anatase network. The photoactivity was
found to increase with the W content of the material. The presence of the ortho-
rhombic WOj; phase was only detected at W contents higher than 20 at.%. and was
accompanied by a moderate reduction in the activity. The enhanced photoactivity
was ascribed to the presence of W-related charge-trapping centres at the surface,
together with the larger power of absorption in the visible region of W-doped
TiO,, caused by the existence of electronic impurity levels close to the conduction
band (Fuerte et al. 2002). Although an enhancement in the visible light absorption
could be obtained with the incorporation of V, Nb, Mo, or W, the synthesis of
mixed oxides with the minimal disturbance of the TiO, anatase structure proved to
be an additional requirement to obtain highly active photocatalysts under visible
irradiation, which could be achieved only for Ti-V and Ti-W materials. Further-
more, the activity enhancement was limited by the solubility limit of the dopant
cations (Kubacka et al. 2008).

Besides the electronic effects, the presence of transition metals also produces
modifications in the morphological (size and shape) and textural (porosity)
properties of doped TiO,. In Ti-M (M = V, Mo, Nb, W) mixed oxides with
anatase structure, an increase in the surface area with respect to bare titania,
together with a moderate decrease in the particle size, was generally observed
when the metal cations were mainly occupying substitutional positions in the
lattice. On the other hand, the presence of metal atoms at the surface of the
material led to a decreased surface area (Kubacka et al. 2008). The surface acidity
can also be altered. For instance, it was observed that the presence of a relatively
high content of V, Mo, and W, incorporated by the incipient wet impregnation
method, leads to the formation of surface Brgnsted sites that increase the overall
surface acidity of the material (Di Paola et al. 2004). The higher acidity was
ascribed to the enrichment of the surface with the corresponding acidic oxides
(MoO3, V,0s, and WO3). Nevertheless, it is worth noticing that in this case, only
the sample loaded with W showed an enhanced photocatalytic activity with respect
to bare TiO».

The incorporation of Zr into TiO, causes significant changes in the surface
characteristics of the photocatalyst. At low contents, Zr cations can randomly
substitute Ti** in the anatase lattice, without introducing important structural
modifications. No significant changes in the band-gap energy are observed. Nev-
ertheless, higher photoactivities have been obtained with Ti;_,Zr,O, materials
with respect to anatase TiO,. The higher surface area at a given firing temperature,
higher surface acidity, higher hydrophilicity, or the creation of active defects on
the TiO, surface have been proposed as possible reasons for the improved pho-
tocatalytic performance of these materials (Fu et al. 1996; Yu et al. 1998; Zorn
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et al. 1999; Hernandez-Alonso et al. 2007). As previously mentioned, the increase
in acidity in binary systems has been proposed to appear in order to preserve the
electrical neutrality (Tanabe et al. 1974). The charge imbalance is calculated for
each individual bond to the guest cation and multiplied by the number of bonds to
that cation. As an example, in the particular case of ZrO, shown in Fig. 13.4, each
Zr atom is bonded to eight oxygen atoms, and each oxygen is bonded to four Zr
atoms. In the anatase structure, each Ti is octahedrally coordinated with six
oxygen atoms, which are bonded to three Ti atoms. Taking this into account, when
a Zr atom enters the anatase lattice, each of its eight bonds is now attached to an
oxygen atom that is bonded to only two other cations instead of three. Therefore,
four valence electrons on Zr divided by eight bonds, minus two electrons available
on the oxygen atom divided by three bonds gives a charge imbalance value of —1/
6 per bond (total charge imbalance = —4/3). As a result of this negative imbal-
ance, new Brgnsted acid sites are created from the association of protons with the
nearby oxygen atoms (Herndndez-Alonso et al. 2009).

However, an increase in the surface acidity is not necessarily beneficial for the
photoactivity. Depending on the target molecule to decompose, an increase in the
number and strength of acid sites on the photocatalyst surface can lead to a lower
selectivity and a faster deactivation of the catalyst. This effect has been basically
attributed to a slower desorption of by-products from the strong adsorption sites
created with the formation of Ti-O-M assemblies in the binary oxide (Fresno et al.
2008; Hernandez-Alonso et al. 2009).

Among transition metals, Fe-doped TiO, has received special attention in the
literature. Due to its similar radius, Fe* is able to occupy substitutional positions
in the titania lattice forming solid solutions at low concentrations (<1 %), while at
higher concentrations, the formation of Fe,O5 has been observed. The presence of
iron at a low level of doping is said to enhance the efficiency of the photocatalysed
redox reactions and to shift the absorption edge from ca. 375 nm of bare titania to
the 400-500 nm range. The improved activity is attributed to an effective trapping
of electrons and holes by the Fe** ions (Fig. 13.5). The half-filled electronic
configuration of Fe** (d®) might promote a rapid electron transfer to molecular
oxygen, in order to recover the initial stability, and a more efficient electron—hole
separation (Wang et al. 2003; Carp et al. 2004). At high dopant concentrations,
iron ions can act as recombination centres, lowering the photoactivity.
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Furthermore, the incorporation of iron into the titania lattice has shown to inhibit
crystal growth (Carp et al. 2004).

Improved efficiencies have been obtained with Fe-doped TiO, photocatalysts,
both under UV and visible light (Yamashita et al. 2003; Adéan et al. 2007).
However, controversial results are usually found in the literature about the role of
Fe™*. It seems plausible that besides the key influence of the dopant content, the
synthesis procedure and doping technique are playing a crucial role in controlling
the reactivity of doped photocatalysts (Wang et al. 2003). For instance, Piera et al.
observed that changes in the preparation method, like variations in the pH and
concentration of the Fe** solution used to dope titania, led to the presence of
different iron species at the surface, which seemed to play a role in the photoac-
tivity of the materials (Piera et al. 2003).

13.3 Incorporation of Rare-Earth Elements

The incorporation of rare-earth (RE) elements into the titania structure has also
been explored as an attractive strategy to extend its response under solar irradia-
tion (Bingham and Daoud 2011). The sol-gel process is the most frequently
reported technique applied to synthesize RE-doped TiO,. As it will be discussed in
this section, the presence of rare-earth cations induces the modification of the
photocatalyst properties, leading to an enhanced photocatalytic performance, both
under UV and visible irradiation.

Under visible light, the increased activity is caused by the reduction in the
band-gap energy of RE-doped TiO,. The red shift can be attributed to the charge
transfer transition between the f-electrons of the RE ions, which introduce elec-
tronic states into the band gap of TiO,, and the bands of the semiconductor (Xu
et al. 2002). For instance, a narrowing of the band gap of 0.55 eV was found in
Nd**-doped TiO,. In this material the absorption edge is attributed to the O 2p to
Nd 4f transition, whose electronic states are located closed to the bottom of the
conduction band (Li et al. 2003). It is worth reminding that as previously com-
mented, narrowing the band gap of the semiconductor can be beneficial for
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photocatalytic purposes as long as the redox potential of the H,O/OH couple lies
within the band gap. Furthermore, an effective dopant should provide the photo-
catalyst with an improved interfacial charge transfer rate (Xu et al. 2002).

Despite their larger ionic radii, the incorporation of rare-earth ions (e.g. Sm>*,
Gd™) into the anatase lattice has been reported. When Ti*" is substituted by a 3+
ion, the creation of oxygen vacancies that can act as electron traps may be
expected, delaying the recombination of the electron—hole pairs (Shi et al. 2008).
However, a dispersion of the corresponding rare-earth oxides on the surface of RE-
doped TiO, is more usually reported, justified by the much larger ionic radii of
these elements in comparison with Ti** that hampers their incorporation into the
anatase lattice (see Fig. 13.2). The synthesis conditions probably influence whe-
ther the rare-earth cations are incorporated into the titania matrix or can be found
as dispersed oxides on the surface of the semiconductor (Bingham and Daoud
2011). Their presence on the surface may favour a more efficient charge carriers
separation that will explain the observed improved performance. Some authors
have speculated that at the interface, the smaller Ti** might substitute rare-earth
ions in the lattice of the RE oxides, with the formation of Ti—~O-RE bonds. The
replacement of a RE** ion would create a charge imbalance, whose compensation
could induce the absorption of more hydroxyl groups (OH™) that could, subse-
quently, lead to the formation of more hydroxyl radicals by accepting photogen-
erated holes (Xu et al. 2002). In heat-treated La-doped TiO,, the charge imbalance
caused by the incorporation of titanium into the La,O3 lattice was reported to
reduce Ti** to Ti** that, later, may be oxidized by adsorbed O, to generate the
superoxide anion radical (O, %) (Li et al. 2004).

In a benchmark example, doping TiO, with La’", Ce’™ Er’t Prit, Gd**,
Nd**,and Sm** proved to produce an absorption red shift, an increase in the
interfacial electron transfer rate, and stronger adsorption capacities (Xu et al.
2002). Among the tested rare-earth-doped samples, the Gd**-doped titania showed
the highest photocatalytic activity in the degradation of nitrite in water, attributed
to a higher efficiency in the separation and transfer of charge carriers. An optimum
amount of dopant around 0.5 wt% was observed in this work, at which the samples
showed the highest photoactivity, always higher than that of the undoped titania
(Fig. 13.6). As the concentration of RE ions increases, the space-charge region in
the p-doped semiconductor becomes narrower, theoretically reducing the capacity
to separate the charge carriers. The optimum concentration is the one that makes
the thickness of the space-charge region sufficiently similar to the light penetration
depth into the TiO, photocatalyst, making the separation of photogenerated
electron—-hole pairs more efficient. At higher concentrations of dopant, the pene-
tration depth of light will exceed the space-charge layer, favouring recombination
processes (Ranjit et al. 2001; Xu et al. 2002). In terms of photocatalytic perfor-
mance, other studies situate this optimum value at a slightly higher concentration
of the RE dopant (1-1.2 %) (Li et al. 2004; Zhang et al. 2005; Anandan et al.
2012). The high photocatalytic efficiency observed for Gd**-doped titania has also
been reported by other authors and ascribed to its high surface area and pore
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Fig. 13.6 Photocatalytic conversion of nitrite over different 1 wt% rare-earth-doped TiO, (left);
normalized concentration as a function of the reaction time for nitrite degradation over Sm>*-
doped TiO, photocatalysts with different dopant concentration (right) (adapted with permission
from Xu et al. 2002. Copyright Elsevier)

volume, together with its lower band gap compared to bare TiO, (El-Bahy et al.
2009). It has also been postulated that the high activity could be related to its half-
filled electronic configuration (7 f-electrons), which would favour the transfer of
the previously trapped electrons to the oxygen molecules adsorbed on the surface
to form superoxide radicals, in order to return to its original stability and, thus,
hinder recombination (Xu et al. 2002).

Besides the potential enhancement in the photoelectrochemical properties,
lanthanide-doped titania is expected to present improved adsorption capacities due
to the ability of lanthanides to form complexes with different organic compounds
(e.g. acids, thiols, aldehydes, alcohols, amines) through the interaction of these
molecules with the f-orbitals of the lanthanides (Carp et al. 2004). Consequently,
favouring the concentration of the pollutant at the semiconductor interface, the
photocatalytic activity of RE-doped TiO, may be enhanced, either under visible or
UV irradiation. For instance, lanthanide (Eu®*, Pr**, Yb**)-doped TiO, showed a
significantly higher photocatalytic activity in the mineralization of different
chlorinated aromatic compounds, carboxylic acids, and amines, attributed to an
enhanced adsorption of the target molecule on the catalyst surface, favoured by the
formation of Lewis acid—base complexes (Ranjit et al. 1999, 2001). Analogous
results were observed for La**-doped titania in the photocatalytic degradation of 2-
mercaptobenzothiazole, which were justified by an improvement in the adsorption
properties, due to the formation of Lewis acid—base complexes between La>* and
the —SH groups (Li et al. 2004).

As in the case of transition metal ions, the presence of lanthanide dopants in the
TiO, lattice can produce other effects, such as hindering the anatase-to-rutile
transition or restraining the crystal growth and, consequently, increasing the sur-
face area of the material (Ranjit et al. 2001; Li et al. 2004; Zhang et al. 2005; Baiju
et al. 2010; Anandan et al. 2012). Setiawati and co-workers estimated that the
anatase growth rate was decelerated from 0.1 nm/°C in pure TiO, to 0.03 nm/°C in
1 mol % Sm- and Eu-doped titania (Setiawati and Kawano 2008). In another
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example, a considerable inhibitory effect of the transition from anatase to rutile
was observed for 1-2 at.% Nd**-, Pr**-, Er’*-, and Dy>*-doped titania, attributed
to the presence of Ti-O-RE bonds. The reduction in the crystallite size also
observed in these doped materials was proposed to be caused by the segregation of
the lanthanide cations at the grain boundaries, which would inhibit grain growth by
restricting direct contact among grains. While increasing the calcination temper-
ature was detrimental for the photoactivity of bare TiO,, it was beneficial in the
case of doped photocatalysts, due to the higher stability of the anatase phase in
these materials and to the role of the dopants in preventing the agglomeration and
sintering of titania nanoparticles. This will affect, accordingly, the BET surface
area and, hence, the population of hydroxyl groups and adsorbed oxygen on the
surface of the photocatalysts (Zhang et al. 2005). These effects have been also
observed in lanthanide-doped mesoporous titania. The incorporation of Ce****
and La’" resulted in an increase in the surface area, pore volume, and average pore
size with respect to the undoped mesoporous TiO,. Furthermore, the doping was
demonstrated to inhibit the collapse of the mesoporous structure upon calcination
(Nguyen-Phan et al. 2009). Doping with Gd*>* also proved to be able to yield high
surface area materials with well-defined mesopores, even at calcination tempera-
tures as high as 800 °C, while bare TiO, showed practically null surface area
(Baiju et al. 2010).

The promising photocatalytic results obtained so far encourage further inves-
tigation on rare-earth-doped TiO,-based materials. Co-doping of rare-earth metals
with other elements and the development of new preparation techniques are also
being matter of research (Bingham and Daoud 2011).

13.4 Incorporation of Other Elements

Although not very frequently, the photocatalytic efficiency of alkaline and alka-
line-earth-doped TiO, has also been explored. The reported results of photoactivity
are contradictory. For instance, a poisoning effect is usually attributed to the
presence of Na* in the lattice of calcined glass-supported TiO,, which may act as
recombination centre in the thin films (Fernandez et al. 1995). However, other
authors have observed that the inhibitory or promoting effect of doping on the
photocatalytic activity is not only dependent on the dopant nature and its con-
centration, but also on the preparation method and, of course, on the nature of the
target pollutant. For instance, it was reported that the photocatalytic efficiency of
alkaline-doped TiO, prepared by a sol-gel procedure was lower than that of the
analogous materials prepared by impregnation. Furthermore, the authors observed
that the presence of small concentrations of Na® improved the photocatalyst
efficiency (Bessekhouad et al. 2004). Contradictory results have been also reported
for Li*- or Mg®*-doped titania. While a beneficial effect is observed in some
studies (Bessekhouad et al. 2004; Venkatachalam et al. 2007), ascribed to modi-
fications in the adsorption and electronic properties of the doped materials, other
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authors correlate a decrease in the photoactivity of titania to the presence of these
cations (Lopez et al. 2001). The influence of Be** doping on the photocatalytic
activity of TiO, has also been evaluated. Due to its small size, Be** cations are
expected to enter into the interstitial sites of the titania lattice. The authors found
that the presence of this alkaline earth element at the shallow surface of the
photocatalyst was beneficial for the photocatalytic activity, while its incorporation
into the deep bulk was detrimental (Peng et al. 2004). An enhanced photocatalytic
activity of Be**-doped TiO, has been also observed under visible light irradiation,
attributed to a more efficient electron-hole separation (Avasarala et al. 2010).
Doping TiO, with Ca®*, Sr**, and Ba®* was also found to be beneficial for the
photocatalytic activity of anatase. The presence of these alkaline earth cations
proved to limit the crystal growth and, consequently, increase the surface area of
the doped materials. The slightly higher band gap of these samples was also
attributed to the reduction in the particle size (Al-Salim et al. 2000).

Incorporation of metallic elements from the p-block has also been considered as
an approach to improve the photocatalytic efficiency of TiO,. For instance, as it
occurs with other dopants, the presence of Al and Ga has proved to retard the
anatase-to-rutile transformation (Ferndndez-Garcia et al. 2004) and lead to the
creation of oxygen vacancies to compensate the charge imbalance caused by the
location of trivalent cations at Ti** sites (Song et al. 2011). As previously com-
mented, these oxygen vacancies can act as electrons traps, delaying the recom-
bination processes. Besides, it has been observed that the presence of Al,Og,
Ga,03, or In,O5 induces an increase in the surface area and the surface acidity of
titania that may favour the adsorption of organic compounds, thus contributing to
enhance the photocatalytic activity of these materials (Deshpande et al. 2005). In
indium-doped TiO,, the improved performance reported with respect to undoped
titania has also been attributed to the narrowing of the band gap caused by the
contribution of the 5s5p orbitals to the conduction band of TiO, (Ti 3d) (Yang
et al. 2008; Sasikala et al. 2010).

