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Metal oxide heterostructures for efficient photocatalysts

Abstract

Photocatalytic processes over semiconducting oxide surfaces have attracted worldwide
attention as potentially efficient, environmentally friendly and low cost methods for water/air
purification as well as for renewable hydrogen production. However, some limitations to
achieve high photocatalytic efficiencies have been found due to the fast recombination of the
charge carriers. Development of heterostucture photocatalysts by depositing metals on the
surface of semiconductors or by coupling two semiconductors with suitable band edge
position can reduce recombination phenomena by vectorial transfer of charge carriers. To
draw new prospects in this domain, three different kinds of heterostructures such as n-type/n-
type semiconductor (SnO,/Zn0O), metal/n-type semiconductor (RuO,/TiO, and RuO,/Zn0O)
and p-type/n-type semiconductor (NiO/TiO,) heterojunction nanomaterials were successfully
prepared by solution process. Their composition, texture, structure and morphology were
thoroughly characterized by FTIR, X-ray diffraction (XRD), Raman spectroscopy,
transmission electron microscopy (TEM) and N, sorption measurements. On the other hand, a
suitable combination of UV-visible diffuse reflectance spectroscopy (DRS), X-ray
photoelectron spectroscopy (XPS) and ultraviolet photoemission spectroscopy (UPS) data
provided the energy band diagram for each system. The as-prepared heterojunction
photocatalysts showed higher photocatalytic efficiency than P25 TiO, for the degradation of
organic dyes (i.e. methylene blue and methyl orange) and the production of hydrogen.
Particularly, heterostructure RuO,/Ti0O, and NiO/TiO, nanocomposites with optimum loading
of RuO, (5 wt %) and NiO (1 wt %), respectively, yielded the highest photocatalytic
activities for the production of hydrogen. These enhanced performances were rationalized in
terms of suitable band alignment as evidenced by XPS/UPS measurements along with their
good textural and structural properties. This concept of semiconducting heterojunction
nanocatalysts with high photocatlytic activity should find industrial application in the future

to remove undesirable organics from the environment and to produce renewable hydrogen.
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Metal oxide heterostructures for efficient photocatalysts

Kurzzusammenfassung

Photokatalytische Prozesse an Halbleiteroxid-Grenzflichen sind von weltweitem
Interesse, da sie ein hohes Potential fur effiziente, umweltfreundliche und Okonomisch
giinstige Anwendungen in den Bereichen Wasser- und Luftaufbereitung sowie fiir die
Erzeugung von erneuerbarem Wasserstoff besitzen. Die bisher erreichbaren Wirkungsgrade
werden allerdings durch die Rekombination von Ladungstriagern begrenzt. Die Entwicklung
von Heterostruktur-Photokatalysatoren durch die Abscheidung von Metallen an der
Oberflache von Halbleitern oder durch Kopplung von zwei Halbleitern mit passender
Bandkantenposition kann die Rekombinationsphdnomene durch vektorielle Trennung der
Ladungstriger reduzieren. Um sich neuen Perspektiven in diesem Arbeitsgebiet anzunihern,
wurden drei verschiedene Arten von Heterostrukturen wie n/n-dotierte Halbleiter
(Sn0O2/Zn0), Metall/n-dotierte Halbleiter (RuO2/TiO2 und RuO2/Zn0O) und p/n-dotierte
Halbleiter (NiO/Ti0O2) Nano-Heterostrukturen erfolgreich durch Losungsprozesse pripariert.
Ihre Anordnung, Textur, Struktur und Morphologie wurde sorgfiltig durch FTIR, X-ray
Diffraktion (XRD), Raman Spektroskopie, Transmissionselektronenmikroskopie (TEM) und
N2 Sorptionsmessungen charakterisiert. Dem gegeniiber lieferte eine passende Kombination
von Daten aus UV-VIS diffuser Reflektionsspektroskopie (DRS), X-ray Photoelektronen-
Spektroskopie (XPS) wund ultravioletter Photoemissions-Spektroskopie (UPS) das
Energiebanddiagramm fiir jedes System. Die so préparierten Heteroiibergangs-Katalysatoren
zeigten hohere photokatalytische Effizienz als P25 TiO2 fiir die Zersetzung von organischen
Farbstoffen (d. h. Methylenblau und Methylorange) und die Produktion von Wasserstoff.
Insbesondere erreichten Heterostruktur-RuO2/TiO2 und NiO/TiO2-Nanoverbundstrukturen
mit optimaler Ladung von RuO2 (5 wt %) und NiO (1 wt %) jeweils die hochsten
photokatalytischen Aktivitdten fiir die Produktion von Wasserstoff. Diese verbesserten
Leistungen wurden auf die passende Bandanordnung zuriickgefiihrt, wie durch XPS/UPS
Messungen bewiesen wurde, sowie auf die guten texturellen und strukturellen Eigenschaften.
Dieses Konzept von  Halbleiter-Heteroilibergangs-Nanokatalysatoren  mit  hoher
photokatalytischer Aktivitidt sollte in Zukunft industrielle Anwendung finden, um
unerwiinschte organische Stoffe aus der Umwelt zu entfernen und erneuerbaren Wasserstoff

zu produzieren.
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Chapter I: Introduction

I.1. General introduction

As global population growth and economic development continue to ramp up, clean
and sustainable energy production along with environmental concerns have emerged as the
top issues and challenges for humanity over the past decade. Thus, the exponential growth of
human population and the intensification of agricultural and industrial activities led to a
continuous increase in the demand for earth's limited supply of freshwater. In this context,
protection of natural water resources and development of new technologies for water and
wastewater treatment became key environmental issues of the 21* century. On the other
hand, the increasing awareness of the limited availability of Earth-abundant fossil raw
materials currently stimulates numerous efforts to find benign and sustainable alternatives.
Besides attempts to use more renewable as basic chemical feedstock, the sufficient supply of
the growing energy demand of the world’s population is one of the major challenges for
science and engineering.' Therefore, the development of novel efficient processes to convert
the energy from a renewable source is of utmost importance. Among the various resources
for energy, hydrogen is of particular interest as it permits an efficient conversion of chemical
energy into electrical energy using a fuel cell, while producing water as the only product.”
Thus, a clear advantage of a hydrogen economy is the significant reduction in the emission of

greenhouse gases.