Among the post-transition elements, it is also worth remarking the role of Sn**
as a TiO, dopant. Sn** is expected to occupy a substitutional position in the TiO,
lattice, since the electronegativity and ionic radius approach those of Ti**. Nev-
ertheless, the slightly larger ionic radius of Sn** with respect to Ti** induces an
increment in the cell volume and a distortion of the lattice, which is translated in a
shift of the diffraction peaks of the XRD pattern of Sn**-doped titania to lower
angles. An expansion of the unit cell takes place with increasing tin concentration,
as it was observed for Ti;_,Sn, O, solid solutions with rutile structure (Fig. 13.7)
(Sensato et al. 2003). This distortion may result in the formation of more surface
defects that can contribute to a more effective adsorption of reactants. Since SnO,
presents a rutile structure, and it can induce the nucleation of rutile crystallites of
TiO,, the reported studies on Sn-doped TiO, indicate that most of these samples
present this structure. Theoretical calculations suggest that the presence of tin
transforms the rutile electronic transition from direct to indirect, as it is for anatase.
Since indirect transitions are less prone to electron—hole recombination, as they
cause that the lowest energy transition is forbidden, this transformation results
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Fig. 13.7 Calculated lattice parameters of rutile as a function of x for Ti;_,Sn,O, solid solution
with rutile structure: (a) c; (b) a; (¢) axial ratio ¢/a; and (d) unit cell volume (reproduced with
permission from Sensato et al. 2003. Copyright Elsevier)

beneficial for the photocatalytic activity. Besides, Ti-Sn solid solutions with rutile
structure show an increased band gap that contributes as well to increase the
lifetime of the photogenerated charges (Lin et al. 1999; Tudela et al. 2010).

The number of studies on tin-doped anatase is more limited. Unlike the blue
shift observed in rutile samples, a red shift in the absorption spectrum has been
observed in Ti-Sn solid solutions with anatase structure, attributed to the Sn**
electronic states situated about 0.4 eV below the anatase TiO, conduction band.
These doping energy levels allow a more efficient separation and transfer of the
photogenerated charge carriers. An enhanced photocatalytic performance has been
reported for Sn-doped anatase photocatalysts compared to pure titania, both under
UV and visible light. The activity has shown to increase with the Sn content up to
an optimum value, decreasing at higher doping contents (Yang et al. 2002; Cao
et al. 2004; Martinez et al. 2005; Fresno et al. 2009). Even higher photocatalytic
activities have been obtained with Ti-Sn samples containing both anatase and
rutile phases, attributed to a lower electron—hole recombination due to the anatase/
rutile coupling (Fresno et al. 2005; Ligiang et al. 2006). Nevertheless, the presence
of a high content of rutile can be detrimental for the photocatalytic activity (Yang
et al. 2002).
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Besides Ti-Sn solid solutions, the segregation of an SnO, phase gives rise to
coupled TiO,/SnO, photocatalysts. This situation can lead to an interaction
between the two phases, with the formation of Sn-doped TiO, and Ti-doped SnO,
at the interphase. The photocatalytic activity of these coupled systems has been
tested both in gas- and liquid-phase reactions. The higher efficiency generally
observed for these materials has been ascribed to the improved charge separation
process. The junction between the two semiconductors, as it will be further
described in Chap. 15, may favour the separation of the photogenerated charge
carriers since the excited electrons can migrate from the conduction band of titania
to the conduction band of SnO,, located at a lower energy than the former. Fur-
thermore, since the valence band of SnO, is also lower in energy than that of TiO,,
the holes can accumulate on the latter (Tudela et al. 2010).
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Chapter 14
Non-metal Doping for Band-Gap
Engineering

Raquel Portela

As mentioned in Chap. 5, the lower edge of the conduction band in pristine TiO,
(both anatase and rutile) is formed by Ti 3d states and the upper edge of the
conduction band by O 2p states, resulting in a wide band gap (E; anatase €a. 3.2 €V;
Eg ruile ca. 3.0 eV). Therefore, one of the main challenges for photocatalytic
materials engineering since the late 1980s has been to red shift the absorption edge
of the semiconductor (387 nm for anatase, 413 nm for rutile), so that visible light,
either from the sun or from interior illumination, can be harnessed for photocat-
alytic applications. The first approaches explored to reach this goal have been the
photosensitization of TiO, with dyes (Chap. 16), which act as visible light har-
vesters, and the metal doping, described in the previous chapter. Only in 2001, one
decade after the first studies on the incorporation of anions into the titania matrix
(Saha and Tompkins 1992), non-metal Doping of TiO, appeared as an alternative
strategy for photocatalytic applications (Asahi et al. 2001); since then, the anionic
doping of titania has been intensively investigated, and interesting photocatalysts
with promising results under visible light have been obtained.

In metal-doped TiO,, the cations replace titanium atoms; meanwhile in the
non-metal-doped TiO,, the anionic dopants are expected to substitute the oxygen
atoms, although cationic substitutions may take place as well with some non-metals.
Even though titania with partial substitution at the oxygen sites is usually repre-
sented in the literature as TiO,_,A,, where A is the anion, this representative for-
mula must be carefully employed and seems questionable for very low A/Ti ratios.

In order to achieve a good coupling between the matrix and the anion, a
homogeneous distribution of the dopant at atomic level is required, without the
loss of the crystal structure of the semiconductor. Additionally, the aim of
adsorbing radiation less energetic than UV-A requires the band-gap narrowing, by
the elevation of the valence band maximum, the lowering of the conduction band
minimum or the introduction of localized energy levels. Furthermore, only when
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the redox potentials of the charge carriers created by visible light excitation are
capable of inducing subsequent photocatalytic reactions, the visible light absorp-
tion achieved by doping is effective. For instance, in the case of overall water-
splitting applications, the TiO, conduction band minimum, just above the H,/H,O
redox potential level, can be only slightly modified for the photoreduction activity
to be ensured, so that the energy level of the optically excited electrons is low
enough for H, evolution. On the other hand, the valence band maximum of the
doped semiconductor must not be far from that of TiO,, so that the generated holes
are oxidative enough for O, evolution.

So far, nearly all non-metals have been explored as dopants for the modification
of the electronic structure of TiO, to improve the photocatalytic activity, espe-
cially under visible light. However, TiO, is generally a stable compound and not
easily doped by a non-metal element. As a result, surface doping has been more
commonly studied than the homogeneous incorporation of the anionic dopant into
the bulk. The differences between both approaches are summarized in Table 14.1.

The chemical state, amount, and location of the non-metal depend on the dopant
selection and on the method of preparation of the doped material, giving rise to the
contradictory theories explaining the origin of the doping-induced visible light
absorption found in the literature that will be commented in the following sections.

Doped TiO, nanostructures can typically be prepared by treatment or growth of
TiO, in a solution of the dopant precursors, thermal treatment or sputtering in an
atmosphere of the doping species, or ion implantation. In general, the distribution
and concentration of the dopant atoms obtained by chemical methods can be
improved by several approaches. One option is rendering the diffusion length for
the dopant short enough. This can be achieved either by reducing the size of TiO,
particles or by facilitating the diffusion, for example, with a layered structure.
Other option is employing high-energy physical doping methods.

The main requirements for the anionic dopant to elevate the valence band
maximum are the following (Liu et al. 2010):

1. Lower electronegativity than oxygen, so that the dopant states can be involved
in the formation of a new valence band at a higher energy level. The Pauling
electronegativity of O is 3.4, higher than that of all non-metals, except F, with
electronegativity of 3.98.

Table 14.1 Comparison between surface and homogeneous TiO,-doping with non-metals.
Adapted from Liu et al. (2010)

Property Surface doping Homogeneous doping
Visible light absorbance Low High

Absorption edge shape Wide Steep

Mobility of charge carriers Low High

Redox potential of charge carriers Visible light > UV light Visible light = UV light
Modulation of the chemical state More flexible Less flexible

Difficulty Lower Higher
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Fig. 14.1 Number of 200
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2. Similar size to that of lattice O atoms, so that the substitutional anions do not
alter the structure uniformity and, thus, the intrinsic properties of the semi-
conductor. N presents the most similar anionic radius.

Taking this into account, and according to the calculated electronic band
structures of the semiconductor with carbon, nitrogen, fluorine, phosphorus, or
sulfur as substitutional dopants, it has been suggested that N is the most favorable
dopant (Asahi et al. 2001). However, the tremendous effort put into TiO, materials
has resulted in a lot of theoretical and experimental data on the synthesis, prop-
erties, modifications, and applications for several non-metal dopants. In Fig. 14.1,
the number of research works in terms of scientific publications concerning the
modification of the semiconductor with the main non-metallic elements during the
last decade is presented.

Many successful photocatalysts have been synthesized. The main challenge
remains achieving higher photocatalytic activity under visible than under ultra-
violet light. Therefore, the optimization of the dopants choice and doping strate-
gies continues.

14.1 Nitrogen Doping

N-doped TiO, has been synthesized by several methods, such as the hydrolysis of
titanium tetraisopropoxide or titanium sulfate with amine or ammonia as nitrogen
source; decomposition of gaseous TiCl, by an atmospheric microwave plasma
torch; sputtering/ion implantation techniques with N, or N,* gas flux; dispersion of
TiO, in an NH3-H,O solution; heating TiO, under NH; flux; directly from a Ti-
bipyridine complex, etc. In low-temperature methods where the oxygen anions of
the precursor are adjacent to the titanium cation, the amount of doped nitrogen is
limited, because the Ti—O bond is quite stable. The N content may be increased
using precursors with Ti—-N instead of Ti—O bonds, or with high-energy methods.

Among all non-metals, nitrogen has been the most widely investigated dopant
for photocatalytic applications of titanium dioxide. Ought to the similarity of the
ionic radii of nitrogen and oxygen, and of the energies of the N 2p states and O 2p
states, their mixing in the valence band is favoured. This hybridization entails a
raise of the valence band upper edge and, thus, the narrowing of the inherent band
gap of TiO, (Fig. 14.2c), which has been attributed to be the origin of the visible
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light adsorption observed with N-doped TiO, in many theoretical and experi-
mental studies (Asahi et al. 2001). However, this attribution has been widely
discussed. Some studies point out the formation of isolated N 2p states above the
TiO, valence band maximum (Irie et al. 2003b). Others hypothesize the formation
of localized states below the conduction band minimum, which would be due to
the oxygen deficiencies caused by the doping (Ihara et al. 2003), rather than to the
dopant itself (Fig. 14.2b). Furthermore, other authors point out the formation of
localized states above the valence band maximum due to atomic nitrogen impu-
rities in the bulk of TiO, samples (Livraghi et al. 2006). Serpone affirms that the
red shift of the absorption edge is due to the color centers (Fig. 14.2d), related to
the oxygen vacancies (F, F*, F**, and Ti’"), unless heavy doping of the metal
oxide semiconductor, which gives rise to the formation of totally different band-
gap electronic structures due to the different chemical composition (Serpone
2006). The formation of the color centers is explained in the following equations:

—0* — = O+ F" 42 (14.1)
F'* 4e —F' (14.2)

F™™ + 2~ —F (14.3)
F+Ti*" — F" + Ti*" (14.4)

Fr 4+ Ti*" — F 4+ Ti*" (14.5)

The loss of an O atom in TiO, leaves an electron pair trapped in the cavity, an
anion vacancy referred to as F* center (Eq. 14.1), that upon interaction with the
electrons gives rise to the formation of F* (Eq. 14.1) and F (Eq. 14.2) centers. The
trapped electrons can also interact with adjacent Ti** cations to give Ti’" centers
(Egs. 14.4 and 14.5).

While a narrowed band gap would result in steep and parallel absorption edges,
as observed for oxynitrides, which are object of Section 14.5, localized states in
the band gap would produce an absorption tail, and the latter is usually observed in
N-doped materials.
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Except for a few works, where the presence of interstitial nitrogen species was
proposed (Di Valentin et al. 2005b; Shinri 1986), the N-dopant is generally found
in substitutional positions.

The results obtained with these materials are very promising. For instance, in
the early work of Asahi and coworkers, undoped and N-doped films were prepared
by sputtering of the TiO, target in an O,(20 %)/Ar or an N»(40 %)/Ar gas mixture
and annealing at 550 °C in oxygen or nitrogen, respectively. On the other hand, N-
doped powders were prepared by annealing of anatase TiO, samples in
NH;3(67 %)/Ar atmosphere at 550-600 °C. The samples showed similar activity
under UV radiation, but N-doping led to the improvement in the optical and
photocatalytic properties under irradiation at wavelengths <500 nm. Therefore,
more efficient visible light photodegradation of methylene blue, in the case of the
film, and of gaseous acetaldehyde, in the case of the powder, were observed,
together with higher hydrophilicity of the titania film (Asahi et al. 2001). In a more
recent study, the photocatalytic activity under solar irradiation of P25 and other
three commercial titania, A_287 (Alfa Aesar), PC105 (Millennium Inorganic
Chemicals), and NanoActive (NanoScale Corporation), was found to be lower than
that of homemade N-doped TiO, for the degradation of toluene in gas phase. The
samples were prepared from TiCl; solutions at different pH, and the highest
degradation rates were achieved at higher pH, corresponding to the largest amount
of paramagnetic centers, as reported by EPR results (Bianchi et al. 2009). Only the
lowest pH led to worse samples than the commercial ones. N-doped titania has
been found to photocatalytically degrade many other compounds under visible
light irradiation, such as gaseous formaldehyde (Qu et al. 2009) or NOy (Shu et al.
2004), or aqueous bisphenol-A (Subagio et al. 2010). Nitrogen-doped TiO, hollow
spheres, synthesized through polystyrene sphere templating and treatment with
ammonia, exhibited significant increase in bisphenol-A degradation and mineral-
ization under blue, green, and yellow LEDs as compared to the undoped TiO,
hollow spheres, powder TiO,, and Hombikat UV100. The success can be ascribed
to the extension of the absorption properties to 550 nm (E, = 2.26 e¢V) and the
high porosity and specific surface area of the hollow spheres.

14.2 Incorporation of Carbon, Sulfur, and Other
Non-metallic Elements

Carbon has received considerable interest as a non-metallic dopant in titania, being
the second most used approach after N-doping. The valence shell of the C atom
contains four electrons (2s2 2p2), as does the one of the Ti atom (4s2 3d2),
although the former can also host up to four excess electrons. The incorporation of
carbon into the semiconductor has been suggested to occur with the carbon atoms
in an oxidation state ranging from —4, if replacing an oxygen atom, to +4, if
forming carbonate species. The first studies concerning the doping of TiO, with C



292 R. Portela

were performed in 2002 by Khan et al. who synthesized rutile by pyrolysis of Ti
metal in a natural gas flame with controlled amount of oxygen in the presence of
combustion products (CO, and H,0), obtaining a substitutional-type doped
material with visible light absorption and activity for photochemical water split-
ting under irradiation with an Xe-lamp (Khan et al. 2002). On the contrary, the
hydrolysis of titanium tetrachloride with tetrabutylammonium hydroxide followed
by calcination resulted in the formation of elemental carbon or carbonate species
(Sakthivel and Kisch 2003). The Ti-C bond in C-doped titania has been commonly
obtained by flame pyrolysis, annealing of TiC powders or ion-assisted electron
beam evaporation, while the C—O bond is usually formed via sol-gel or hydro-
thermal syntheses. The synthesis routes reported in the literature have been thor-
oughly reviewed by Leary and Westwood (2011).

The substitutional and interstitial carbon doping of TiO,, schematized in
Fig. 14.3, has been investigated from a theoretical perspective, mainly using
density functional theory (DFT) calculations. According to Di Valentin and
coworkers, for both rutile and anatase TiO,, the substitution of oxygen by carbon
atoms and the formation of oxygen vacancies are favored at low partial pressures
of oxygen (Di Valentin et al. 2005a). Under oxygen-rich conditions, the substi-
tution of titanium and the incorporation of interstitial carbon are preferential.

Except for the substitution of Ti, the presence of carbon dopants causes the
formation of localized occupied band-gap states with different energy depending
on the dopant type, the presence of oxygen vacancies, and the partial pressure of
oxygen. These states may induce the absorption edge shift toward the visible that
has been experimentally observed, with a magnitude varying between around 0.1
and 1.05 eV (Leary and Westwood 2011).

Fig. 14.3 Partial geometry
of the models for

a substitutional C atom to O
(Cs_o), b substitutional C
atom to Ti (Cs_7y),

¢ interstitial C atom (Cy), and
d interstitial C atom nearby
an oxygen vacancy

(C1 4+ Vo) in anatase TiO,.
The yellow spheres represent
O atoms, the small brown
spheres represent Ti atoms,
and the black sphere
represents the carbon
impurity (Di Valentin et al.
2005a). Reproduced with
permission. Copyright
American Chemical Society
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A noticeable photocatalytic activity of these modified photocatalysts has been
observed in the decomposition of methylene blue, 2-propanol (Irie et al. 2003a), or
trichloroacetic acid (Shen et al. 2006), as well as in water splitting (Park et al.
2005). However, there is some controversy concerning whether visible light water
splitting using C-doped TiO, is actually feasible at all (Murphy 2008). The
mechanism of the photocatalytic activity enhancement observed has been attrib-
uted in the literature to the existence of the Ti—C, O-Ti—C, C-O, or C—C bonds, or
to the existence of mid-gap states related to oxygen vacancies, C 2p, or, more
commonly and also questioned, the mixing of C 2p and O 2p.