Photocatalysis is a promising technology in the field of green technology.
Photocatalysis is a catalytic process occurring at the surface of semiconductor materials under
the irradiation of photons. It is an important chemical process that underpins the development
of critical renewable energy and environmental technology such as photocatalytic water/air
purification, hydrogen production from water splitting, and high efficiency/low cost solar
cells. Currently the practical applications of this very attractive photocatalytic technique are,
however, greatly restricted due to low separation probability of the photoinduced electron-
hole pairs in the most stable semiconductor photocatalysts. Therefore, the big challenge for
the researchers in the field of photocatalysis is to develop the photocatalysts that enhance the
charge carriers separation providing industrial application for environment remediation and

hydrogen production.

I.2. Water Treatment

Water is one of the most important natural resources on the planet upon which all life

depends. About 75% of the earth’s surface is covered by water. About 97% of the earth’s
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water is salt water in the oceans and 3% is fresh water contained in the poles (in the form of
ice), ground water, lakes and rivers, which supply most of human and animal needs.> Almost
69% from this tiny 3% of the world’s fresh water is locked up in glaciers, icecaps, permanent
snow cover of both poles, mountainous regions and in Greenland. Thirty percent of all fresh
water is underground, most of it in deep, hard-to-reach aquifers. Only 0.25% of the
freshwater on Earth is contained in river systems, lakes and reservoirs, which are the water
we are most familiar with and the most accessible water source to satisfy human needs in our
daily lives.” Therefore, saving water to save the planet and to make the future of mankind
safe constitutes a key issue for modern societies. Due to the rapid development of
industrialization, population growth, society, science, technology our world is reaching to
new high horizons but the cost which we are paying or will pay in near future is surely going
to be too high. Rapid industrial growth and the worldwide population explosion have resulted
in a large escalation of demand for fresh water, both for the household needs and for crops to
produce adequate quantities of food. Besides other needs the demand for water has increased
tremendously with agricultural, industrial and domestic sectors consuming 70%, 22% and 8%
of the available fresh water, respectively and this has resulted in the generation of large
amounts of wastewater containing a number of ‘pollutants.* One of the important classes of
the pollutants is dyes. Millions of various colored chemical substances have been generated
within the last century or so, 10,000 of which are industrially produced.5 On a global scale,
over 0.7 million tons of organic synthetic dyes are manufactured each year mainly for use in
the textile, leather goods, industrial painting, food, plastics, cosmetics, and consumer
electronic sectors.® About 1-20% of the total global production of dyes is lost during the
dyeing process and is released into the environment as textile effluent.”’ The impact of these
dyes on the environment is a major concern because of the potentially carcinogenic properties
of these chemicals. Besides this, weathering of these organic dyes through oxidation,
hydrolysis, anaerobic decoloration or other chemical reactions occurring in the wastewater
phase can produce potential carcinogens which impart adverse effect on animal and human
health.® The wastewater which is colored in the presence of these dyes can block both
sunlight penetration and oxygen dissolution, which are essential for aquatic life. Thus there is
a considerable need to treat efficiently these colored effluents before discharging them to

various water bodies.
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I.2.1. Conventional wastewater treatment technology and their drawbacks

Various approaches on handling and decontamination of effluents have been reported
in the literature.” The conventional method for treating these effluents can be divided into
three categories: biological, chemical and physical. These conventional methods for treatment
of effluents are ineffective because either they fail to achieve complete color removal or
ineffectiveness on pollutants that are not readily adsorbable or volatile. Furthermore, they
have further drawbacks since they simply transfer the pollutants to another phase which again
creates disposal problems. Biological treatment requires large land area and is constrained by
sensitivity toward diurnal variation as well as toxicity of some chemicals, and it shows less
flexibility in design and operation.'’ Although many organic molecules can be degraded by
this way, many others are recalcitrant due to their complex chemical structure and synthetic
organic origin.'' On the other hand chemical methods use huge amount of chemicals and
produce large volume of sludge which itself requires treatment. This method is very
expensive too. Different physical methods such as membrane filtration processes
(nanofiltration, reverse osmosis, electrodialysis, . . .) and adsorption techniques are widely
used. The major disadvantage of the membrane processes is that they have a limited lifetime
before membrane fouling occurs and the cost of periodic replacement must thus be included
in any analysis of their economic viability. Liquid phase adsorption is one of the popular
methods for the removal of pollutants from wastewater. Activated carbon is widely employed
as adsorbent for the treatment of water and wastewater. However, the operating cost of
activated carbon adsorption is high. Problems of regeneration and difficulty in separation

from the wastewater after use are the two major concerns of using this material.

I.2.2. Advanced oxidation processes (AOPs)

It has been frequently observed that pollutants not amenable to biological treatments
may also be characterized by high chemical stability and/or by strong difficulty to be
completely mineralized. In these cases, it is necessary to adopt reactive systems much more
effective than those adopted in conventional purification processes. As a response, the
development of newer eco-friendly methods of destroying these pollutants became an
imperative task. Thus, over the past decade, many research efforts have been devoted around
the world to develop a newer, more powerful, and very promising technique called Advanced
Oxidation Processes (AOPs) to treat the contaminants of drinking water and industrial

effluents. AOPs are defined as “near ambient temperature and pressure water treatment

Thesis 2013 Page 4



Chapter I: Introduction

processes which involve the generation of hydroxyl radicals in sufficient quantity to effect
water purification”.'” Although it is claimed that there are other species involved, the active
species responsible for the destruction of contaminants in most cases seems to be the
hydroxyl radical (OH") which is unstable and quite reactive. Due to the instability of OH’
radical, it must be generated continuously “in situ” through chemical or photochemical

reactions.'?

The hydroxyl radical (OH’) is a powerful, non-selective chemical oxidant, which acts
very rapidly with most organic compounds. After fluorine, the hydroxyl radical is the second
strongest known oxidant (see Table 1) having an oxidation potential of 2.8 V versus NHE
(Normal Hydrogen Electrode).' It is able to oxidize and mineralize almost every organic

molecule, yielding CO, and inorganic ions.

Table I-1. Oxidation potential of some oxidants."*

Species Oxidation potential (V) vs. NHE
Fluorine 3.03
Atomic oxygen 242
Ozone 2.07
Hydrogen peroxide 1.78
Perhydroxyl radical 1.70
Permanganate 1.68
Hypobromous acid 1.59
Chlorine dioxide 1.57
Hypochlorous acid 1.49
Hypoiodous acid 1.45
Chlorine 1.36
Bromine 1.09
lodine 0.54

One of the mechanisms for the oxidation of organic molecules by hydroxyl radical is
the abstraction of hydrogen from organic molecules (Eq. 1)."* This reaction generates organic
radicals which by addition of molecular oxygen yield peroxyl radicals (Eq. 2). These
intermediates initiate thermal (chain) reactions of oxidative degradation, leading finally to
carbon dioxide, water, and inorganic salts. Besides hydrogen abstraction, electron transfer to
hydroxyl radicals (Eq. 3) constitutes another mechanism of oxidative degradation. Reaction

(3) combined with a subsequent proton transfer can hardly be differentiated from Eq. 1.
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HO®*+RH - H,0+R" (D
R*+0, - RO," — Products )
HO®"+ RX —» RX"® — HO" 3)

The reaction scheme demonstrates clearly that rate and efficiency of oxidative degradation
processes, which are primarily based on the production and the reactivity of radical
intermediates, depend on the energy needed in order to homolyze a given chemical bond, and

to a large extent on the concentration of dissolved molecular oxygen.14

AOPs can be classified into two main groups: (1) Non-photochemical AOPs and (2)
Photochemical AOPs. Non-photochemical AOPs include cavitation,15 Fenton'® and Fenton-
like processes,'’ ozonation at high pH,'® ozone/hydrogen peroxide,'® wet air oxidation™ etc.
Photochemical oxidation processes include (i) homogenous processes such as vacuum UV
photolysis,21 UVfH202,22 UV/O3,23 Uuv/ 05/ H202,24 photo—Fenton,25 etc, and heterogeneous

photocatalysis processes.”

1.2.3. Heterogeneous photocatalysis

Among the AOPs, heterogeneous photocatalytic process utilizing the near UV
radiation to photo-excite a semiconductor catalyst in the presence of oxygen has received
considerable attention as a promising method for degrading both aquatic and atmospheric
organic contaminants. This process involves the acceleration of photoreaction in the
presence of semiconductor photocatalysts. The process is heterogeneous because there are
two active phases, solid and liquid. Photocatalysis differs from other AOPs because it
employs low energy UV-A light, and reusable catalysts, and it does not require addition of
any other strong oxidants. This process can also be carried out utilizing the near part of solar
spectrum (wavelength shorter than 380 nm ) what transforms it into a good option to be used
at big scale. One of the major applications of heterogeneous catalysis is photocatalytic
oxidation to achieve partial or total mineralisation of gas phase or liquid phase contaminants
to benign substances. The oxidizing species generated in photocatalytic process are either
bound hydroxyl radicals or free holes. Even though degradation begins with a partial
degradation, the term photocatalytic degradation usually refers to complete photocatalytic
oxidation or photomineralisation, essentially to CO,, H,O, NOs", PO43 " and halide ions.?” The
advantages of heterogeneous photocatalysis process over other conventional methods can be
summarized as follows: (i) the processes can be carried out under ambient condition

(temperature and pressure); (ii) the process uses atmospheric oxygen as oxidant and no other
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expensive oxidizing chemical is required; (iii) the oxidant is strong and less selective which
leads to complete mineralization of almost all organic pollutants in wastewater; (iv) this
process is known as green technology because degradation products (carbon dioxide, water
and mineral acids) show moderate toxicity; (v) no residue of the original material remains
and therefore no sludge requiring disposal to landfill is produced in this process; (vi) in
addition, this process can be carried out at extremely low concentrations because the
pollutants is strongly adsorbed on the surface of the catalyst, allowing sub part-per-million
condition; (vii) the photocatalysts are cheap, non-hazardous, stable, biologically and

chemically inert, insoluble under most conditions and reusable.

Summing up all these benefits and advantages, heterogeneous photocatalysis provides

a cheap and effective alternative to clean water production and environmental remediation.

1.2.3.1. Electronic structure of semiconductor photocatalysts

For a better understanding of the subsequent discussions, it will be crucial to clarify a
few fundamental definitions that are the most relevant to this context. An isolated atom
exhibits discrete electronic energy states characterized by the quantum numbers n (shells), /
(subshells), m; (number of states in each subshell) and mg (spin moment, +1/2 and —1/2). If
two atoms are in close proximity, the electrons surrounding each atom start to interfere with
each other, starting with the electrons of the outer shell. Each energy level will split into two
due to the Pauli Exclusion Principle that states that each quantum state can be occupied by no
more than one electron in an electron system such as an atom, molecule, or crystal. A solid is
an assembly of a huge number N of atoms instead of the two atoms. As a consequence, when
N atoms are brought close together, the energy levels that were identical in isolation split into
N closely spaced but distinct energy levels.”® Since the maximum and minimum energy
allowed for each orbital is not dependent on the number of atoms but on nearest-neighbor
interactions, the energy “width” over which these levels can split is limited. When N becomes
large, the levels are so closely spaced that it is possible to consider them as a continuum of
energetic states forming an “electronic energy band”. Figure I-1 shows the change of the
electronic structure of a semiconductor compound as the number N of monomeric units
present increases from unity to clusters of more than 2000 units.” Thus, the electronic energy
structure within a semiconductor consists of three distinguished regimes, i.e., the conduction
band (CB), the valence band (VB) and the forbidden band. The forbidden band represents a

region in which, for an ideal, undoped semiconductor, energy states do not exist. Energy
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states only exist above and below this region. Taking the energy level of the electron in the
vacuum as reference and as the uppermost level, the upper band is called the conduction
band, and the lower one the valence band. In terms of energy, the difference between the
upper edge of the valence band and the lower edge of the conduction band is called the band
gap (Eg) of the semiconductor. The valence band is completely filled and the electrons
cannot move along this band. On the other hand, conduction band is completely empty and
has no electron to move. It requires applied energy to promote electron from valence band to
conduction band, and since the band gap energy is different for different semiconductors, the

required energy is also different for different semiconductors.