The anionic doping with elements from the third period, such as sulfur and
phosphorus, is particularly difficult, due to the large size of these atoms compared
to that of oxygen and the associated increase in the formation energy for the bond
with titanium; the substitution at the O sites may significantly modify the elec-
tronic structure of TiO,. For that reason, not only anionic but also cationic doping
has been observed when these non-metals have been incorporated into the semi-
conductor network.

The effective ionic radius of sulfur species is 1.84 A for S*~ anion and 0.37 A
and 0.29 A for S** and S®* cations, respectively. The resultant ionic state in sulfur-
doped TiO, depends essentially on the synthesis conditions and the precursors. In
both anionic and cationic substitutions, the optical absorption edge experienced a
red shift, promoting the photonic response of the doped oxide to the visible range.
The photocatalytic activities obtained are variable, due to the different carrier
behavior in these samples, although frequently, the S-doped TiO, was found to
display a higher photocatalytic activity in the visible region but a lower photo-
catalytic activity in the UV region, compared to the undoped oxide.

The first successful attempt of S-doping for photocatalytic applications of TiO,
was reported in 2002 by Umebayashi, who observed the formation of anatase and
the presence of S*~ by oxidation of TiS, at 600 °C (Umebayashi et al. 2002).
Their calculations concluded that the mixing of the S 3p states with the valence
band contributed to the band-gap narrowing. The formation of the anionic specie
in the oxide can be obtained as well by sputtering with S¥, or grinding the mixture
of sulfur and TiO, powders and calcining at 400 °C in an inert gas flow (Zhang
et al. 2004). The annealing of TiO, nanotubular arrays in an H,S flow at 380 °C
has also resulted in the formation of S~ (Tang and Li 2008).

On the contrary, the incorporation of S into the titania network by liquid phase
methods, using as precursors thiourea or sulfate, resulted in the formation of s+
(Ohno et al. 2004) or S®* (Ohno et al. 2003) species. When sulfur exists as S$**,
replacing Ti** cations, S 3s states lie just above the O 2p valence states, and S 3p
states contribute to the conduction band of TiO,. The band-gap narrowing obtained
with S®* could be produced, in a similar process to that of conventional transition-
metal doping by means of intra-band-gap states formed close to the conduction
band, as suggested by Yu et al. and the charge imbalance would be neutralized by
the hydroxide ions (Yu et al. 2005). Additionally, the sulfur cations generated by
some preparations might not actually substitute the Ti** in the titania lattice but
form sulfate groups on the surface. The latter species may substantially enhance
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the surface acidity or the charge separation in TiO,. For instance, in visible light-
activated sulfur-doped TiO, films synthesized by a sol-gel method with H,SO, as
a sulfur source, the uniformly distributed sulfur species identified were both S*~
ions, related to anionic substitution, and SO*/g** cations, attributed mainly to the
presence of surface sulfate groups (Han et al. 2011a).

Phosphorous species are recently attracting an increasing interest owing to their
ability to increase the thermal stability and acidity of mesoporous structures. With
this aim, phosphorus from H3;PO, was directly incorporated into mesoporous TiO,
in a work performed in 2003 by Yu and coworkers. Although the dopant incor-
poration did not induce visible light absorption, an increased photocatalytic
activity was observed (Yu et al. 2003). However, P and S are adjacent in the
periodic table, and as published in 2005, P-doping in TiO, may have a similar red-
shifting effect (Lin et al. 2005). With first-principle calculations, the critical
phosphorus concentration for the maximization of solar radiation absorption has
been set to ca. 0.7 %, and it has been concluded that the P-dopant tends to occupy
the cation sites in the TiO, lattice (Peng et al. 2011). Nevertheless, both anionic
and cationic substitutions have been experimentally observed; in the latter case,
the phosphorus atoms presented pentavalent oxidation states. P-doped TiO, can be
prepared by sol-gel techniques using tetra-n-butyl titanium and H,PO," as pre-
cursors of TiO, and P, respectively (Shi et al. 2006; Lin et al. 2007).

More recent is the interest in the incorporation of a metalloid, boron, into the
TiO, network aiming at photocatalytic applications of the semiconductor, although
already in 1996, it was observed that the reduction of rutile TiO, in the presence of
borate flux led to interstitial boron incorporation accompanied by reduction of
titanium cation to the trivalent state (Grey et al. 1996). According to first-principle
calculations, the boron atom would either replace an oxygen atom or sit in the
interstitial position, but unlikely replace Ti atoms (Geng et al. 2006). In 2004, it
was observed that doping with boron could extend the spectral response of TiO, to
the visible region, but its photocatalytic activity was limited, and the addition of
nickel oxide (Ni,O;) was necessary to facilitate the photogenerated electrons
transfer, and hence reduce the electron—hole recombination (Zhao et al. 2004).
However, visible light photocatalytically active B-doped TiO, has been recently
synthesized. One synthesis route has been the reaction of a solution of BH3 in
tetrahydrofuran with TiCl, under nitrogen atmosphere. In this case, it has been
observed that the maximum photoactivity occurred at 1.13 % B content, a part of
which was active and substituted oxygen atoms, and another part was inactive and
present as boric oxide-like material (In et al. 2007). Another synthesis method has
been the surface impregnation of titania using boric acid triethyl ester as boron
precursor. This approach introduced boron as B—O-Ti species in the surface of
TiO, grains (Zaleska et al. 2009). Moreover, mesoporous TiO,_,B, has been very
recently synthesized by addition of boron hydroxide to a Ti(OC4Hy), solution
which contained sulfuric acid and glucose. A porous carbon hard template was
generated by dehydration and further eliminated by calcination. The mesoporous
B-doped sample obtained showed visible light absorption (460 nm) and exhibited
high photocatalytic activity on phenol degradation (Xiong et al. 2011).
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14.3 Doping with Halogen Elements

Recently, doping with halogen elements has received much attention. In principle,
a halogen dopant X (X = F, Cl, Br, I) can occupy an O or a Ti site in TiO,. The
effective anionic radius of oxygen and halogen elements at a six-coordinate site
increases in the following order: F~ (1.33 A< 0% (140A) <cCI”
(1.81 A) <Br~ (1.96 A) <1~ (2.20 A), and the Mulliken’s electronegativity of
oxygen and halogens decreases in the following order: F (3.91) > O (3.41) > CI
(3.10) > Br (2.95) > I (2.74). Therefore, regarding both the ionic radius and the
electronegativity, the substitutional doping at an O site should be favoured in the
order F < Cl < Br < I and the contrary when a Ti site is occupied. In the sub-
stitution of O~ the halogen atom is present as anionic X, which requires one
electron less than oxygen. In the substitution of Ti, however, the halogen atom
must exist as a cation. F, CI, Br, and I atoms are expected to be present as P
(s*p?), CI** (s%ph), Br** (s’p"), and I°* (s°) ions at a Ti** (d°) site, respectively. The
doped TiO; is overall electrically neutral. However, replacing a TiO, site with an
element of different oxidation state can induce a charge imbalance, which can
result in the formation of a crystallographic point defect (e.g., an oxygen or Ti
vacancy) or can be compensated by a change in the oxidation state of the dopant,
the titanium, or the oxygen.

F-doped rutile electrodes with increased photoelectrochemical response have
been synthesized by treating TiO, at high temperature under HF flow (Subbarao
et al. 1979) or by ion implantation with F* ion flux at room temperature (Yamaki
et al. 2002). The first photocatalytic degradation tests with fluorinated TiO, were
performed in gas phase, exploring the oxidation of CH3;CHO with a photocatalyst
prepared by fluorine diffusion into a TiO, film from a F:SiO, underlayer (Hattori
et al. 1999). In aqueous solution, the first tests used commercial TiO, where NaF
was added. The phenol degradation rate enhancement was attributed to the for-
mation of homogenous free OH radicals (Minero et al. 2000). F-doped TiO,
photocatalysts with promoted activity have been synthesized by sol-gel, using
titanium tetraisopropoxide and an NH4F-H,O solution as precursors (Yu et al.
2002), by spray pyrolysis from an aqueous solution of H,TiF¢ (Li et al. 2005¢) or
by microwave-assisted hydrothermal treatment using NaF and TiO, microspheres
as precursors (Zhu et al. 2011). Moreover, F-doped flower-like TiO, nanostruc-
tures, which besides efficiency in the photodegradation of organic pollutants
exhibit high photoelectrochemical activity for water splitting, have been directly
grown in HF solutions using a low-temperature hydrothermal method (Wu et al.
2008). The improved photocatalytic activity of F-doped TiO, has been attributed
to the increase in the surface acidity and anatase crystallinity and the creation of
oxygen vacancies and active sites. The photocatalytic activity observed under
visible light in some experimental studies has been attributed to the creation of
surface oxygen vacancies rather than the change in the optical absorption edge of
bulk titania (Li et al. 2005c; Yamaki et al. 2002). Actually, only a small (about
0.05 eV) (Yu et al. 2002) or no (Li et al. 2005c) red shift of the absorption edge
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after F-doping has been experimentally observed, according to theoretical studies
that indicate that the F 2p states are localized below the O 2p valence states
without any mixing with the valence or conduction band. Additional states
appeared just below the conduction edge, due to the electron-occupied level
composed of the t,, state of the Ti 3d orbital (Yang et al. 2008).

A more pronounced band-gap narrowing is theoretically expected after doping
with chlorine (0.2 eV) and bromine (0.3 eV), corresponding to the optical
absorption edges of 413 and 428 nm, respectively, so they should exhibit a green-
yellow color. The theory is in agreement with the reduction of 0.2-0.3 eV
experimentally observed in Cl/Br-codoped TiO, (Luo et al. 2004). However, only
few scientific studies have dealt with the doping of the oxide with these halogen
elements. Chlorine-doped anatase with visible light absorption has been prepared
by hydrolysis of tetrabutyl titanate in hydrochloric acid and showed good photo-
catalytic activity in the degradation of phenol. According to X-ray photoelectron
spectroscopy chlorine was present as an anion (Long et al. 2007). In a different
approach, the soft interface of water and chloroform was utilized as platform to
synthesize chlorine-doped rutile spherical clusters by a hydrothermal method using
TiCl, as the starting material (Xu et al. 2008a). Peichang et al. have reported the
hydrothermal synthesis of photocatalytically active Br-doped TiO, from potassium
bromide and titanium sulfate (Peichang et al. 2010).

Even more pronounced is the theoretical band-gap narrowing predicted for
iodine doping at O sites, about 0.7 eV, so that a significant red shift of the
absorption edge and a yellow color of the samples are expected (Yang et al. 2008)
and have been empirically observed (Song et al. 2010). However, there are few
experimental works involving anionic iodine doping. One example is the I-doped
TiO, obtained by a hydrothermal method using Ti(SO,), and KIOj3 as precursors,
where the iodine existed in both I’* and I™ chemical states (Su et al. 2008). The
substitution of Ti**, with an ionic radius of 0.64 A, by I°*, with an ionic radius of
0.62 A, is also favorable, and has proven to be a way of extending the photo-
catalytic activity in the visible light range (Song et al. 2010). Hong et al. reported
for the first time this substitution. They synthesized I-doped TiO, with optical
absorption in the visible region using an iodic acid aqueous solution (Hong et al.
2005). The investigation of the transient behavior of the photogenerated charge
carriers of I-doped titania using time-resolved diffuse reflectance spectroscopy
(Tojo et al. 2008) suggests that the recombination of e —h" pairs is inhibited
because the I sites act as h* trapping (Fig. 14.4). On the other hand, iodine-doped
mesoporous TiO,, as well as nanotubes or nanospheres, has also been synthesized
by hydrothermal methods (He et al. 2011; Long et al. 2009).

14.4 Codoping

The visible light photocatalytic activity of TiO; is far from being high, despite the
research efforts and the promising results obtained by doping. A way to improve
the performance of the doped semiconductor that is attracting increasing attention
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Fig. 14.4 Schematic illustrations of the photocatalytic reaction processes over I-doped TiO,
under UV a and visible light b irradiation. Short solid lines represent the I-induced continuous
states, which are derived from the mixture of I 5s, I 5p, and O 2p orbitals, and intrinsic defect
states (Tojo et al. 2008). Copyright American Chemical Society

at the moment is to introduce two or more different dopants into the titania matrix,
so that a synergistic effect is obtained. However, the success of the codoping
strategy depends on the choice, amount, and position of the elements introduced,
and therefore, a big amount of theoretical and experimental research is underway.
Many are the possibilities explored with a non-metallic element as one of the
dopants, which include codoping with different types of other non-metal elements,
a metal—commonly a transition metal—or even a metalloid.

14.4.1 Non-metal/metal

Donor—acceptor or n—p codoping with metals may be a advantageous route, since
the recombination may be reduced, the absorption edge red-shifted and, besides,
the columbic attraction between the donor—acceptor pair may enhance the incor-
poration of both dopants, especially the non-metal, into the TiO, lattice.

According to first-principle calculations, it has been proposed that these effects
are obtained in compensated (or passivated) n—p codoping with transition metals,
where the electrons in the donor levels compensate the same amount of holes in
the acceptor levels (Gai et al. 2009). Among V, Cr, Nb, and Mo (3d the former
two, 4d the latter two) replacing the Ti as n-type dopants, and N and C substituting
the O as p-type dopants, it has been suggested that C, Mo—codoped TiO, could be
a good candidate for photocatalytic water splitting. This material has been
obtained by thermal oxidation of the mixture TiC-MoOj in air (Zhang et al. 2010).
Nevertheless, with high 4d and 5d atomic orbital energies, Nb and Ta are good
choices as donors. It has been calculated that Nb or Ta impurities facilitate the
concentration of p-type dopants (N and C) in the host lattice. In the case of 1:2
compensated Nb/C/Nb and Ta/C/Ta the codoping not only reduces the band gap
and eliminates the local trapping, improving the carriers mobility and conversion
efficiency, but also maintains the reduction potential (Ma et al. 2011).
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On the other hand, it has been also proposed that in non-compensated n—p
codoping, there exists an extra charge that can ensure the creation of intermediate
bands in the gap region of TiO,, narrowing its band gap. The position and mag-
nitude of the intermediate bands can be tuned by choosing different combinations
and concentrations of codopants. In a theoretical study with V or Cr as n-type
dopant and C or N as p-type dopant, it was concluded that the non-compensated
codopant pair of Cr and N was the most convenient; N, Cr—codoped TiO, has been
prepared by hydrolysis of titanium isopropoxide in the presence of ethylenedia-
mine and chromium acetylacetonate (Zhu et al. 2009). However, N, Cr—codoped
TiO, synthesized by different methods has shown lower photoactivity than either
Cr- or N-monodoped TiO, (Li et al. 2011; Pan and Wu 2006), while N, V—codoped
titania showed a photocatalytic activity enhancement for the degradation of
methylene blue under visible light irradiation compared with the V- or N-
monodoped TiO,. The positive effect of the codoping was attributed to the
enhanced absorption in the visible light region and the improved quantum effi-
ciency. The existence of V ions facilitated the incorporation of substitutional and
interstitial N into the anatase lattice (Gu et al. 2008).

Theoretical studies centered in other 5d transition metals such as W, Re, and Os
concluded that codoped systems with C present a slightly narrower band gap than
those with N, although N, W—codoped TiO, is considered the most attractive
photocatalyst because of the relatively small formation energies and large binding
energies (Long and English 2010b). N, W—codoped anatase has been prepared by a
microemulsion method subjecting the W-Ti-containing precursor to a heating
ramp in NH3/N,. The resulting material presented high activity and selectivity in
the partial oxidation of aromatic hydrocarbons to fine chemical oxygenates using
sunlight (Kubacka et al. 2009). Another example of codoping with an element of
the sixth period is the addition of nitrogen and platinum to commercial TiO,
powders by impregnation with ammonium carbonate and photodeposition of
platinum (Zhou et al. 2007).

Other transition metals employed for codoping with non-metals have been iron,
zinc, or zirconium, from the fourth period. For instance, P, Zn—codoped TiO,
nanoparticles with high thermal stability and photoactivity have been synthesized
by sol-gel (Yu et al. 2008). The iodine and zirconium codoped oxide has been
prepared by hydrolysis of tetrabutyl titanate mixed with zirconium nitrate in an
iodic acid aqueous solution. The zirconium has been found to increase the number
of reactive sites, by promoting the presence of small-sized crystalline domains and
a large surface area, but the inhibition of the electron—hole pair recombination by
e~ trapping with Zr** was not significant (Song et al. 2011a). N, Fe—codoped
nanoparticles of titanium dioxide have been prepared by a homogeneous precip-
itation—hydrothermal method. Fe** species were incorporated into the lattice of
titania; on the other hand, the nitrogen doping was reported to inhibit the growth
and aggregation of the particles. The degradation efficiency for rhodamine B was
75 and 5 % higher than pure titania under visible and ultraviolet irradiation,
respectively. Yet, their performance has not been compared with that of the cor-
responding monodoped materials (Cong et al. 2007).
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Although less frequently, also lanthanides have been studied as codopants for
TiO, photocatalysts with enhanced photocatalytic activity. Codoping with iodine
and rare earths has been lately achieved in liquid phase using tetrabutyl titanate as
titania precursor, and in addition to iodate or iodic acid, and the nitrate of the rare
earth dopant, in a similar procedure to that used for titanium dioxide codoping with
iodine and transition metals. The codoped materials with cerium (Song et al. 2008)
and lanthanum (He et al. 2008) have been successfully tested in the degradation of
oxalic acid, and with neodymium (Jiang et al. 2010) in the oxidation of methylene
blue or bovine serum albumin, and also for disinfection. Their high photocatalytic
activity under visible light was attributed to the f-electron structure and multiple
energy levels of the rare-earth element, as well as to the sub-band-gap transition
corresponding to the doped iodine species.

The same preparation method has been employed to obtain I, Ga—codoped TiO,
(Song et al. 2011b) with improved activity for the degradation of 2-chlorophenol.
Gallium, a post-transition metal, was found to play a decisive role in inhibiting the
anatase—rutile phase transformation, extending the absorption response, and cre-
ating oxygen vacancies for photoelectron trapping to prevent the e —h* recom-
bination process.

14.4.2 Non-metal/non-metal

The codoping of titanium dioxide with different non-metals may be beneficial for
the photocatalytic activity as well, and is currently being widely explored.

All the possible pairs combining two of the C, N, and S elements have been
explored. Even C, N, S-tridoped titania has been prepared by calcination of a TiO,
xerogel and thiourea (Zhou and Yu 2008) or by a novel biomolecule-controlled
hydrothermal method. In this method, L-cysteine was employed as a common
source of the three dopants, due to its three functional groups with strong tendency
to coordinate with inorganic cations: —NH,, —COOH, and —SH (Wang et al.
2009). Thiourea and urea have often been used as sources of the non-metallic
element, because they can supply nitrogen and carbon, and sulfur in the case of
thiourea. C, S—codoped TiO, was synthesized by hydrolysis of tetrabutyl titanate
in a mixed aqueous solution containing thiourea and urea, although the activity
remained below that of pure TiO, (Sun et al. 2006). Similarly, Tachikawa et al.
reported a complete loss of the photocatalytic activity for the codoped material,
while the activity for the C- or S-monodoped oxide was higher than that of the bare
semiconductor (Tachikawa et al. 2004). On the contrary, N, C—codoped TiO,
obtained by sol—gel showed higher photocatalytic activity under visible light than
the material doped with solely carbon or nitrogen. This effect has been attributed to
the enhanced adsorption of the carbonate species formed on the surface and the
visible light absorption induced by N-doping into the TiO, lattice (Chen et al.
2007). The same synergistic effect has been observed for N, S-codoping. The high
activity of the resulting mesoporous material prepared by hydrolysis of the Ti
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precursor in the presence of ammonia/ammonium was attributed to a stronger
radiation absorption in the UV-Vis region, the red shift of the band-gap transition,
high crystallinity, large surface area, and the formation of a two-phase structure,
constituted by undoped and codoped TiO, (Yu et al. 2006; Xu et al. 2008b).

Phosphorus has also been recently employed as codopant. In a study on the
influence of N, P, and S as codopants for TiO, prepared by a hydrothermal method,
N, P—codoped TiO, powders exhibited the best photocatalytic activity for the
degradation of methylene blue employing a solar simulator (Han et al. 2011b).
Theoretically, no obvious band-gap energy reduction is achieved at low dopant
concentrations in the bulk, but a significant narrowing can be obtained at increased
P/N concentration ratios. On the other hand, synergistic effects are predicted when
one of either N or P is present as a substitutional dopant and the other acts as a
surface dopant (Long and English 2010a).

The combination of one of the aforementioned non-metals with a halogen has
also been successfully explored, especially of N with F. N, F-codoped nano-
structured TiO,, prepared via spray pyrolysis with a mixed solution of TiCl, and
NH,4F, showed high visible light photocatalytic activity for the degradation of
acetaldehyde and trichloroethylene. The good results were ascribed to a synergistic
effect consisting in the creation of surface oxygen vacancies, the improvement in
optical absorption properties, the enhancement of surface acidity and porosity, and
the formation of Ti** ions (Li et al. 2005a, b). In another approach, high absor-
bance and water-splitting activity under visible light were demonstrated using
(NH4),TiFg as precursor (Nukumizu et al. 2003). Theoretical calculations con-
firmed the experimental results: N, F-codoping reduced the energy cost of doping
and the amount of defects (oxygen vacancies) in the lattice, as a consequence of
the charge compensation between the nitrogen (p-dopant) and the fluorine
(n-dopant). The incorporation of nitrogen is favored in the presence of fluorine,
and the visible light absorption and photocatalytic activity are enhanced with
respect to the monodoped oxide (Di Valentin et al. 2008). In TigyN,O;,4F,, pre-
pared by thermal treatment of NH,TiOF; with either NH; or N,, the use of NH; as
a reactant gas appeared to be indispensable to obtain a broad absorption band in
the visible region and high photocatalytic activity for the water oxidation reaction
(Maeda et al. 2009). Codoping with N and other halogens (Cl, Br, or I) was
explored through a direct reaction between a TiO, sol and the corresponding
cetyltrimethylammonium halide (chloride, bromide, or iodide), and according to
X-ray photoelectron spectroscopy results, only the combination of N and Br, both
as oxygen substituents, was successful (Sheng et al. 2011). An example of codoped
material with a halogen and a non-metal different than N is the mesoporous S, I-
codoped TiO, that has been synthesized by hydrolysis of titanium isopropoxide
with thiourea and iodic acid as sources for the S and I°* cations introduced in
titanium sites. The visible light activity, far superior to that of single S- or I-doped
TiO,, was ascribed to the strong absorption of light, the well-crystallized anatase
phase, and the mesoporous structure (Yu 2010a).

The combination of two different halogens has shown to be another option for
improving the photoactivity. For instance, Cl, Br—codoped nanomaterials have
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been synthesized by addition of TiCly to ethanol-containing HBr, and displayed a
much higher photocatalytic activity than only chlorine- or bromine-doped TiO,
(Luo et al. 2004). The same positive synergy has been observed in [-F—codoped
titania. These photocatalysts have been prepared by a sol-gel impregnation
method, using tetrabutyl orthotitanate in a mixed NH4I-NH4F aqueous solution
(Wen et al. 2009).

14.4.3 Non-metal/metalloid

The metalloid boron has been widely employed as codopant due to its similarity
with the oxygen atom. For instance, F, B—codoped TiO, nanotubes have been
obtained by chemical vapor deposition, where boron and fluorine impurities
retarded the anatase to rutile transition and induced a remarkably strong absorption
in both UV and visible ranges. The photoelectrocatalytic activity observed was
higher than that of F-doped and B-doped samples (Su et al. 2007). The synergistic
effect of N and B is unclear. It has been refused, for photocatalysts obtained via
sequential reaction of BH;3 in THF with TiCl, (In 2007), and confirmed, for N, B—
codoped TiO, obtained by either a one-step aerosol-assisted flow synthetic method
(Ding et al. 2011) or a two-step hydrothermal process (Liu et al. 2008). In the latter
case, it has been observed that the O-Ti—-B—N structure formed on the surface of
the photocatalyst is highly active in trapping and separating the charge carriers,
thereby greatly enhancing the visible light photocatalytic activity. Another met-
alloid, silicon, has been employed as codopant in P, Si-TiO, nanoparticles. The
nanoparticles were synthesized by a sol-gel method using tetraethylorthotitanite,
tetraethylorthosilicate, and phosphoric acid as precursors, presenting enhanced
thermal stability and photocatalytic activity (Yu 2010b).

14.5 Stoichiometric Nitrides and Oxynitrides

As it has been commented, the presence of anionic dopants in the titania matrix
may induce a red shift and an increase in the light absorption. A number of anion-
doped TiO,-based materials have proved to exhibit visible light photocatalytic
activity for the degradation of multiple compounds and even disinfection. How-
ever, the activity should be further improved. The impurity levels created are
usually discrete, which does not favor the charge transfer, and the oxygen
vacancies can act as recombination centers. Especially for water splitting, the
activity is still low, even though the conduction and valence bands of these
materials may have adequate potentials for the reduction of H* to H, and the
oxidation of water to O,. In contrast to what happens in doped materials, in
oxynitrides or oxysulfides, the anion is a constituent element that forms the top of
the valence band and the photogenerated charges can easily migrate. This
advantage is particularly interesting for water splitting.
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Fig. 14.5 Schematic
structures of TaON and
MTaO,N (Yamasita et al.
2004). Figure reprinted with Ta
permission. Copyright ¥
Elsevier
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Metal nitrides or oxynitrides of several transition metals may be obtained by
introduction of nitrogen into the oxide network. The negative charge generated
may be compensated by cationic substitutions. The structure of tantalum oxynit-
ride is shown in Fig. 14.5.

The improvement in the synthesis method, so that the density of defects is
reduced, is one of the present challenges to enhance the performance of these
materials. The oxidation state of the metallic element in such photocatalysts is the
highest, that is, Ti**, Zr**, Nb>*, Ta>*, or W in the d” group (with empty d
orbitals), and Ga’", In*>*, Ge**, Sn**, or Sb>* in the d'° group (with filled d
orbitals). Oxynitride and oxysulfide photocatalysts having the ability to reduce
and/or oxidize water under visible light usually contain d° transition metal cations.
In most of these catalysts, some N, evolution is observed in the initial stages of the
photocatalytic reaction, indicating that the oxynitride is partially decomposed by
the photogenerated holes, but the production of N, is suppressed as the reaction
progresses (Maeda and Domen 2007). Nevertheless, the best expectations in the
overall water-splitting research lay on oxynitrides and oxysulfides with d'® con-
figurations. In these materials, the top of the valence band is composed of sp
hybrid orbitals that possess large dispersion, facilitating the mobility of the
photogenerated charges and, consequently, the photocatalytic activity. Among
them, the most investigated is a solid solution of GaN and ZnO (Ga,_,Zn,)
(N;_,O,) that, when loaded with an appropriate cocatalyst, has achieved a quan-
tum efficiency of ca. 5.9 % at 420—440 nm in overall water splitting under visible
light (Maeda et al. 2008).

Among the transition metals with empty d orbitals, tantalum has been the most
researched for nitride and oxynitride photocatalysts. For instance, Ta3;Ns has been
prepared by nitridation of Ta,Os or Ta metal particles, ammonolysis of TaCls or
TaS,, or thermal decomposition of organic tantalum compounds (Yuliati et al.
2010; Fischer et al. 2007). TaON, MTaO,N (M = Ca, Sr, Ba), and LaTaON have
been prepared by nitridation of the corresponding oxides. Under visible radiation,
these oxynitrides, when loaded with Pt, show stable but low activity for H,
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evolution from a methanol solution; however, the photocatalytic activity can be
improved by photodeposition of Ru nanoparticles. On the other hand, for TaN3 and
TaON, it was observed O, evolution using silver nitrate as electron acceptor, with
activities about an order of magnitude higher than those obtained for H, evolution
(Yamasita et al. 2004).

Ti is cheaper that Ta and most Ti-based oxides are able to evolve H, and O,
under UV-A radiation. Furthermore, some of them photocatalyze the overall
water-splitting reaction. As a consequence, several Ti-based nitrides and oxynit-
rides have been synthesized, being expected to present activity in the visible range.
Nanoparticles of LaTiO,N with perovskite structure, which has been observed to
be indispensable for the photoreactivity of these materials, have been obtained by
heat treatment of La2Ti207 in an NH; flow. These oxynitrides have been tested
for the decomposition of acetone and for H, and O, evolution under visible light
(Kasahara et al. 2002; Aguiar et al. 2008). The high visible light absorption and the
dependence of the evolution rate on the nitridation time are shown in Fig. 14.6.
DFT calculations indicate that the top of the valence band consists predominantly
of N 2p orbitals with a small contribution by O 2p orbitals, while the bottom of the
conduction band is made up mainly of empty Ti 3d orbitals.

Some cation substitutions have been explored in Ti-based oxynitrides. For
example, Ca®* substitution in the aforementioned LaTiO,N allowed the adsorption
of IrO, as cocatalyst, otherwise not possible (Kasahara et al. 2002). The resulting
Cagoslag75Ti0, 55N 75 presented the same O, evolution rate as the non-substi-
tuted material, but the stability and activity were greatly enhanced in the presence
of the cocatalyst. Another example is Sr;_,La,TiO;_,N,. This material displayed
better activity for the photocatalytic oxidation of 2-propanol under UV and visible
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Fig. 14.6 On the left, UV-Vis DR spectra of a La,Ti,0; b-d LaTiO,N obtained by nitridation
at 1,123 K for 22, 48 and 72 h, and e sample d after heating in air at 573 K for 24 h. On the right,
rates of evolution of H,, using Pt-coated LaTiO,N in a methanol solution, and of O,, using
LaTiO,N and La,05 in an AgNOj; solution, as a function of the nitridation time (Kasahara et al.
2002). Copyright American Chemical Society
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radiation than SrTiO;_,,N,. This effect was attributed to the lower number of
oxygen vacancies and, therefore, lower recombination rate (Miyauchi et al. 2003).

Similarly to oxynitrides, some Ti-based oxysulfides and oxyfluorides have
deserved the researchers’ attention. For instance, stable and active oxysulfides with
the formula Ln,Ti,S,05 (with Ln being a lanthanide: Pr, Nd, Sm, Gd, Tb, Dy, Ho,
or Er) have been synthesized by sulfurization of the lanthanide titanate in a H,S
flow (Ishikawa et al. 2004). Among them, Sm,;Ti,S,05 was found to have the
highest activity for O, evolution. All the oxysulfides presented a layered perov-
skite structure, distorted in the case of Pr, Nd, and Er.
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Chapter 15
Heterojunctions: Joining Different
Semiconductors

Fernando Fresno

Coupling different semiconductors is one of the strategies that have been success-
fully followed in order to obtain more active photocatalysts. Differently to the case
of doping described in Chaps. 13 and 14, here we will concentrate on materials
composed of clearly distinct crystalline phases and, especially on the role of the
interface between these different phases, which is the feature that characterizes this
type of systems and provides improved photocatalytic (and other) properties. As it
has been highlighted throughout this book regarding most aspects of photocatalysis,
TiO,-based coupled systems are by far the most studied ones, and hence, they will be
covered to a higher extent. A special case of these systems would be represented by
quantum dots, which will be described in the following chapter.

15.1 The Electronic Characteristic of Heterojunctions

Coupling between different semiconductors in photocatalytic systems was
designed to alleviate the charge carrier recombination. This is the main process
invoked to lead to improved photocatalytic activity in composite semiconductors,
although other factors that will be mentioned in specific examples may also play
an important role. Provided that the relative energies of the bands and the contact
between the two components are adequate, the junction between the two semi-
conductors may lead to the physical separation of the photogenerated charge
carriers (Carp et al. 2004; Zhang et al. 2009). This process implies the formation of
a p—n junction, analogous to those established in photovoltaic cells, in which the
energy gap between corresponding band levels drives the charge carrier from one
phase to the other. These junctions imply the equilibration of the Fermi levels. In
this way, electrons migrate from the most energetic conduction band to the less
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energetic one, while, conversely, holes formally move from the lower valence
band to the higher energy one. This process is schematically depicted in Fig. 15.1.
Two different cases can be distinguished: (a) both components are excited
(Fig. 15.1a), or (b) only one semiconductor is excited and the second is not
(Fig. 15.1b). When both semiconductors are excited, a vectorial transfer of elec-
trons and holes from one semiconductor to another occurs: electrons accumulate at
the lower-lying conduction band of one semiconductor, while the holes accumu-
late at the valence band of the other one. In the second case, an electron photo-
generated on the activated semiconductor with a more negative conduction band is
injected into the conduction band of the non-excited semiconductor, while the hole
remains on the former one. This yields vectorial electron transfer, which is irre-
versible under certain conditions. In both cases, the physical separation of charges
is expected to diminish the recombination rate and thus improve photocatalytic
performance by increasing the lifetime of charge carriers. This approach may be
also employed for sensitization of a wide band gap photocatalyst towards the
visible light region by coupling it with a visible light—sensitive semiconductor. The
possible semiconductor combinations and their mode of coupling can therefore be
predicted from their band energies or potentials. The band schemes corresponding
to some common semiconductors can be seen in Fig. 2.11.

Regarding the geometric aspects of coupled semiconductors, different config-
urations have been approached. In an “external” coupling, both components are
exposed at the surface, while “core—shell” configurations consist of one

Fig. 15.1 Charge separation Et(a)
in coupled semiconductors
with (a) both components
excited and (b) only one
component excited

El(b)
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semiconductor phase surrounding the particles of the second one. In addition,
alternating layers of the single components have been also employed, which, if
carefully controlled synthesis conditions are obtained, may also lead to both
semiconductors exposed to the surface in a “patterned” configuration. Size effects
must also be taken into account since, as seen in Chap. 11, crystal size influences
the electronic states of semiconductors through confinement effects. Thus, the
adequate relative positions of the single semiconductors may depend on their
crystallite sizes and, moreover, may be tuned by means of size control.