Energy
A Atomic  Molecule  Cluster Q-Size  Semiconductor
Orbital Particle
N=1 N=2 N=10 N=2000 N>>2000
Vacuum .........................................................................

Conduction

Valence
band

Figure I-1: Change of the electronic structure of a semiconductor compound as the number N of
monomeric units present increases from unity to clusters of more than 2000 units.”

The electron in the valence band can be excited thermally or optically. Under thermal
excitation electrons are promoted from the valence band to the conduction band, with the
concomitant formation of an equal number of holes in the valence band. In addition, light
absorption by semiconducting materials lead to the generation of electron-hole pairs. The
magnitude and the energy of the absorption process depend on the band structure of the

semiconductor.

1.2.3.2. Basic principle of photocatalysis

In the photocatalytic oxidation process, organic pollutants are destroyed in the

presence of semiconductor photocatalysts (e.g.,TiO,, ZnO), an energetic light source, and an
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oxidizing agent such as oxygen or air. The first step in the heterogeneous photocatalysis of
organic and inorganic compounds is the interaction of semiconductor with light which results
in the generation of electron-hole pairs in the semiconductor particles. When a
semiconducting photocatalyst is illuminated with light the energy of which is equal to or
greater than the band-gap energy, light is absorbed by the semiconductor and the valence
band electrons are excited to the conduction band, leaving a positive hole in the valence

band(Figure I-2).*

Surface
Recombination

Volume
Recombination

+®

Figure I-2: Schematic photoexcitation in a semiconductor photocatalyst followed by deexcitation
29, 31
pathways.”

The excited state conduction-band electrons and valence-band holes can then follow several
pathways. The photoinduced electrons transfer to adsorbed organic or inorganic species or to
the solvent results from migration of electrons and holes to the semiconductor surface. The
electron transfer process is more efficient if the species are pre-adsorbed on the surface.”
While at the surface the semiconductor can donate electrons to reduce an electron acceptor
(usually oxygen in an aerated solution) (pathway C), a hole can migrate to the surface where
an electron from a donor species can combine with the surface hole oxidizing the donor
species (pathway D). The probability and rate of the charge transfer processes for electrons
and holes depends on the respective positions of the band edges for the conduction and

valence bands and the redox potential levels of the adsorbed species.

In competition with charge transfer to adsorbed species is electron and hole

recombination. Recombination of the separated electron and hole can occur in the volume of
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the semiconductor particle (pathway B) or at the surface (pathway A) with the simultaneous

release of heat.

Oxygen is the usual electron acceptor employed in studies aimed at using of
semiconductor photocatalysis for environmental cleaning; its role in these reactions has been
the focus of attention of several theoretical and experimental studies.™ It is generally admited

* which can be

that photogenerated electrons can reduce molecular oxygen to O,
subsequently transformed into other chemical species, such as HO," HO,”, H,0,, and
possibly HO radicals.’'”* These activated oxygen species may take part in the oxidation of
the organic electron donor.”> *® On the other hand, photogenerated holes can oxidize the
electron donor (also referred to as the “hole scavenger”), either via the formation of reactive
species such as surface-bound HO' radicals or through direct reaction with adsorbed organic
molecules.”’ Together, these reactions can ultimately result in the complete

photomineralization of the organic compounds to carbon dioxide, water, and mineral acids.

1.2.3.3. Mechanism of generating oxidizing species

The heterogeneous photocatalysis is a complex sequence of reactions. The oxidizing
pathway is not yet fully understood. In classical heterogeneous photocatalytic process, the
reaction itself occurs in the adsorbed phase and the overall process can be decomposed into
five independent steps:> (i) mass transfer of the reactants in the liquid phase to the surface of
catalyst; (ii) adsorption of the reactants onto the photon activated catalyst surface (i.e. surface
activation by photon energy occurs simultaneously in this step); (iii) photocatalysis reaction
for the adsorbed phase on the catalyst surface; (iv) desorption of the products from the

catalyst surface; (v) desorption of the products from the surface of the catalysts.
There are two pathways through which OH radical can be formed. The valence band
hole (hy;) can either react with the adsorbed water or the adsorbed hydroxyl groups (OH")

on the semiconductor photocatalysts (SC) as shown by Eq. (5) and Eq. (6), respectively.3 8

SC+hv — SC(eg, +hiy) 4)
SC(hi,)+H,0,, —SC+HO', +H* (5)
SC(h%,)+HO,, —SC+HO’, (6)
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To oxidize hydroxide ions or water, the oxidation potential for reaction (5) and (6)
must lie above (i.e., be more negative than) the upper energy level position of the

semiconductor valence band.

It is generally accepted that oxygen plays an important role in photocatalysis. Oxygen
can trap conduction band electrons to form superoxide ion O," ~ as shown in Eq. (7). These

superoxide ions can react with hydrogen ions (formed by water splitting), forming HO,'.
SC(eqs) +0,,,, > SC+0O5 (7)
O, +H" — HO; (8)

H,0, could also be formed from HO," species according to the following reaction
SC(eqz)+0O; +H" - H,0,+ SC 9)

The photogenerated hydrogen peroxide undergoes further decomposition to yield hydroxyl

radicals.
H,0, + hv — 2HO® (10)
H,0,+0; - HO"+0, +HO"™ 11
H,0, +SC(e;) = HO® +HO™ +SC (12)

It should be mentioned that it takes three electrons to produce one hydroxyl radical
through the above pathway, but it takes only one hole to produce a hydroxyl radical from
adsorbed water or hydroxyl group. Therefore, most of the hydroxyl radicals are generated
through hole reactions. Nonetheless, the presence of electron scavengers (adsorbed oxygen)
is vital for prolonging the recombination and successful functioning of the photocatalysis
process. Eq. (7) depicts how the presence of oxygen prevents the recombination of electron-
hole pairs, while allowing the formation of superoxide radicals. On the other hand, without
the presence of water molecules, the highly reactive hydroxyl radicals could not be formed
and impede the photodegradation of liquid phase organics. This was evidenced from a few

reports that the photocatalytic reaction cannot proceed in the absence of water molecules.”