The interparticle electron transfer was first reported by Serpone et al. (1984) from
improved splitting of water in the presence of hydrogen sulphide by CdS/TiO,
colloids. The current understanding of the electronic mechanisms of this process,
however, is far from complete (Kubacka et al. 2012), and other factors than relative
band positions may affect the efficiency of coupled photocatalysts, such as surface
area, defect density, crystallinity and quantum size effects (Zhang et al. 2009). In
addition, the surface contact between the single components is strongly dependent
on the preparation method. In any case, charge separation has been experimentally
proved by several techniques. Particularly, an elegant experiment of Ag photode-
position followed by SEM observation was used by Tada and co-workers (Tada et al.
2000) to demonstrate the electron migration from TiO, to SnO, in patterned bilayer
photocatalysts. Figure 15.2 shows images of the patterned TiO,/SnO,/glass pho-
tocatalyst after the photodeposition experiment. Figure 15.2a is a SEM image after
illumination. An X-ray image of Ti in the same region (Fig. 15.2b) reveals that the
zone on the left (light area) is covered with TiO,, and the SnO, layer is exposed on
the right (dark area). An X-ray image of Ag in the same region (Fig. 15.2¢) dem-
onstrates the preferential deposition of Ag particles on the surface of SnO,. Com-
parison of Fig. 15.2¢ and d (X-ray image of non-patterned TiO,/SnO,/glass after
photodeposition) indicates that the patterning effect also enhances the photodepo-
sition of Ag. These data show that most of the excited electrons generated by the
band gap transition of TiO, flow towards the conduction band of SnO,, as depicted in
Fig. 15.1, where they are consumed by the reduction process. These experiments
were also employed to prove a similar charge separation in patterned TiO,(anatase)/
TiO,(rutile) bilayer photocatalysts (Kawahara et al. 2002), as mentioned in Chap. 5.
Also in the TiO,/SnO, system, time-resolved photocharge measurements demon-
strated the presence of a contact potential between the two semiconductors, which
leads to a flow of photoelectrons towards the SnO,/TiO, interface (Levy et al. 1997).
Accordingly, the incident photon-to-current efficiencies (IPCE) in coupled elec-
trodes are higher than those obtained with the single components (Vinodgopal et al.
1996). In addition, improved charge separation has been demonstrated by means of
laser flash photolysis experiments (Gopidas et al. 1990; Bedja and Kamat 1995),
while EPR spectra have shown the formation of Ti** centres in visible light—irra-
diated CdS/TiO, samples, which demonstrates the mechanism depicted in
Fig. 15.1b (Wu et al. 2006).

Finally, not only the electronic issue of charge separation has been invoked to
explain the higher performance, but also surface modifications such as increased
surface acidity and different water adsorption properties have been reported. The
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Fig. 15.2 a SEM micrograph of patterned TiO,/SnO,/glass after Ag photodeposition. b X-ray
image of Ti for the same region as (a). ¢ X-ray image of Ag for the same region as (a). d X-ray
image of Ag for TiO,/SnO,/glass. Reproduced with permission from Tada et al. (2000).
Copyright American Chemical Society

former is a critical point in catalytic processes since it directly affects the
adsorption of the reactant molecules. In the particular case of photocatalysis, the
modification of the surface water may also play a key role in the photocatalytic
activity of the final material (Soria et al. 2010). The following sections describe
specific examples of the use of coupled systems in photocatalysis.

15.2 Coupling of Oxides
15.2.1 The TiO,(anatase)/TiOy(rutile) System

As already mentioned in Chap. 5, the two most commonly used polymorphs of
TiO,, anatase and rutile, present different electronic structures as a result of the
different arrangements of the TiOg octahedra. Thus, both the valence and con-
duction bands of rutile have lower energy than those of anatase, in such a way that
a heterojunction like that described in Fig. 15.1a is possible to occur. Interestingly,
this heterojunction occurs in the still benchmark TiO, photocatalyst P25, a
material with the anatase and rutile crystalline phases. Charge separation due to the
heterojunctions formed between these two phases has been invoked to explain the
high activity of this commercial catalyst (Bickley et al. 1991; Ohno et al. 2003). In
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'iunction

Fig. 15.3 Junction structure formed between the anatase and rutile phases of TiO, in a
composite sample. Reproduced with permission from Zhang et al. (2008). Copyright Wiley—VCH

P25, anatase nanocrystals are supported on larger rutile ones, and specific struc-
tural features exist at a narrow interface layer, with different characteristics than
those found in the bulk of both phases (Kubacka et al. 2012). Direct evidence of
the formation of an anatase—rutile junction in an anatase—rutile composite system
has been obtained by HRTEM (Zhang et al. 2008), as shown in Fig. 15.3.

As mentioned in the preceding section, charge separation in the anatase—rutile
junction was demonstrated by SEM observation of a patterned TiO,(anatase)/
TiO,(rutile) photocatalyst after silver photodeposition from aqueous AgNO; (Ka-
wahara et al. 2002). Revealing the different photoactivities of both phases sepa-
rately, Ag particles are scarcely observed on the rutile section of the photocatalyst in
low magnification images (see Fig. 5.4). However, the situation is reversed in the
interface region, where deposition preferentially occurs on the rutile layer. From
these data, the diffusion length of electrons across the phase boundary has been
estimated at 10 nm, which is in fairly good accordance with that calculated from
their mobility and lifetime in TiO,. Possessing a band gap at the limit between UV
and visible light regions, rutile has also been proposed as a photon “antenna”
leading to visible light activity by charge injection (Hurum et al. 2003). According to
this model, the presence of small rutile crystallites would create a structure where
rapid electron transfer from rutile to lower energy anatase lattice trapping sites
would lead to a more stable charge separation under visible illumination. Transfer of
the photogenerated electron to the anatase lattice trapping sites would allow holes
that would have been lost in recombination to reach the surface. Subsequent electron
transfer would move the electron from anatase trapping sites to surface trapping
sites, further separating the electron/hole pair (Fig. 15.4). Another proposed model
is based on the band gap variation in the connected nanocrystallites as a function of
the size distribution (Zachariah et al. 2008).

A superior photocatalytic activity of TiO,(anatase)/TiO,(rutile) photocatalysts
with respect to the sole anatase phase has been reported in many works. However,
other factors than charge separation must be taken into account given that some
anatase samples have shown higher photocatalytic activity than P25 in the same
conditions (Fresno et al. 2005; Ohtani 2010). As in any composite system, an
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optimum anatase-to-rutile ratio is expected to achieve maximum photocatalytic
activity. This ratio, however, must be strongly dependent on the extent of the
contact between the different phases and hence on the preparation method, and
considerably different figures regarding this issue can be found in the literature
(Kubacka et al. 2012). These considerations point out to the need of additional
studies to confirm these aspects and to further define the details of the electronic
interactions between TiO, phases.

15.2.2 TiO,/Sn0O, Photocatalysts

As mentioned in Chap. 6, SnO, is generally considered a poor photocatalyst.
However, it has been quite extensively used in coupled systems in combination
with TiO, (Zhang et al. 2009; Tudela et al. 2010). Since both the conduction and
valence bands in SnO, are lower in energy than the corresponding ones in TiO,, a
junction like that described in Fig. 15.1a may occur provided that the contact
between the two phases is adequate. As described in the first section of this
chapter, charge separation in the TiO,/SnO, system has been demonstrated with
different techniques. This mechanism has led to improved photocatalytic activity
for different reactions with respect to the single phases, especially when an
external bias potential is applied. Consistently with the vectorial charge carrier
transfer model, photoelectrocatalytic oxidation reactions have been shown to be
more efficient over TiO,/SnO, electrodes than on pure TiO,, while the opposite
effect is found for reduction processes. For the preparation of TiO,/SnO, photo-
catalysts, several synthetic procedures have been followed, including sol-gel, co-
hydrolysis, and chemical vapour deposition among others (Tudela et al. 2010).
Using these methods, different configurations can be obtained, exerting a strong
influence on the behaviour of the material. For instance, patterning alternate layers
of TiO, and SnO,, with both semiconductors exposed to the surface, as shown in
Fig. 15.5, seem to positively influence the photocatalytic performance with respect
to a simple bilayer system (Kawahara et al. 2001).

In most of the TiO,/SnO, composites used in photocatalysis, TiO, is found to
be in the anatase phase, while SnO, crystallizes with the rutile-type cassiterite


http://dx.doi.org/10.1007/978-1-4471-5061-9_6

15 Heterojunctions: Joining Different Semiconductors 317

8n02 I1‘i02(2) l
o |5

(1)

Fig. 15.5 Three-dimensional imaging surface structure of a cross-patterned TiO,/SnO, film.
Reproduce with permission from Kawahara et al. (2001). Copyright American Chemical Society

structure. In these systems, concentration depth profiles reveal that the percentage
of Sn atoms start to increase at the same position that Ti begins to increase,
revealing the existence of an interface layer between TiO, and SnO,, similarly to
the case of anatase/rutile catalysts.

The performance of TiO,/SnO, photocatalysts has been tested in both gas and
liquid phase reactions, not only in pure photocatalytic but also in electrochemically
assisted photocatalytic systems. Thus, the photoelectrocatalytic degradation of the
acid orange 7, naphthol blue black and methylene blue dyes on TiO,/SnO,
photoanodes has been satisfactorily carried out, with disappearance rates consid-
erably higher than those obtained with TiO, or SnO, alone (Vinodgopal et al. 1996).
In pure photocatalytic processes, several molecules like methanol, formic acid,
phenol and different dyes have been used for testing the improved activity of TiO,/
SnO, samples for the degradation of aqueous pollutants. Furthermore, aldehydes,
isopropanol and benzene, for instance, have been degraded in the gas phase over
these mixed systems with increased rates with regard to TiO, (Tudela et al. 2010).
Compared to other coupled systems like TiO,(anatase)/TiO,(rutile) and WO3/TiO,,
Ti0,/SnO; photocatalysts have shown a superior performance. This may be related
to the long separation distance encountered for charge carriers in the latter hetero-
junction (Kawahara et al. 2002). Since SnO, itself is considerably less photocata-
Iytically active than TiO,, it may be expected that the maximum enhancement of the
activity will be achieved in the coupled system for a certain SnO,/TiO, ratio. Of
course, this amount must depend on many factors like phase contact, geometry of the
catalyst, etc., but for purely photocatalytic reactions, the figure seems to be between
10 and 20 % weight of SnO, (Tudela et al. 2010).

As mentioned at the beginning of the chapter, not only the charge separation at
the interface of coupled semiconductors has called the attention of researchers. In
the specific case of TiO,/SnO, systems, surface modifications have also been
invoked to explain the improved properties of these materials. Increased hydro-
philicity of TiO, when coupled with small quantities of SnO, has been related to
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its improved photocatalytic activity by several authors (Tudela et al. 2010).
Indeed, an enhanced photoinduced superhydrophilic effect has been found in TiO,/
SnO, composites, with water contact angles close to 0° after illumination with
natural light (Liu et al. 2002). This effect has been related to an increased amount
of surface hydroxyls and can be maintained for long periods in the dark. Also
related to surface characteristics, resistance to deactivation in the gas phase pho-
tocatalytic degradation of toluene has been obtained in TiO, by coupling with
SnO, (Fresno et al. 2008). This deactivation is generally related to the accumu-
lation of stable, recalcitrant intermediates on the surface of the catalyst. In TiO,/
SnO, samples, a different structure of the surface water was proposed, which
resulted in a lower accumulation of these intermediates. The modification of
surface characteristics such as water adsorption and surface acidity has been also
considered to account for the observed improvement in TiO, performance when
coupled to ZrO, (Hernandez-Alonso et al. 2006; Fresno et al. 2008)

15.2.3 TiO,/WO3 Photocatalysts

As mentioned in Chap. 6, WOj3; is a semiconductor with a relatively narrow
(2.7 eV) band gap. Its coupling scheme with TiO, is somewhat different to those
depicted as general examples in Fig. 15.1. In the bulk crystalline form (frequently
monoclinic or orthorhombic), the conduction band of WO;5 has lower energy than
that of anatase, whereas the valence band is higher, so that both electrons and holes
can migrate from TiO, to WOj; upon excitation of the former, but the opposite
migration is not permitted from excited WOj3. This scheme is modified for small
crystallite sizes of WOj3 due to size quantization effects, as shown in Fig. 15.6, so
that below a certain value, a junction equivalent to that in Fig. 15.1a is formed.
Once this point is reached, and after simultaneous excitation, electrons migrate
from TiO, to WO; and holes follow the opposite path (Zhang et al. 2009). Of these
two configurations, the use of nanostructured WO; appears to be more favourable
for charge separation. However, at these sizes, the band gap of WO; becomes too
large to absorb visible photons. In addition, for particles well below 10 nm, WO;
is considered to be mainly amorphous, and hence, the capability to handle charge
carriers to produce chemical reactions is essentially lost. Therefore, positive effects
arising from interface charge transfer can only be envisaged in a narrow size range
mainly governed by WO; characteristics (Kubacka et al. 2012).

The electron transfer from TiO, to WOj5 has been described to proceed via the
formation of an intermediate W(V) species, increasing the surface acidity of the
coupled material, which can be beneficial for transfer of electrons from the CB of
TiO, to adsorbed oxygen molecules and for the adsorption of organic reactants. In
addition, similarly to the case of SnO,, an increased hydrophilicity of TiO, when
coupled to WOj3; has been reported. Therefore, the beneficial effect of coupling
WO3 to TiO, on photocatalytic activity relies not only on improved charge carrier
separation but also on surface modifications; in fact, this latter effect may be
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Fig. 15.6 Energetic diagram of the coupling between anatase and bulk or quantum-sized WOj3.
Based on Kubacka et al. (2012)

predominant under certain circumstances (Zhang et al. 2009). The structural
details of the WO5/TiO, interface, however, are essentially unknown. The pres-
ence of several W oxidation states, anion vacancies, and corresponding WO;
phases (with a certain degree of amorphization) illustrate the complexity of the
situation that can be encountered in this system (Kubacka et al. 2012).

The beneficial effect of coupling WO5; with TiO, has been explored for the
photocatalytic degradation of several organic pollutants (Robert 2007; Zhang et al.
2009), as well as for water splitting (Chen et al. 2010). Under visible light, it has
been observed that coupling N-doped TiO, with WO; leads to higher hydrogen
production than either TiO,_,N, or WOj3 alone.

15.2.4 Other Oxide/Oxide Couplings

Some other oxides in combination with TiO, are worth mentioning. In addition to
those already described, archetypical examples are ZnO—, Bi,O;—, Fe,Os;—,
Fe;04—, CeO,— and Cu,O—TiO, composites. However, the list is shortened when
limited to active and reasonably stable systems (Kubacka et al. 2012).

The bulk-type contact between anatase and Cu,O has not been well studied, but
the band energy levelling would be only adequate for enhancing charge separation
under UV illumination. Taking the size to the nanoscale, however, drastically
changes the situation. Around 10 nm, the modification of the Cu,0 band gap and
the position of the Fermi level of the nanocomposite provides an effective way to
transfer visible light—excited electrons from the copper oxide to anatase and to
promote electron—hole separation. This should lead to highly active sunlight-dri-
ven photocatalysts which, however, have been scarcely analysed up to date. Below
10 nm, the band gap is expected to reach a value close to 3.0 eV, which limits the
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absorption of visible light photons, although the system would be still adequate
under UV irradiation. According to the VB position, holes at the Cu,O phase can
be used to attack organic molecules, or to oxidize Cu,O to CuO in the presence of
water. However, in this case, photocorrosion is kinetically limited at room tem-
perature, and the Cu” state appears as the stable one under irradiation conditions.

Other possible candidate system could be the o/y-Fe,03/TiO, couple, although
this combination appears to be somewhat limited (Kubacka et al. 2012). Upon UV
excitation, electrons in the conduction band of TiO, may be transferred to Fe,O3
and so may be the holes in the valence band of anatase, in a similar manner as that
described for bulk WO;. Therefore, bulk Fe,O; lacks the adequate electronic
structure to be used as a visible light sensitizer for TiO,. Some changes may be
expected with decreasing crystallite sizes, where visible light—excited electrons in
Fe,O; could migrate to TiO,. However, only a few reports have analysed this
nanocomposite system for visible or UV/visible light excitation. Other oxides such
as CeO, or Bi,05 are also useful regarding their interaction with titania. The latter
is particularly well suited as the relative positions of the valence and conduction
bands should promote (visible-photon generated) electron transfer from Bi,O3 to
anatase and (UV-photon generated) hole transfer from anatase to Bi,O5;. However,
Bi,03 lacks the necessary stability under photocatalytic reaction conditions. On
the other hand, more stable bismuth oxyhalides (see Chap. 7) have been tested in
combination with TiO, in the recent years (Li et al. 2011b).

Regarding more complex oxides, a wide range of metallates like those
described in Chap. 7 have been explored as candidates to improve the photocat-
alytic properties of TiO, via coupling, with special attention to those capable of
acting as inorganic visible light sensitizers. In this respect, it is worth mentioning
the use of BiVO,4 (Hu et al. 2011), Bi,WOg (Col6n et al. 2010) and other titanium-,
vanadium- and bismuth-based oxides (Kubacka et al. 2012). However, more
studies are required to establish the behaviour of these systems.

Oxidic coupled systems not containing TiO, are scarcer but some of them have
also been assayed as photocatalysts. In order to mention a few examples, Cr-doped
Ba,In,05/In,O3 turned out to have enhanced photocatalytic activity for water
splitting with regard to the individual components (Cr-doped Ba,In,Os and Cr-
doped In,03) because of interface charge carrier separation and migration. On the
same basis, In,O3/NaNbO; has also been found advantageous for sacrificial
hydrogen evolution under visible light and for stoichiometric water splitting under
UV (Chen et al. 2010). In depollution applications, BiVO,/Bi,O5 core—shell
materials have shown interesting photocatalytic properties under visible light
(Guan et al. 2011), and combining bismuth-based oxides with bismuth oxyhalides
(BiOX), or two different BiOX, are other recently explored possibilities (Li et al.
2011a).
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15.3 Combining Oxides with Chalcogenide and Other
Semiconductors

15.3.1 CdS/TiO, Photocatalysts

Both the CB and the VB energies of CdS (see Chap. 8) are above the corre-
sponding ones in TiO,. Therefore, upon excitation, electrons in the CB of CdS can
migrate to TiO, leaving the holes behind, as depicted in Fig. 15.1b. If we add the
fact that CdS is capable of absorbing visible light and that the mobility and lifetime
of charge carriers are adequate for photocatalytic reactions, we have a paradig-
matic example of inorganic sensitization of TiO, to visible light. Indeed, this
system has been widely used since the 1980s in photo(electro)catalytic reactions
for pollutant degradation, hydrogen production, CO, reduction, as well as in solar
cells (Usubharatana et al. 2006; Zhang et al. 2009; Roy et al. 2010). As mentioned
above, interfacial charge separation in this system was demonstrated by the
detection of Ti** upon visible light irradiation with EPR. Under UV or UV-vis
irradiation, the scheme depicted in Fig. 15.1a may also occur, with electron
transference from CdS to TiO, and hole migration in the opposite direction. In
addition, this approach has also been employed to protect CdS from photocorro-
sion in CdS(core)/anatase(shell) materials. In this last respect, however, a more
satisfactory solution has been found in ternary Au/CdS/TiO, systems in which a
constant electron supply from the metallic phase minimizes the hole attack to CdS
(Kubacka et al. 2012).

Early research on CdS/TiO, coupled photocatalysts was mostly limited to
colloidal systems in which the former was the dominant component. This trend
changed into the reverse situation in more recent years, when CdS has been used
with a closer role to that of a sensitizer. Many tests on the photocatalytic activity of
this system under visible light, however, have been carried out using dyes as probe
molecules (Robert 2007; Zhang et al. 2009), which, as mentioned elsewhere in this
book, does not guarantee TiO, sensitization by CdS since a dye-sensitized
mechanism (see Chap. 16) cannot be ruled out (Herrmann 2010). In any case,
regardless of the actual mechanism, increased rates for the decolouration of dyes
under visible light have been reported with CdS/TiO, catalysts with respect to the
individual components. Degradation of other non-visible light—absorbing organic
molecules, or water reduction to H,, are more prone to occur via electron transfer
from visible light—excited CdS. Regarding the first case, the photocatalytic deg-
radation of phenols with CdS/TiO, composites under purely visible light was
reported almost two decades ago (Serpone et al. 1995), with improved results with
respect to the single photocatalysts. Sacrificial hydrogen production in the same
irradiation conditions was reported earlier (Serpone et al. 1984) and has been a
matter of research since then (Osterloh 2008; Chen et al. 2010). Thus, the positive
effect of the scheme shown in Fig. 15.1b on photocatalytic activity in the CdS/
TiO, system appears well documented. Under UV-vis irradiation, however, an
improvement of the photocatalytic activity of TiO, by the CdS/TiO, couple is not
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so clear. Indeed, lower reaction rates have been obtained with the composite
system for different reactions (Serpone et al. 1995; Robert 2007), suggesting that
the separation scheme of Fig. 15.1a for this specific example may play a negative
role with respect to TiO, alone. On the other hand, higher photocatalytic activities
are obtained with CdS/TiO, materials than with CdS under UV-vis or solar
irradiation (Serpone et al. 1995; Robert 2007), an example of which is shown in
Fig. 15.7. In any case, it is worth mentioning that the toxicity of Cd can be a
serious limitation for an extensive use of these composites, especially taking into
account that photocorrosion of the sulphide (see Chap. 8) is not prevented by the
interfacial charge separation depicted in Fig. 15.1a.

15.3.2 Other Sulphide/Oxide Couples

Bi,S; is a narrow band gap (1.3 eV) used in photodiode arrays and photovoltaic
devices. In photocatalysis, it has been tested not only on its own for sacrificial
hydrogen production, but also coupled to TiO, in order to induce visible light
activity. Indeed, this couple has shown, for instance, photocatalytic activity under
visible light for the degradation of 4-hydroxybenzoic acid and benzamide, giving
rise to higher degradation rates than Bi,S3 and, as expected, than TiO, (P25) itself.
Under UV-vis irradiation, however, similar degradation rates are obtained with
TiO, and Bi,S;3/TiO, catalysts, while the use of sulphide on its own results in a
reduced degradation efficiency, probably due to its low band gap energy (Besse-
khouad et al. 2004).

Molybdenum and tungsten sulphides are also interesting for the photocatalytic
approach issued here, because of the good matching of their band gaps
(1.1-1.7 eV) with the solar spectrum and their stability against photocorrosion
(Robert 2007). In the bulk form, the conduction band levels of MoS, and WS, are
lower in energy than that of TiO,, so that no injection of electrons into the latter is
to be expected. However, as a common feature of chalcogenide materials, a high
morphological control can be achieved (Kubacka et al. 2012), so that
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nanostructured MoS, and WS, having higher conduction band levels due to
quantum size effect, but still absorbing visible light, have been tested in combi-
nation with TiO, for visible light photocatalysis. These materials are able to
degrade 4-chlorophenol in aqueous solution under irradiation with A > 400 nm.
The detection of Ti** in the EPR spectra of the visible light—irradiated couples
confirms the electron injection from the MS, phase into the otherwise inactive
TiO, one (Ho et al. 2004).

15.3.3 Selenide/TiO, Photocatalysts

CdSe was described as a photocatalyst in Chap. 8. According to its electronic
structure, it can be used to sensitize TiO, towards visible light absorption in an
equivalent scheme to that of CdS, although it presents a considerably narrower
band gap (1.74 eV). In combination with other semiconductors like TiO, and
SnO,, CdSe has been employed as a visible light harvester for different photonic
applications (Kamat 2007). In photocatalysis, it has been tested in combination
with TiO, for the degradation of organic pollutants. Under visible light, CdSe/
TiO, photocatalysts have shown activity for the oxidation of 4-chlorophenol in
water, although with low substrate disappearance rate and discrete TOC removal
(Lo et al. 2004; Ho and Yu 2006). In any case, although low, the system does
present activity under visible light and higher than CdSe itself. This fact, together
with the detection of Ti>* with EPR under irradiation at 420 nm, indicates that the
interparticle charge transfer is occurring to some extent. Upon UV excitation, the
situation is rather different, with the coupled system exhibiting higher oxidation
and mineralization efficiency than TiO, itself. In these conditions, an improved
charge separation due to a charge transfer scheme like that in Fig. 15.1a is likely to
occur. Nevertheless, the CdSe/TiO, system has shown lower photocatalytic effi-
ciency than the CdS/TiO, one (Robert 2007). CdSe and other selenides have been
also combined with TiO; in the form of quantum dots, which will be reviewed in
the following chapter.

15.3.4 Coupling TiO, with Carbonaceous Materials

Another attractive type of coupling partners for photocatalysts is formed by carbon
materials such as graphite, fullerenes, carbon nanotubes and graphene. The delo-
calized conjugated 7 electron system present in these carbon allotropes has been
proved to cause a rapid photoinduced charge separation in electron-transfer pro-
cesses (Di Paola et al. 2012). In addition, they can improve the photocatalyst
adsorptive properties and/or contribute highly active catalytic sites.

Graphite has been employed to boost the efficiency of TiO, in pollutant deg-
radation reactions and have shown, for example, higher photocatalytic activity
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than P25 in both gas and liquid phase reactions (Di Paola et al. 2012). This high
activity is generally ascribed to charge transfer between the conduction band of
TiO, and the 7 system of graphite. This form of carbon has also been proposed as a
suitable visible light sensitizer for wide band gap photocatalysts.

Rolled up layers of graphitic carbon form the so-called carbon nanotubes. This
carbon species show potential to contribute to photocatalytic activity in several
ways, namely increasing surface area, retarding of electron—hole recombination
and visible light sensitization (Leary and Westwood 2011). They have been widely
reported to enhance the photocatalytic activity of TiO, through the retardation of
electron—hole recombination, giving better results than bare titania for a variety of
photocatalytic applications, such as pollutant degradation, disinfection, CO,
reduction and water splitting (Di Paola et al. 2012; Leary and Westwood 2011).

Fullerenes are widely known because of their unique electronic properties.
They are well established as singlet oxygen sensitizers in organic synthetic pho-
tooxidations, in electron donor—acceptor assemblies as part of artificial photo-
synthetic systems and in photochemical solar cells. However, their application in
photocatalysis is much less well explored (Leary and Westwood 2011). In ful-
lerene/TiO, photocatalysts reported in the recent literature, the fullerene compo-
nent has been cited either as an electron acceptor, therefore being expected to
provide enhanced photocatalytic activity through a mechanism similar to that
depicted in Fig. 15.1a, or as an electron donor, therefore being expected to provide
enhanced photocatalytic activity through sensitization of TiO, (Fig. 15.1b).
Indeed, it has been demonstrated that fullerenes, in their ground or excited states,
can interact with TiO, in both ways, depending on the environment and the
experimental conditions.

Graphene is a new and highly promising material, composed of a one-atom-
thick planar sheet of sp”-bonded carbon atoms that is being studied for an
increasing number of applications, including photocatalysis. Single-layer graphene
is a zero band gap semiconductor or semimetal in which the highest occupied
molecular orbital (HOMO) touches the lowest unoccupied molecular orbital
(LUMO) at single points called “Dirac points”. For thicker flakes, stacking of
multiple layers leads to some overlap of their carrier wave functions and the
overall behaviour becomes metallic (Allen et al. 2010). Apart from an extremely
high carrier mobility, graphene has several other excellent attributes to be used in
catalytic and photocatalytic reactions, such as a large theoretical specific surface
area and a high transparency due to its one-atom thickness. Indeed, graphene-
based assemblies are gaining attention as a viable alternative to boost the effi-
ciency of various catalytic and storage reactions in energy conversion applications
(Kamat 2010). There have been several reports highlighting the improvement in
activity obtained by coupling graphene with TiO, and other semiconductors for
different photocatalytic applications (Di Paola et al. 2012; Leary and Westwood
2011; Xiang et al. 2012). Several reasons are invoked to account for this
enhancement. Specifically, the two-dimensional carbon nanostructure may facili-
tate the dispersion of catalyst particles, improve charge separation within the
composite and increase the concentration of organic molecules near the catalyst
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surface. However, the mechanisms of photocatalytic enhancement by graphene are
partly unclear (Xiang et al. 2012). For example, whether the photocatalytic activity
of TiO,—graphene composites is truly different from other TiO,—C composite
materials. Nevertheless, graphene-based composite photocatalysts are expected to
be developed as robust materials to address various environmental and energy-
related issues.
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Chapter 16
Sensitizers: Dyes and Quantum Dots

Fernando Fresno and Maria Dolores Hernandez-Alonso

Several approaches aimed at extending the spectral activity range of wide-band-gap
semiconductors have been already reviewed in previous chapters of this book. In
addition to structural modifications that may lead to different electronic effects,
such as anionic or cationic doping and solid solution formation, there is a possibility
of modifying the surface of the semiconductor with a substance that absorbs light
energy and transfers it, under favourable conditions, to an otherwise photochemi-
cally inactive or less active substrate. This substance is referred to as photosensi-
tizer. This concept was already introduced in the preceding chapter when dealing
with one of the types of coupled photocatalysts. Indeed, that case may be regarded
as an inorganic sensitization and will be resumed in the third section of this chapter,
which will refer to the specific case of quantum-sized islands of one semiconductor
embedded in different semiconductor matrices, that is, guantum dots.

16.1 Electron Transference from Sensitizer

According to the IUPAC definition, photosensitization is “the process by which a
photochemical or photophysical alteration occurs in one molecular entity as a
result of initial absorption of radiation by another molecular entity called a pho-
tosensitizer”. The history of sensitization is nearly as long as that of photography.
The silver halides used in photography have band gaps around 2.7-3.2 eV, and
thus, they are insensitive to much of the visible spectrum. The first panchromatic
film, able to render the image of a scene realistically to black and white, followed
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on the work of Vogel in Berlin after 1873, in which he associated dyes with the
halide semiconductor grains. The first sensitization of a photoelectrode followed
shortly after, using a similar chemistry. However, it was not until 1960s that the
recognition of the parallelism between this two procedures and the verification of
their mechanism by injection of electrons from the excited dye molecules into the
conduction band of the semiconductor occurred (Gritzel 2003). Since then, sen-
sitization of semiconductors (mainly TiO,) has been applied in many fields, among
which the use in photovoltaic devices is prominent, as it has been briefly men-
tioned in Chap. 2. However, to a lesser extent, sensitized visible-light-promoted
photocatalytic degradation of pollutants and water splitting have been reported too
(Pei and Luan 2012).

The physical principles of sensitization are related to those introduced in Chap.
15 when referring to charge separation in coupled photocatalysts. In the case of a
molecular photosensitizer such as the commonly used dyes, excitation occurs upon
absorption of light with the adequate energy, followed by the injection of electrons
from the excited state of the sensitizer into the conduction band of the semicon-
ductor. Therefore, when referring to dye-sensitized photocatalysis, in contrast to
classical photocatalysis, the conduction band of the semiconductor acts as a
mediator for transferring electrons from the sensitizer to substrate electron
acceptors on the photocatalyst surface, while the valence band remains unaffected.
It is evident that in order for this electron transference to occur, the excited state of
the sensitizer must possess higher energy than the conduction band of the semi-
conductor. The charge injection from the excited sensitizer into the semiconductor
nanoparticles must be an ultrafast process occurring on the timescale of picosec-
onds or below in order to achieve good quantum yields, since it competes with
other radiative or radiationless deactivation channels that typically occur with rate
constants in the range of 10% to 10'” s™'. In recent years, molecularly engineered
sensitizers that meet these requirements have been developed (Gritzel 2005). With
these sensitizers, the injection times are in the pico- or femtosecond range and the
quantum yield of charge injection generally exceeds 90 %. Actually, for several
sensitizers, the electron transfer to the conduction band of the oxide is so rapid that
it occurs from vibrationally hot excited states (Gritzel 2005).

After electron transference, the regeneration of the system is an issue that needs
to be taken into account. In the case of dye-sensitized solar cells, the original state
of the dye is restored by electron donation from the electrolyte, usually an organic
solvent containing a redox system such as the iodide/triiodide couple, which in
turn can be regenerated at the counter electrode completing the redox cycle. In a
solid-state dye-sensitized solar cell, the electrolyte is replaced by a solid p-type
semiconductor which permits charge neutralization of the dye molecules by means
of its hole transport properties (Gritzel 2005). On the other hand, a sacrificial
electron donor can be used for the regeneration of the sensitizer in the case of
photocatalytic reactions. For instance, ethylenediaminetetraacetic acid (EDTA)
and triethanolamine (TEOA) have proved to be effective donors in the photocat-
alytic visible-light-induced production of H, over sensitized Pt-TiO, (Hirano et al.
2000). Figure 16.1 illustrates a plausible mechanism of the primary electron
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pathway in a dye-sensitized semiconductor photocatalyst using the water-splitting
reaction as example. In addition to its role as photosensitizer, the dye molecules
(S) also serve as a molecular bridge to connect the electron donor (D) to the
semiconductor.

Figure 16.1 also illustrates the possible recombination pathways and fluores-
cence decay of the excited sensitizer (Pei and Luan 2012). Back electron transfer
between the injected electron and the oxidized sensitizer plays an important role in
controlling the efficiency of net electron transfer. As mentioned above, at each
branching point in the chain of electronic transitions, a high quantum yield can be
obtained only if the forward electron transfer rate (solid arrows) is faster than the
sum of all the reverse rates from the same state of the system. For example, in
Fig. 16.1, the forward electron transfer from the semiconductor to the hydrogen
evolving from the catalyst must compete effectively with the back transfer to the
oxidized dye and also with the electron transfer to the electron donor for water
oxidation. In general, the reverse pathways have much greater driving forces than
the forward ones, and this makes the reverse reactions faster. However, due to the
existence of the interface between the dyes and the photocatalyst, the separated
electrons and holes have little possibility to recombine again, regardless of the
existence of the charge-capturing species which are mentioned above. This ensures
high charge separation efficiency in the hybrid material.

16.2 Organic and Metal-Organic Dyes

As previously mentioned, dye sensitization can also be a plausible alternative to
extend the photocatalyst response to the visible range, leading to a more efficient
use of solar energy. Thus, this strategy is being frequently used in visible-light-
induced water splitting (Youngblood et al. 2009) and photocatalytic degradation
processes (Table 16.1). Among the latter, wastewater treatment, and in particular
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Fig. 16.1 Proposed mechanism of dye-sensitized photocatalysis under visible light irradiation,
including forward electron transfer and possible recombination pathways. Reproduced with
permission from Youngblood et al. 2009. Copyright American Chemical Society
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the degradation of colourants, is one of the major niches of application of dye-
sensitized TiO, (Chatterjee and Dasgupta 2005).