The hydroxyl radical generated from the oxidation of adsorbed water where it is
adsorbed as OH™ is the primary oxidant for the degradation of organic pollutants. Oxidation
of organic compounds proceeds through a number of free radical reactions, producing a large

number of intermediates, which in turn, undergo oxidative cleavage, ultimately resulting in
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the formation of carbon dioxide, water and inorganic ions. In the photocatalytic degradation
of pollutants, when the reduction process of oxygen and the oxidation of pollutants do not

advance simultaneously, there is an electron accumulation in the CB, thereby causing an

increase in the rate of recombination of e, andhy, 2930

1.2.3.4. Photocalysts and its requirement for photocatalysis

The band edge position of the semiconductor is one of the most important and useful
parameters that must be considered for using as photocatalyst. Knowledge of the band
positions or flat band potentials is useful in as much as they indicate the thermodynamic
limitations for the photoreactions that can be carried out with the charge carriers. The ability
of a semiconductor to undergo photoinduced charge carrier transfer to adsorbed species on its
surface is governed by the band energy positions of the semiconductor and the redox
potentials of the adsorbed species. The energy level at the bottom of the conduction band is
actually the reduction potential of photoelectrons and the energy level at the top of the
valence band determines the oxidizing ability of photoholes, each value reflecting the ability
of the system to promote reductions and oxidations, respectively.”’ The flatband potential
which is fixed by the nature of the material and the proton exchange equilibria, determines
the energy of the two charge carriers at the interface. From a thermodynamic point of view,
adsorbed couples can be reduced photocatalytically by conduction band electrons if they have
redox potentials more positive than the flat band potential of the conduction band and can be
oxidized by valence band holes if they have redox potentials more negative than the flatband

potential of the valence band.*"*!

However, the primary criteria to get a good semiconductor
photocatalysts for organic compound degradation are that the redox potential of the H,O/ OH’
(HO” = OH" + ¢, E° = -2.8 V) couple lies within the band gap domain of the material and
that they are stable over prolonged periods of time.”” An ideal photocatalyst should possess
the following characteristics: (i) photoactive; (ii) have the ability to utilize visible and/or
near-UV light; (iii) biologically and chemically inert; (iv) photostable (not prone to
photoanodic corrosion); (v) inexpensive and (vi) non-toxic.** The band edge positions of
several commonly used semiconductors are presented in Figure I-3. It should be noted here
that although bulk electronic structure of the semiconductors changes faintly with the
pressure and temperature, the pH of the electrolyte used during the study influences the band

edge position of the various semiconductors compared to the redox potentials for the

adsorbate.
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Figure I-3: Band position of commonly used semiconductors in aqueous electrolyte at pH 1.*

In view of the utilization of energy (solar or UV light), semiconductors with lower
band gap energy are more desired; however, the low band gap semiconductors usually suffer
from serious stability problems. Such semiconductors show a tendency towards photoanodic
corrosion. In the case of p-type semiconductor, the band gaps are too small and most suffer
from seriously stability problems. As a result, p-type semiconductors are rarely used in
semiconductor photocatalysis. It is generally found that only n-type semiconducting oxides
are stable towards photoanodic corrosion, although such semiconductors usually have so

large bandgaps that they can only absorb UV light.

Among the semiconductors shown in Figure I-3, some oxide and chalcogenides have
enough band gap energies to be excited by UV or visible light, and the redox potentials of the
edges of the valence band and conduction band can promote a series of oxidative and
reductive reaction. Nonetheless, some of the candidates do not have long term stability in
aqueous media. For example, the metal sulphide semiconductors, especially cadmium
sulphide (CdS) and zinc sulphide (ZnS), are unstable since they undergo photoanodic
corrosion, while hematite (a-Fe,Os), although absorptive in the visible region, is not a
suitable semiconductor because of photocathodic corrosion.** Tungsten oxide (WO3) can also
be activated in the visible region but it is generally less photocatalytically active than titanium

dioxide (TiO;). However, TiO, is so far the most useful photocatalyst for widespread
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environmental application, owing to its outstanding optical and electronic properties,

chemical stability, non-toxicity and low cost.

TiO, exists mainly in three different crystalline forms: rutile (tetragonal), anatase
(tetragonal) and brookite (orthorombic).45 Rutile is the thermodynamically stable form,
whereas anatase and brookite are metastable and are readily transformed to  the

thermodynamically stable rutile upon calcination at temperatures exceeding ~ 600 °C.*

1.3. Hydrogen production

Energy production and environmental challenges are paramount issues in the 21*
century. If the current birth rates remain at their current levels, the global population is
predicted to reach 10 billion people by 2100, and primary energy consumption is projected to
increase exponentiallly.47 Total worldwide annual primary energy consumption was 532.8
exajoules (532.8 x 10'8 joule) in 2008. It is expected to approach 770 exajoules by the year
2035 due to global production and population.*® Fossil fuels such as oil, coal and natural gas
play an important role to meet this huge demand in the development of global economy,
providing all the energy for industry, agriculture, transportation and daily life. About 80
percent of the world total primary energy supply derived from the combustion of the fossil
fuels. Thus, it is foreseeable that excessive exploration and over consumption of fossil fuels
resulting from the rapid growth of world economy and the on-going increase of the world
population will cause a depletion of limited fossil energy resources in near future. On the
other hand, emission of pollutants, such as COy, NOy, SOy soot, ash, droplets of tars, and
other organic compounds resulting from the combustion of fossil fuels has caused enormous
global climate problems, including the greenhouse effect, acid rain and other air pollution
problems. To effectively address the depletion of fossil fuels and the serious environmental
problem accompanying their combustion, modern society has been searching for a new form
of energy that should, in principle, be a clean, renewable, cheap, safe, and viable alternative
to fossil fuels and nuclear energy. So far, many forms of sustainable energy such as wind,
geothermal, hydroenergy, and solar energy have been used. In particular, solar energy is one
of the best sources of renewable energy as the energy from solar radiation accounts for a total

of 5.457 x 10"® MJ annually.*

One important clean fuel that has received a great deal of attention over the past few
decades is hydrogen. Hydrogen is the simplest element and the most abundant gas in the

universe. Hydrogen can be easily used in fuel cells for the generation of electricity without
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emission of CO, emission. Moreover, H, molecules have higher energy content per weight
than coal and gasoline.”® The energy yield of hydrogen gas is as high as 122 kJg™', which is
2.75 times higher than that of hydrocarbon fuels, and 5 times higher than that of methanol
and ethanol.” Thus, hydrogen is considered as a viable alternative fuel and energy carrier for

the future.

At present, about 95% of hydrogen consumed in the world is mainly produced from
fossil fuels by stream reforming and thermal cracking of natural gas, coal gasification and
electrolysis. The fossil resources are not feasible hydrogen resources since they cannot be
replenished with the time scale of our lifetime and the additional emission of carbon dioxide
from them will exceed the natural capacity and contribute to the global warming. Thus, the
hydrogen produced in such ways cannot be regarded as a really environmentally benign fuel.
Therefore, the best way of producing hydrogen is to utilize an alternative energy, such as
hydropower, wind energy, and solar energy, to carry out the water-splitting reaction. Among
these alternative energies, solar energy is the most promising approach since region-related
limitations are less rigorous as compared to wind energy and hydropower. Hydrogen
production via solar water splitting generally can be categorized into 3 types: (1)
thermochemical water splitting; (2) photobiological water splitting, and (3) photocatalytic
water splitting.”> Among these, photocatalytic water splitting is the most promising
technology to produce “clean” hydrogen. In comparison with thermochemical and
photobiological water-splitting techniques, it shows the following advantages: (1) reasonable
solar-to-hydrogen efficiency; (2) low process cost; (3) the ability to achieve separate
hydrogen and oxygen evolution during reaction; and (4) small reactor systems suitable for

household applications, thus providing for a huge market potentiall.52

Using a powdered photocatalyst for water splitting is the simplest method, as shown
in Figure I-4. In a process that mimics photosynthesis, photocatalyst powders dispersed in
water absorb solar energy and convert water into H, and O,. Even though the separation of H,
and O, evolved from the water splitting reaction is a disadvantage, the problem can be solved
by using a Z-scheme photocatalyst system. Furthermore, powdered photocatalysts have an
advantage for large-scale application of water splitting because of its simplicity. Therefore,
H, from photocatalytic water splitting is a green and sustainable chemistry which can

overcome energy and environmental issues resulting in an energy revolution.
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Photocatalyst

Figure I-4: Photocatalytic hydrogen production from water using a powder photocatalyst.

1.3.1.1. Photocatalytic water splitting

Catalytic splitting of pure water into H, and O, is a typical uphill reaction involving a

large positive change in the Gibbs free energy (AG® = +237 kJ mol™).
2H,0 — 2H, + O, (13)
The half-reactions are described as follows
2H,0 + 4h* — O, + 4H" (14)
2H" +2¢ — H, (15)

The water-splitting reaction is the conversion of photon energy into chemical energy
accompanied with a largely positive change in the Gibbs free energy (Eq. 13). It mimics the
photosynthesis of green plants. Therefore, photocatalytic water splitting has the perspective
of an artificial photosynthesis in chemistry. Based on the Gibbs free energy change of uphill
reactions, photocatalytic water splitting is distinguished from photocatalytic degradation
reactions such as photo-oxidation of organic compounds using oxygen molecules that are

generally downhill reactions.”

1.3.1.2. Basic principle of photocatalytic hydrogen generation

The Honda—Fujishima effect of water splitting using a TiO, electrode was reported in
the early 1970s, where TiO, electrode irradiated with UV light generated electrons and
holes.”* The photogenerated electrons reduced water to form H, on a platinum (Pt) counter

electrode while holes oxidized water to form O, on the TiO, electrode with some external
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bias by a power supply or pH difference between a catholyte and an anolyte. This concept,
which emerged from the use of photoelectrochemical cells with semiconductor electrodes,
was later applied by Bard to the design of a photocalytic system using semiconductor

particles or powders as photocatalysts.”

(a) V(vs.NHE) (Step (3)
(PHO) | Conduction band (C.B.) (b) M H, ‘.
e \)[ H* H*'\—)_ | Step (3)
0 i — T --------------- N H, Cocatalyst ’ % COZ
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+1.0F Band gap «W\/ hv | Step (1) ) | P (2) J“\r H,O
T B | e I
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=T b H,0 hv>E, Particulate
Valence band (V.B.) photocatalyst

Figure I-5: (a) Basic principle of overall water splitting on a semiconductor particle® (b) Processes
involved in photocatalytic water splitting on a semiconductor particle.”®

Figure I-5a shows a schematic illustration of the basic principles of overall water
splitting on a semiconductor particle, which is essentially identical to a water-splitting PEC
cell. Under irradiation with an energy equivalent to or greater than the band gap of the
semiconductor photocatalyst, electrons in the valence band are excited into the conduction
band, leaving holes in the valence band. The photogenerated electrons and holes cause redox
reactions similarly to electrolysis. Water molecules are reduced by the electrons to form H;
and are oxidized by the holes to form O, for overall water splitting. Important points in the
semiconductor photocatalyst materials are the width of the band gap and levels of the
conduction and valence bands. For H, evolution to happen, the conduction band potential of
the semiconductor must be more negative than proton reduction potential of 0.0 V vs NHE at
pH =0 (-0.41 V at pH = 7). The potential of the valence band edge must be more positive
than the oxidation potential of water of +1.23 V vs NHE at pH = 0 (+0.82 V at pH = 7.7
Therefore, the minimum photon energy thermodynamically required to drive the reaction is
1.23 eV, which corresponds to a wavelength of ca. 1000 nm. However, there is an activation
barrier in the charge transfer process between the photocatalyst and water molecules
requiring photon energy greater than the band gap of the photocatalyst to drive the overall
water-splitting reaction at a reasonable rate. In addition, the backward reaction, i.e., water