Regardless of the practical application, dye sensitizers have to meet several
common requirements. Apart from a desirable wide range of light absorption in the
visible and near-IR regions and the energy-level requirements mentioned in the
previous section, the dye needs to be grafted onto the host surface. Depending on
the sensitizer molecule, this attachment can take place through covalent bonding,
electrostatic forces, hydrogen bonding, hydrophobic interactions, van der Waals
forces, or physical entrapment. Dye sensitizers often contain anchoring groups
such as sylanyl (-O-Si-), amide (-NH—(C=0)-, carboxyl (-O-(C=0)-), or
phosphonate (—-O—(HPO2)-) groups in their structure, which have proved to
spontaneously react with the surface hydroxyl groups of the semiconductor,
forming highly stable linkages (Kalyanasundaram and Gritzel 1998). For instance,
carboxylic and phosphonic acid derivatives are able to react with the photocatalyst
surface, forming the corresponding ester (Fig. 16.2). Likewise, silyl groups have
high affinity for the hydroxyl groups on the surface of the semiconductor (Pei and
Luan 2012).

The properties and, consequently, the efficiency of the photosensitizer will be
influenced by the nature and number of the anchoring groups (Park et al. 2006; Pei
and Luan 2012). However, the stability of the linkages may be affected by the pH
in aqueous solutions, thus limiting the use of the system to a certain pH range
(Lobedank et al. 1997; Robertson 2006). Furthermore, the polarity of the solvent
also affects the efficiency of the sensitized systems (Pei and Luan 2012). Within a
certain range, the photosensitization effect is enhanced by increasing the dye
concentration (Gritzel 2004; Pei and Luan 2012).

Further modification of the sensitized photocatalysts by surface metal deposits
(e.g. Pt) has proved to benefit the photocatalytic activity under visible light irra-
diation. In the case of Pt, for instance, this effect can be ascribed to the fast
electron trapping by the metal, inhibiting the back electron transfer to the dye (Pei
and Luan 2012).

Sensitizer Senslitizer Sensitizer Sensitizer
I I I
—S8i— N-H C=0 P=0
/N | I /\
00O C=0 (@] O O
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TiO, TiO, TiO, TiO,
Sylyl linkage Amide linkage Carboxy ester ~ Phosphonate ester
linkage linkage

Fig. 16.2 Schematic representation of a sensitizer grafted onto TiO2 through different anchoring
groups (based on Kalyanasundaram and Gritzel 1998)
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Organic dyes are the most frequently studied sensitizers, due to a highly effi-
cient light harvesting over a wide spectral region of sunlight. They enclose a wide
variety of chemical structures, including porphyrins, coumarines, catechols,
polyenes, cyanines, hemicyanines, phthalocyanines, indolines, thiophenes, and
polymeric dyes, among many others. Besides, the possibility of incorporating
substituents into the organic dye skeleton opens a route to easily tuning their
photochemical properties (Ooyama and Harima 2009). The structure of different
organic dyes is presented in Fig. 16.3. The use of natural photosensitizers,
extracted from fruits, flowers, or leaves, has also been explored. For instance,
anthocyanins can be easily obtained from strongly coloured fruits, such as berries
and plums. Similarly, the sensitization of semiconductors with chlorophyll and
different chlorophyll derivatives has been investigated in an attempt to emulate the
efficient light harvesting in natural photosynthesis (Kay and Gritzel 1993). Besides
the environmental advantages derived from their cheaper and low-energy pro-
duction, together with their lower toxicity, natural sensitizers often show an
improved dye performance which have been attributed to the presence of a mixture
of dyes in these natural extracts (Polo et al. 2004). The strategy of combining
different dyes to obtain a broader response in the visible and near-IR region has
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Fig. 16.3 Examples of dyes: a Eosin Y; b porphyrin dye; ¢ N3 dye; d copper phthalocyanine
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also been investigated in artificial systems, proving that the optical absorption of
the dyes in the mixture can be additive (Ehret et al. 2001; Gritzel 2004).

The utilization of organic dye-sensitized TiO, for the photocatalytic degrada-
tion of pollutants has also been explored. Intentionally hindering the regeneration
stage of the sensitizer would lead to the photocatalytic degradation of the organic
dye. Most of the dyes are relatively stable under visible light irradiation in the
absence of TiO,, so in this sense, the process of self-sensitized oxidation results to
be very useful for degrading coloured pollutants, such as textile dyes, from
wastewaters (Zhao et al. 2005; Chatterjee and Dasgupta 2005). In one of the first
publications that can be found related to this topic, the photocatalytic oxidation of
an herbicide using Rose Bengal—sensitized titania was explored (Ross et al. 1994).
The authors found that the herbicide was degraded under solar light exposure only
when the sensitizer was present in the solution. However, simultaneous photo-
catalytic decomposition of the organic sensitizer was also observed. In the pho-
tocatalytic oxidation of phenol, performed over Acid Red 44—sensitized TiO,
under visible light, the decomposition of the dye was only observed after
decomposition of phenol, which resulted to be more easily attacked by the
photogenerated radicals (Moon et al. 2003). The already mentioned Eosin Y has
also been used to sensitize TiO, for the photocatalytic degradation of phenol under
visible light, with Pt as co-catalyst and TEOA as sacrificial electron donor
(Chowdhury et al. 2012). Other organic dyes, such as thionine, rhodamine B,
methylene blue, and safranin O, have been employed in the photocatalytic deg-
radation of different pollutants under visible light by dye-sensitized TiO, (Chat-
terjee and Dasgupta 2005). Finally, organic dyes such as Eosin Y (Fig. 16.3a) have
been frequently used as photosensitizers for H, production under visible light
irradiation (Nada et al. 2008, Pei and Luan 2012).

Despite their relatively lower molar absorption coefficients, better results are
usually obtained with metal coordination complexes as photosensitizers, among
which polypyridine complexes are probably the most widely studied. In these
metal-organic dyes, the visible light absorption is originated by metal-to-ligand
charge transfer (MLCT) transitions, in which energies depend on the metal and the
ligands present in the sensitizer (Meyer 1986). In particular, it is worth mentioning
the extensive use of ruthenium complexes, such as tris(bipyridyl)-ruthenium(II)
([Ru(bpy)3]2+) derivatives. These compounds have been used to sensitize modified
TiO, in water-splitting reactions. High efficient H, evolution under solar radiation
has also been obtained over tris(bipyrimidine)-ruthenium (II) ([Ru(bpym)3]2+)-
sensitized Pt-loaded TiO,. In every case, an increase in the production of H, was
observed with the concentration of photosensitizer (Hirano et al. 2000; Polo et al.
2004; Nada et al. 2008). Despite the promising results on the photocatalytic water
splitting under visible light, the solar power efficiencies obtained so far are really
low, and the development of efficient and durable photocatalytic systems is still a
challenge (Youngblood et al. 2009). Ruthenium polypyridyl complexes have been
applied to the photocatalytic degradation of pollutants as well. For instance, their
presence was proved to be effective in the photocatalytic oxidation of herbicides
under sunlight excitation. Reductive regeneration of the oxidized sensitizer could
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be achieved using sulphur-containing organic compounds (Lobedank et al. 1997).
These Ru(Il) complexes have also been employed in the photocatalytic reduction
of carbon tetrachloride on dye-sensitized titania (Cho et al. 2001). In this case, 2-
propanol was used as electron donor to regenerate the sensitizer. The authors
observed that the presence of O, had a detrimental effect on the efficiency of the
process, since oxygen acts as an electron scavenger. The presence of a thin Al,O;
overlayer on [Ru(bpy)3]2+—sensitized TiO, has proved to significantly increase the
photoactivity, both for H, production and for dechlorination of CCly, by retarding
the charge recombination between the electron injected and the oxidized dye (Kim
et al. 2009). In another example, higher yields of methane have been obtained
under visible irradiation during the photoreduction of CO, on TiO, films in the
presence of [Ru(bpy)s;]** dye sensitizers (Ozcan et al. 2007).

Carboxylic derivatives are the most frequently employed anchoring ligands in
ruthenium complexes, since carboxyl groups easily react with the oxide surface to
form the corresponding ester. This is the case of the photosensitizer known as N3
(Fig. 16.3c), reported by Gritzel and co-workers and usually employed as a ref-
erence to compare the performance of other dyes, which is a ruthenium
bis(dicarboxylic acid bipyridine) complex (Gritzel 2004). Phosphonic acid groups
are also often employed for anchoring Ru-based photosensitizers in titania, due to
their strong adsorption to the semiconductor surface via ester formation (Polo et al.
2004).

Recent studies have reported that the presence of electron donor groups in the
dye, like the thiocyanate (NCS) ligands present in the N3 photosensitizer, con-
tributes to increase the spatial separation between the positive charge density
created on the dye and the injected electrons and, therefore, hinders charge
recombination. This effect takes also place, for instance, in the triphenylamine-
substituted porphyrin organic dye as shown in Fig. 16.3b (Robertson 2006).

Iron-, thenium-, osmium-, zinc-, magnesium-, and aluminium-based systems have
also been investigated (Kalyanasundaram and Gritzel 1998; Polo et al. 2004). The
replacement of ruthenium by osmium has been observed to extend the light
absorption and spectral response of TiO, photoelectrodes to higher wavelength
(Sauvé et al. 2000). In addition to Ru-based sensitizers, a high efficiency has also
been achieved in the photocatalytic H, formation using copper phthalocyanine
(Fig. 16.3d) on modified TiO, photocatalysts (Nada et al. 2008). Cu(II)-phthalocy-
anines, as well as Cu(Il) porphyrins, have also been efficiently applied to the pho-
tocatalytic degradation of 4-nitrophenol over sensitized TiO,, leading to higher
conversions than their analogous metal-free complexes (Mele et al. 2003). The
photoactivity of Sn(IV)-porphyrin-sensitized TiO, has been investigated too, with the
advantage of tin being less expensive and more abundant than Ru (Kim et al. 2010).
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16.3 Quantum Dots

Quantum dots (QDs) are droplets or nanocrystals of a semiconductor, which ex-
citons are confined in the three spatial dimensions, immersed in a matrix material
usually with a higher band gap. The matrix does not need to be a semiconductor as
well, but solids with other type of electronic characteristics can be also employed
Quantum-dot-based solar cells have drawn a lot of attention during the past few
years because of the possibility of boosting the energy conversion efficiency
beyond the traditional Shockley and Queisser energy conversion limit for a cell
based on a single n—p junction (about 33.7 % in Si devices). Three different types
of solar cells that capitalize prominent properties of semiconductor nanocrystals
have emerged: (1) metal-semiconductor or Schottky junction photovoltaic cell, (2)
semiconductor nanostructure-polymer solar cell, and (3) semiconductor-sensitized
quantum-dot solar cell (Kamat 2008). Schemes of the configuration of these three
types are shown in Fig. 16.4. In addition, QDs have been proposed as one of the
means for taking into practice the so-called intermediate band (IB) solar cell, in
which a partially occupied band is created between the valence and conduction
bands in order to extend the energy range of absorbed photons while keeping the
potential of the charge carriers (Luque and Marti 2010). In this case, the IB would
typically arise from the confined states of the electrons in the CB tridimensional
potential wells originated by the CB offset between the dot and the matrix material.

There are not many reports on the application of QDs in photocatalysis, and
here, we will exclusively refer to those based on the third type of those mentioned
above, which is the only one relevant to photocatalysis. The principle of action of
this type of materials is thus similar to that described in Chap. 15 when referring to
composite photocatalysts, in which a visible-light-absorbing semiconductor injects
electrons upon excitation into the conduction band of a wide-band-gap semicon-
ductor, and the same energy restrictions described there apply. As a differentiating

Fig. 16.4 Schematic diagram showing the strategies to develop quantum-dot (semiconductor
nanocrystal)-based solar cells: a metal-semiconductor junction, b polymer—semiconductor, and
¢ semiconductor-semiconductor systems. Reproduced with permission from Kamat 2008.
Copyright American Chemical Society
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fact, here the properties of the semiconductor as sensitizer are size-controlled and
in the form of tridimensional nanostructures (rather than mono- and bidimen-
sionally size-confined structures like plate or tubes, see Chap. 11). In this way, the
energetics of the QD particles can be modulated and thus be utilized to promote,
suppress, or rectify the electron transfer between two semiconductor nanostruc-
tures (Kamat 2008). In addition, compared to those materials reviewed in the
preceding section, inorganic sensitizers have been invoked to be the only ones
ensuring long-term stability under a wide range of reaction conditions and lead to
more promising results under visible light than those obtained with metal dopants
(Rajeshwar et al. 2001; Kubacka et al. 2012).

Using as an example the typical CdS/TiO,-coupled system, DFT calculations of
bulk and QD semiconductor coupling have been performed to study the different
electronic interactions occurring in both cases (Tada et al. 2011). The conduction
band minimum of CdS in the bulk system is only slightly higher than that of TiO,,
whereas in the QD model, both the valence band maximum and the conduction
band minimum of the CdS part are rised to higher energies, and the band gap of
CdS increases. Thus, the CB offset between CdS and TiO, in the QD system is
higher, providing a larger —AG value and consequently increasing the rate of
interfacial electron transfer.

As mentioned in Chap. 15, metal chalcogenides such as CdS represent a
classical example of the use of inorganic sensitizers for the visible light sensiti-
zation of wide-band-gap semiconductors. Given the good morphological control
that can be attained in their preparation, metal chalcogenides become very suitable
to be used for this purpose in the form of QDs. The theoretical approach described
above finds experimental corroboration with the increased photocurrent quantum
yields that have been measured by combining some quantum-sized metal sulphides
like PbS, CdS, Ag,S, Sb,S3, and Bi,S; with oxide semiconductors such as TiO,,
Zn0, SnO, Nb,Os, and Ta,O5 (Vogel et al. 1994). When used along with titania,
all these sulphides give rise to higher incident photon-to-current efficiencies (IP-
CEs) under visible light irradiation, although only PbS and CdS show a reasonable
stability under illumination. The internal photocurrent quantum yield decreases
with increasing QD diameters and is also dependent on the substrate nature, with
TiO, showing the best performance among the mentioned wide-band-gap oxides
for a given sensitizer. This is not only related to the charge mobility properties of
the substrate, but also to the relative positions of the CB of sensitizer and substrate.
However, as mentioned earlier at the theoretical level, the CB offset can be tuned
by means of size control of the QDs, and, for example, the IPCE of the CdS/TiO,
system increases by ca. 10 % when the CdS particle size is decreased from 6 to
4 nm. This difference is even more noticeable in the case of the CdS/Nb,Os
composite, with a 50 % increase in IPCE between the same QD sizes. The CdS
(QD)/TiO, system has provided good results for sacrificial water splitting with Pt
as co-catalyst (Tada et al. 2011), but also with TiO, nanostructures as nanotubes
and nanowires. For instance, oxygen-deficient TiO, nanowires loaded with CdS
QDs have been invoked to be promising catalysts for solar hydrogen production
based on IPCE results, although actual photocatalytic tests have not been
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performed (Wang et al. 2012). On the other hand, TiO, nanotube arrays decorated
with CdS QDs (Xie et al. 2010) have given good results in the degradation of
methyl orange in aqueous solution under visible light. However, as mentioned
earlier in this book, this activity needs to be further assessed using non-coloured
target molecules in order to rule out a dye-sensitization mechanism. Indeed,
methyl orange and CdS show rather similar absorption maxima. Regarding other
sulphide sensitizers, CuS and PbS in the form of QDs have been reported to extend
the photocatalytic response of titania to the visible light region. PbS(QD) sensi-
tization increases by a factor of 5 the activity of titania for the photocatalytic
reduction of CO, to CH4 and C,Hg, under light with 4 > 400 nm and using Cu as
co-catalyst (Wang et al. 2011), with a QD size of 4 nm showing the best perfor-
mance. CuS-decorated TiO, nanotubes can efficiently degrade malachite green and
phenol under irradiation with light filtered at 4 < 600 nm (Ratanatawanate et al.
2011).

As mentioned in Chap. 15, selenides are also good candidates to be used as
sensitizers in the form of QDs. Therefore, they have been studied not only for
photovoltaic cells (Kamat 2008), but also, although to a lesser extent, for photo-
catalytic applications. CdSe is the most common selenide QD material, and its
size-dependent charge separation properties in combination with wide-band-gap
semiconductors (mainly TiO,) have been extensively studied (Kamat 2008).
However, there are not many photocatalytic studies on this system. An example is
the application of the Pt/CdSe(QD)/TiO, system to the photocatalytic reduction of
CO,, which under visible light (4 > 420 nm) yields CH4 as the major product,
with CH30H, H,, and CO as secondary products (Wang et al. 2010). In combi-
nation with N-doping, CdSe QD sensitization has led to higher IPCE under visible
light than those attained with both undoped and N-doped TiO, (Lopez-Luke et al.
2008). This enhancement is also observed when this system is used as a pho-
toanode for photoelectrochemical hydrogen production from Na,S-Na,SO3
aqueous solutions. A synergistic effect between CdSe sensitization and N-doping,
which facilitates hole transfer/transport from CdSe to TiO, through oxygen
vacancy states mediated by N-doping, has been proposed (Hensel et al. 2010).
PbSe is also a good candidate for this type of systems, and it has been employed in
photovoltaic applications (Kamat 2008). However, its feasibility as a QD sensitizer
in photocatalysis has still to be deeper studied (Wang et al. 2007).