formation from H; and O,, must be strictly inhibited, and the photocatalysts themselves must
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be stable in the reaction. Figure I-5b shows the three processes involved in photocatalytic
water splitting: (i) the electron/hole pairs are formed by excitation of the incident photon; (ii)
the photogenerated charge carriers are separated and migrate to the surface of the
photocatalysts; (iii) overall water splitting is achieved through the reduction of H ions to H,
by photogenerated electrons and the oxidation of H,O to O, by holes, respectively. In this
step, the surface sites and the state of the photocatalyst play key roles in achieving overall
water splitting. Even when the potentials of the photogenerated electrons and holes are
thermodynamically sufficient for water splitting, they may not be able to split water into H,
and O; if the photocatalyst surface lacks active sites. Meanwhile, the reverse reaction to form
water from the reaction between evolved H, and O, proceeds readily because of being
downhill reaction. Therefore, some co-catalysts, such as platinum (Pt), palladium (Pd),
ruthenium oxide (RuO;) and nickel oxide (NiOy), are usually loaded onto the photocatalyst

suface as a dispersion of nanoparticles to introduce active sites for H, evolution.

The reaction of photogenerated H, and O, to form H,O on the photocatalyst surface is
normally called “surface back reaction”. It will inevitably have a negative effect on any
enhancement of the photocatalytic activity, because it reduces the amount of H, emitted from
the photocatalyst. Surface back reaction can be suppressed by adding sacrificial reagents or
electron donor into the photocatalytic reaction environment. When the photocatalytic reaction
is carried out in an aqueous solution including a reducing reagent, in other words, electron
donors or hole scavengers, photogenerated holes irreversibly oxidize the reducing reagent
instead of water. It enriches electrons in a photocatalyst and an H, evolution reaction is
enhanced. Organic compounds (hydrocarbons) are widely used as electron donors for
photocatalytic hydrogen production as they can be oxidized by valence band holes. The
remaining strong reducing conduction band electrons can reduce protons to hydrogen
molecules. Ethylenediaminetetraacetic acid (EDTA), methanol, ethanol, lactic acid and

formaldehyde have been tested and proved to be effective to enhance hydrogen production.”

I.4. Research objectives

Hydrogen produced from a renewable energy source such as water represents a green
energy alternative capable of powering everything from laptops to submarines. On the other
hand, the development of newer eco-friendly methods of destroying organic pollutants from
air and wastewater streams became another imperative task. The technology of

semiconductor-based photocatalytic water splitting to produce hydrogen and photocatalytic
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degradation of organic pollutants can be considered as one of the most important approaches

to solve both the world energy crisis and environment pollution. However, the main problem

faced to industrialize this process is the recombination of photogenerated electron-hole pairs

that result in low photocatalytic efficiency. The aim of the present work is to find a way of

reducing the recombination of photogenerated charge carriers and its main objectives are:

1.

To develop heterojunction photocatalyst by combining two different
semiconducting metal oxides with suitable band edge position or by the
combination of an oxide materials and a metal to define a vectorial charge
separation.

To prepare heterostructure photocatalysts such as ZnO/SnO,, RuO,/TiO,,
RuO,/Zn0O and NiO/TiO; by different methods. The preparation routes used in the

present study include sol-gel, precipitation and impregnation methods.

. To perform physico-chemical characterizations of the obtained photocatalysts by

FTIR, Raman spectroscopy, X-ray diffraction (XRD), nitrogen (N,) sorption
analysis, transmission electron microscopy (TEM), UV-Vis diffuse reflectance
spectroscopy (DRS), X-ray photoelectron spectroscopy (XPS) and ultraviolet
photoelectron spectroscopy (UPS) techniques.

To investigate the band energy alignment (valence band offset, conduction band
offset and band bending) of the prepared heterostructures by photoemission
spectroscopies (XPS, UPS) in order to prove the concepts of the approach
proposed and to explain the charge transfer phenomena occurring at the interfaces
in the different systems studied.

To investigate the photocatalytic activity of the prepared photocatalysts for the
degradation of organic dyes (methylene blue and methyl orange) under UV light
by varying different parameters including composition of the photocatalysts and
pH. The stability and the recyclability of the prepared catalysts will also be
investigated by cycling use.

To study the photocatalytic activity for hydrogen generation under UV light using

methanol as sacrificial reagent.
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I1.1. Introduction

Semiconductor particles when subjected to the bandgap excitation behave as short-
circuited electrodes, with both oxidation and reduction processes occurring on their surfaces.'
Thus two critical processes determine the overall quantum efficiency for interfacial charge
transfer. These are the competition between the recombination and the trapping of the charge
carriers, followed by the competition between the recombination of the trapped charge
carriers and the interfacial charge transfer. It is known that the charge separation/migration
and recombination are two competitive processes, and the recombination of photogenerated
electrons and holes is the major limitation in semiconductor photocatalysis as it reduces the
overall quantum efficiency and hinders potential industrial applications.”> When
recombination occurs, the excited electron reverts to the valence band without reacting with

adsorbed species non-radiatively or radiatively, dissipating the energy as light or heat.’

Recombination may occur either on the surface or in the bulk and is in general
facilitated by impurities, defects or all factors which introduce bulk or surface imperfections
into the crystal. Serpone ez al.* found that localization (trapping) of the electron as a Ti**
species occurred with a time scale of about 30 ps and about 90% or more of the
photogenerated electron/hole pairs recombined within 10 ns. The reduction of the
recombination of photogenerated electrons and holes by accelerating their separation as well
as the rapid charge transportation to their proper active sites for the redox reactions is

essential for the achievement of high photocatalytic activity.