These chalcogenide QDs, however, can be prone to deactivation due to the
photocorrosion process described in Chap. 8, which is pronounced with down-
sizing the crystals. As mentioned in Chap. 15, coupling with a wide-band-gap
semiconductor may already inhibit the occurrence of anodic photocorrosion.
Anyway, a loss of activity with usage time is indeed shown in some of the studies
cited above. Stabilization by surface modification with sulphur-containing mole-
cules or the use of linkers between the surfaces of the two components of the
system has been proposed to alleviate this problem. At a theoretical level, this
stabilization has been explained based on a model with H,S molecules adsorbed at
the surface of CdS in the CdS(QD)/TiO, system, which cause the surface states to


http://dx.doi.org/10.1007/978-1-4471-5061-9_15
http://dx.doi.org/10.1007/978-1-4471-5061-9_8
http://dx.doi.org/10.1007/978-1-4471-5061-9_15

340 F. Fresno and M. D. Hernandez-Alonso

200 mm

Fig. 16.5 HRTEM image (left) and chemical mapping (right; red: Ti, blue: Bi) of Bi,O3(QD)/
TiO, composite. Adapted with permission from Zhu et al. 2011. Copyright Elsevier

lower in energy and become part of the VB as a consequence of the S-S bond
formation between the CdS cluster and the H,S molecules.

The application of oxidic semiconductors in the form of QDs for spectral
sensitization is scarcer than that of the mentioned chalcogenides due to the less
pronounced correlation between their primary crystal size and their electronic
characteristics (Kubacka et al. 2012). Nevertheless, some examples can be drawn
from the literature. Some of them were already mentioned in Chap. 15, regarding
nanooxides coupling. Specifically prepared as QDs, flower-like BiyO3/TiO,
composites (Fig. 16.5) have shown a higher photocatalytic activity for the deg-
radation of 4-chlorophenol under visible light than composite samples without this
QD configuration. The activity has been correlated with the enhanced photosen-
sitizing effect of Bi,O3 when present in this form (Zhu et al. 2011). In the same
line, it has been recently proposed that the assembly of a Bi,WO¢ nanostructure
with Bi;WOg QDs dispersed on single crystalline nanosheets has potential in
photocatalysis, and the reported enhanced photocatalytic activity for RhB degra-
dation appears to be justified. In addition, the incorporation of TiO, units into the
Bi,WOg structure leading to a homogeneous heterostructured material has shown
that this new photocatalyst can, in principle, function under sun-like irradiation
conditions (Kubacka et al. 2012).

Here, it is also worth mentioning graphene, which was already referred to in
Chap. 15. Regarding QD composites, graphene has been explored both as host and
as guest material (Kamat 2011). Cubic and hexagonal CdSe nanocrystals, with
average sizes of 2-4 and 5-7 nm, respectively, have been shown to undergo
excited state quenching by reduced graphene oxide. Such excited state interactions
have important implications in energy conversion applications such as photovol-
taic cells, where CdSe QDs, the light-harvesting material, are supported on the
highly conducting flexible graphene electrodes. But also graphene QDs absorb
strongly in the visible region, with absorption maxima at around 600 nm. These
QDs are able to sensitize TiO, films and deliver the photocurrent in a photo-
electrochemical cell.
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Chapter 17
Future Perspectives of Photocatalysis

Juan M. Coronado, Maria D. Hernandez-Alonso, Fernando Fresno
and Raquel Portela

After an already long history, which has experienced remarkable progress in the
last 25 years, photocatalysis still has a brilliant future ahead. Thus, it seems per-
tinent to explore the tendencies of this technology in an attempt to anticipate the
developments to come in the following decades. This is obviously not a trivial task
because of the considerable uncertainties inherent to any projection, but some
trends can be outlined with a reasonable degree of confidence in two main aspects:
new applications and design of novel materials.

The bases for the remarkable interest of photocatalysis have been extensively
discussed in previous chapters, but, ultimately, they are linked to the exceptional
and straightforward connection that this technology establishes between solar
energy and chemistry. This feature is crucial in the production of solar fuels, either
from H,O or from CO,, and it is predictable that this field will increment its
relevance in the next years. In fact, a simple survey of the literature indicates that
this is already happening: in 2011, the publications related to water splitting were
about 21 % of the total, and this represents more than a twofold increase with
respect to 2001. Besides, a certain degree of hybridization between niches
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previously separated is conceivable. An example of this is the photocatalytic
production of hydrogen using pollutants as sacrificial molecules (Kim et al. 2012).
Similarly, the direct combination in a single device of photovoltaic components
with oxidation and reduction catalysts for water splitting has been recently pro-
posed. This innovative system is based on amorphous silicon sandwiched between
hydrogen-evolving catalysts made from a Ni, Mo and Zn alloy and a cobalt/borate
catalyst for oxygen production (Reece et al. 2011). These compact and simple
structures still present a modest efficiency, but open up a new direction for future
research. Furthermore, other possible hyphenation of technologies may arise in the
next few years combining electronic devices such as, for instance, sensors and
photochromic systems. In addition to these tendencies in the development of novel
applications, photocatalysis is attracting the interest of scientists working on
previously unrelated fields such as atmospheric chemistry. In this respect, airborne
TiO, particles present in dust can play a relevant role in the photochemistry of
atmospheric gases, including carbon dioxide, nitrogen oxides, nitric acid, sulphur
dioxide, ozone, hydrogen peroxide and VOCs (Chen et al. 2012). These investi-
gations may also have implications in planetary science, and in fact, naturally
occurring photocatalytic processes have also been proposed to be possible in Mars
soils (Shkrob and Chemerisov 2009). In other way, photocatalysis has been related
to the abiotic synthesis and the origin of life (Emeline et al. 2003), and although
these studies represent an exploration of the frontiers of science, it cannot be
discarded that they may gain further relevance in the future.

Development of alternative photocatalytic materials is a central topic of this
book, and the most relevant advances in this area have been presented in previous
chapters. Future trends are most likely unpredictable, but some firm directions of
innovation can be foreseen. On the one hand, nanotechnology is gaining an
unprecedented control of the architecture of functional materials in a bottom-up
approach. Examples of the use of multicomponent materials assembled in the
nanoscale are becoming common. Figure 17.1 illustrates the degree of control that
can be achieved by combining nanostructured semiconductors, such a CdS and

Fig. 17.1 Scheme showing the different behaviour for water splitting of ZnSe/CdS/Pt
heteronanostructures when the surface is unmodified (right side) or stabilized with electron
donor molecules (left). The inset at the bottom shows the high-resolution image of one of these
nanostructures. Reproduced with permission from Acharya et al. 2011. Copyright American
Chemical Society



17 Future Perspectives of Photocatalysis 347

ZnSe, with Pt nanoparticles (Acharya et al. 2011). In particular, this work also
highlights the relevance of surface composition on the performance of these het-
erostructures, because hydrogen production is only possible in the presence of
adsorbed donor molecules. On the other hand, joining structures in very different
scales to achieve hierarchical materials can also create new opportunities for
improving the efficiency of the photocatalyst. A good example of this approach is
the development of structures with lattice periodicity in the range of the wave-
lengths of light, known as photonic crystals, combined with Au nanoparticles with
plasmonic properties (Lu et al. 2012). The synergy between these components
enhances light harvesting and promotes the visible light activity of these highly
structured photocatalysts.

Finally, it is plausible to think that new photocatalytic materials will be suc-
cessfully used in the future. A good example of the rapid incorporation of new
components is the recent scientific revolution associated with the discovery of the
fascinating electronic properties of graphene. This development has also influ-
enced photocatalysis as it has been mentioned in Chaps. 15 and 16. These carbon-
based materials provide remarkable results in combination with semiconductors
such as TiO,. However, two major hurdles remain in developing large-scale
graphene-supported catalytic systems: obtaining solution-processable graphene
sheets and achieving a good dispersion of the metal co-catalysts (Kamat 2010).
Interestingly, graphene can be hybridized with other carbon-based non-conven-
tional photocatalysts such as graphitic carbon nitride (g-C3N,4) to achieve a very
high efficiency for water splitting under visible light irradiation, using Pt as co-
catalysts (Xiang et al. 2011). This type of materials holds a huge potential of
improvement, although in order to achieve this, further research efforts will be
required.

In summary, it can be concluded that although the particular directions that
photocatalysis will take in the next years are still uncertain, they will surely lead to
bright technological developments.

References

Acharya KP, Khnayzer RS, O’Connor T, Diederich G, Kirsanova M, Klinkova A, Roth D, Kinder
E, Imboden M, Zamkov M (2011) The role of hole localization in sacrificial hydrogen
production by semiconductor—metal heterostructured nanocrystals. Nano Lett
11(7):2919-2926

Chen H, Nanayakkara CE, Grassian VH (2012) Titanium dioxide photocatalysis in atmospheric
chemistry. Chem Rev 112:5919-5948

Emeline AV, Otroshchenko VA, Ryabchukc VK, Serpone N (2003) Abiogenesis and
photostimulated heterogeneous reactions in the interstellar medium and on primitive earth:
relevance to the genesis of life. J Photochem Photobio C 3:203-224

Kamat PV (2010) Graphene-based nanoarchitectures. anchoring semiconductor and metal
nanoparticles on a two-dimensional carbon support. J Phys Chem Lett 1:520-527


http://dx.doi.org/10.1007/978-1-4471-5061-9_15
http://dx.doi.org/10.1007/978-1-4471-5061-9_16

348 J. M. Coronado et al.

Kim J, Monllor-Satoca D, Choi W (2012) Simultaneous production of hydrogen with the
degradation of organic pollutants using TiO 2 photocatalyst modified with dual surface
components. Energy Environ Sci 5(6):7647-7656

Lu Y, Yu H, Chen S, Quan X, Zhao H (2012) Integrating plasmonic nanoparticles with TiO,
photonic crystal for enhancement of visible-light-driven photocatalysis. Environ Sci Technol
46(3):1724-1730

Reece SY, Hamel JA, Sung K, Jarvil TD, Esswein AJ, Pijpers JJH, Nocera DG (2011).Wireless
solar water splitting using silicon-based semiconductors and earth-abundant catalysts. Science
334:645-648

Shkrob IA, Chemerisov SD (2009) Light induced fragmentation of polyfunctional carboxylated
compounds on hydrated metal oxide particles: from simple organic acids to peptides. J Phys
Chem C 113(39):17138-17150

Xiang Q, Yu J, Jaroniec M (2011) Preparation and enhanced visible-light photocatalytic H,-
production activity of graphene/C3;N4 composites. J Phys Chem C 115:7355-7363



	Preface
	Contents
	1 A Historical Introduction to Photocatalysis
	References

	2 Photons, Electrons and Holes: Fundamentals of Photocatalysis with Semiconductors
	2.1…Bonds and Bands: The Electronic Structure of Semiconductors
	2.1.1 Metals, Semiconductors and Insulators
	2.1.2 Some Hints of Quantum Theory of Band Structure
	2.1.3 Classifying Semiconductors

	2.2…The Photoexcitation Process
	2.3…Charge Carrier Dynamics at Interfaces
	2.3.1 Donor and Acceptor Molecules

	2.4…Surface Chemistry and Adsorption
	2.5…Photocatalysis versus Thermal Catalysis
	2.6…Combining Light and Potential: From Photoelectrocatalysis to Dye Cells
	2.7…Measuring Efficiency

	3 Environmental Applications of Photocatalysis
	3.1…Air and Water Treatment
	3.1.1 Water Applications
	3.1.2 Air Applications
	3.1.2.1 Waste Gas Treatment
	3.1.2.2 Outdoor Air Treatment
	3.1.2.3 Indoor Air Treatment


	3.2…Self-Cleaning Materials
	3.3…Disinfection
	3.4…Photocatalysis for Green Chemistry
	3.5…Commercial Developments
	References

	4 Turning Sunlight into Fuels: Photocatalysis for Energy
	4.1…The Sun as Energy Source
	4.1.1 Components of the Solar Radiation
	4.1.2 The Solar Spectrum
	4.1.3 Uses of Solar Energy

	4.2…Water Splitting
	4.2.1 Hydrogen as Energy Vector
	4.2.2 Photocatalytic Production of Hydrogen

	4.3…The Photosynthesis Challenge: Photocatalytic Reduction of CO2
	References

	5 The Keys of Success: TiO2 as a Benchmark Photocatalyst
	5.1…Structural and Surface Properties of TiO2
	5.1.1 Crystalline Structure of TiO2
	5.1.2 Surface Characteristics of TiO2
	5.1.3 Synthesis of TiO2

	5.2…Electronic Structure and Optical Properties of TiO2
	5.3…Availability and Safety of TiO2
	References

	6 Alternative Metal Oxide Photocatalysts
	6.1…ZnO
	6.2…WO3
	6.3…Other Photocatalytically Active Oxides
	References

	7 The New Promising Semiconductors: Metallates and Other Mixed Compounds
	7.1…UV and Visible Light Absorbing Metallates
	7.2…Titanates
	7.3…Layered Niobates
	7.4…Ta2O5 and Tantalates
	7.5…BiVO4 and Other Vanadates
	7.6…d10s2d0 Tungstates and Molybdates
	7.7…Other Mixed Oxides
	7.8…Bismuth Oxyhalides
	References

	8 Chalcogenides and Other Non-oxidic Semiconductors
	8.1…CdS, ZnS and Other Simple Sulphides
	8.2…Complex Sulphides
	8.3…Selenides and Other Non-oxidic Semiconductors

	9 Single-Site Photocatalysts: Photoactive Species Dispersed on Porous Matrixes
	9.1…Metal-Substituted Zeolites
	9.1.1 Characterization Techniques
	9.1.2 Synthesis Methods
	9.1.3 Applications of Single-Site Zeolites

	9.2…Metal-Loaded Mesostructured Silica
	9.2.1 Characterization Techniques
	9.2.2 Synthesis
	9.2.3 Photocatalytic Applications

	9.3…Stability and Other General Aspects of Single-Site Photocatalysts

	10 The Role of Co-catalysts: Interaction and Synergies with Semiconductors
	10.1…Co-catalyst/Semiconductor Interaction
	10.2…Photocatalytic Behaviour
	10.2.1 Noble Metals
	10.2.1.1 Platinum
	10.2.1.2 Palladium
	10.2.1.3 Rhodium
	10.2.1.4 Gold
	10.2.1.5 Silver

	10.2.2 Transition Metals
	10.2.2.1 Copper
	10.2.2.2 Nickel
	10.2.2.3 Oxides of Other Transition Metals

	10.2.3 Bi-metallic Co-catalysts

	References

	11 Shaping Photocatalysts: Morphological Modifications of Semiconductors
	11.1…The Relevance of Size and Shape
	11.2…Synthesis of Nanostructured Photocatalysts
	11.2.1 Sol--Gel Methods
	11.2.2 Hydrothermal and Solvothermal Synthesis
	11.2.3 Reverse Microemulsions
	11.2.4 Aerosol Flame Synthesis
	11.2.5 Other Preparation Methods

	11.3…Low-Dimensional Nanostructures: Tubes, Rods, Fibres or Belts
	11.4…More Complex Morphologies: From Hierarchical Structures and Photonic Crystals to Biomimetic Materials
	References

	12 Immobilised Photocatalysts
	12.1…Deposition Methods
	12.1.1 Dip-Coating
	12.1.2 Vapour Phase Deposition
	12.1.3 Spraying Methods

	12.2…Substrate Materials
	12.2.1 Transparent Substrates
	12.2.2 Opaque Supports

	References

	13 Metal Doping of Semiconductors for Improving Photoactivity
	13.1…Surface Dispersion Versus Lattice Incorporation
	13.2…Transition Metal Doping
	13.3…Incorporation of Rare-Earth Elements
	13.4…Incorporation of Other Elements
	References

	14 Non-metal Doping for Band-Gap Engineering
	14.1…Nitrogen Doping
	14.2…Incorporation of Carbon, Sulfur, and Other Non-metallic Elements
	14.3…Doping with Halogen Elements
	14.4…Codoping
	14.4.1 Non-metal/metal
	14.4.2 Non-metal/non-metal
	14.4.3 Non-metal/metalloid

	14.5…Stoichiometric Nitrides and Oxynitrides
	References

	15 Heterojunctions: Joining Different Semiconductors
	15.1…The Electronic Characteristic of Heterojunctions
	15.2…Coupling of Oxides
	15.2.1 The TiO2(anatase)/TiO2(rutile) System
	15.2.2 TiO2/SnO2 Photocatalysts
	15.2.3 TiO2/WO3 Photocatalysts
	15.2.4 Other Oxide/Oxide Couplings

	15.3…Combining Oxides with Chalcogenide and Other Semiconductors
	15.3.1 CdS/TiO2 Photocatalysts
	15.3.2 Other Sulphide/Oxide Couples
	15.3.3 Selenide/TiO2 Photocatalysts
	15.3.4 Coupling TiO2 with Carbonaceous Materials


	16 Sensitizers: Dyes and Quantum Dots
	16.1…Electron Transference from Sensitizer
	16.2…Organic and Metal--Organic Dyes
	16.3…Quantum Dots
	References

	17 Future Perspectives of Photocatalysis
	References