I1.2. Approaches for efficient charge separation

A variety of approaches has been proposed to promote the charge separation and
migration, thus resulting in reduced recombination and hence improved photocatalytic
activity. The mostly used strategies are: (i) coupling of two semiconductors with different
band gap energies making semiconductor/semiconductor heterostructure; (ii) surface
modification by depositing redox couple or noble metal giving metal/semiconductor
heterostructure; (iii) simultaneous scavenging of holes and electrons by surface adsorbed

redox species; (iv) charge carrier trapping.

I1.2.1. Coupled semiconductors

Coupling of two semiconductors with different band gap energies making a

heterostructure semiconductor is an effective approach to promote charge separation and
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minimize or inhibit charge-carrier recombination for improved photocatalytic activity. Many
efforts have been made in the synthesis of different coupled semiconductors such as SnO,-
/TiOz,5 ZnO/TiO,® or CdS/TiO,’ The synthesized coupled semiconductors significantly
enhance the photocatalytic efficiency by decreasing the recombination rate of the
photogenerated electron-hole pairs and present potential application in water splitting,
organic decomposition, and photovoltaic device.® These composites were also considered as
promising materials to develop a high efficiency photocatalyst activated with visible light.
They can also compensate the disadvantages of the individual components and induce a

synergistic effect such as an efficient charge separation and improvement of photostability.’

Ecg

Eyp
Straddling gap Staggered gap Broken gap
(Type-I) (Type-1I) (Type-11I)

Figure II-1: Schematic energy band diagram of semiconductor heterojunctions.

According to the band alignment of the two semiconductors, the semiconductor
heterostructure can be classified into three different types: straddling gap (type-I), staggered
gap (type-II) and broken gap (type-IIl), as shown in Figure II-1. Considering a type-II band
alignment, the energy gradient existing at the interface tends to spatially separate electrons
and holes on the different sides of the heterojunctions, where electrons may be confined to
one side and holes to the other side. The mechanism of the charge separation of the
heterostructure photocatalysts are schematically described in Figure II-2. When a
heterostructure photocatalyst is irradiated with UV light, electrons in the valence band (VB)
are excited to the conduction band (CB) with the concomitant simultaneous generation of the
same amount of holes in the valence band. Photogenerated electrons are then injected from
the CB of the semiconductor with higher conduction band edge to the CB of the
semiconductor with lower conduction band edge. In turn, the holes are injected in opposite
direction, that increases the rate of charge separation and reduces the electron-hole pairs
recombination. Depending upon the morphology, the heterostructure photocatalysts can be
contact type or core/shell type. Although the charge separation mechanism in both contact

type and core/shell type semiconductors is the same, the interfacial charge transfer is
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significantly different.'” The charge transfer processes involved in contact type and core/shell
type semiconductor systems are shown in Figure II-2. In contact type semiconductor system
the two particles are in contact with each other and both holes and electrons are accessible for
selective oxidation and reduction process on different particle surfaces. On the other hand, in
core/shell type heterostructures the electrons get injected into the energy levels of the core
semiconductor (if it has a conduction band potential which is lower than that of the shell).
Therefore, only one charge carrier is accessible at the surface in a core/shell type
semiconductor system, thus making selective charge transfer possible at the semiconductor
electrolyte interface. The other charge carrier (here electron) gets trapped within the inner
semiconductor particle and is not readily accessible for the reduction reaction. However, in
the coupled heterostructure composite nanoparticles, no electric field is necessary, as the
charge separation is achieved by the tunnelling of electrons.'' Tt has been established that the

interparticle electron transfer occurred within 500 fs-2 ps.'?

A
A CB CB
VB VB
Eyp o D+
D D

SnO, TiO,
Non-core/shell structure Core/shell structure

Figure I1-2: Schematic illustration of charge transfer process in coupled heterostructure composites.

I1.2.2. Metal/semiconductor heterostructure nanocomposites

Another effective method for increasing the life time of the photogenerated electron-
hole pair and hence reducing their recombination is to deposit noble metals on the surface of
semiconductors. Earlier investigation revealed that metal/semiconductor composites enhance
the efficiency of the photocatalytic process, wherein metal deposits depending upon the work
function serve as passive sink for electrons or holes, hindering the recombination. Due to
different work function of the metal and semiconductor, a space charge region is created
upon their contact and a built-in potential facilitate to drive the separation and transportation
of photogenerated electron-hole pairs similar to that in the coupled semiconductors. The
details mechanism of forming space charge region at metal/semiconductor interface will be

discussed in the next section.

Thesis 2013 Page 28



Chapter II: Literature review

I1.2.3. Scavenging of electrons and holes

Scavenging of photogenerated electrons or holes is another strategy to reduce the
recombination and increase the photocatalytic efficiency. In the absence of suitable electron
acceptor or donor, the recombination step is predominant and thus it limits the quantum yield.
First of all, it is crucial to prevent the electron-hole recombination to ensure efficient
photocatalysis. Dissolved molecular oxygen is generally used as an electron acceptor in
heterogenous photocatalytic reactions. Addition of external oxidant/electron acceptors into a
semiconductor suspension has been shown to improve the photocatalytic degradation of
organic contaminants (i) by reducing the electron-hole pairs recombination by accepting the
conduction band electron; (ii) increasing the hydroxyl radical concentration and oxidation
rate of intermediate compound; and (iii) generating more radicals and other oxidizing species
to accelerate the degradation efficiency of intermediate compounds. Since hydroxyl radicals
appear to play an important role in the photocatalytic degradation, several researchers have
investigated the effect of addition of electron acceptors such as H,0O,, potassium bromate
(KBr0Os), and potassium persulfate (K,S,Og) on the photocatalytic degradation of various
pesticides and herbicides to enhance the formation of hydroxyl radicals as well as to inhibit
the electron/hole pair recombination.'>'* In all cases the addition of oxidants has resulted in
higher pollutant degradation rate compared to the molecular oxygen. For example, H,O, can

trap the photogenerated electron to stabilize the electron-hole pairs (reaction scheme 1).

Reaction scheme 1

H,0, + ¢ — ‘OH + OH~ (1)
H,0, +O,'— ‘OH + OH™ +0; )
H,0, +'OH — H,0+0H," 3)
OH,’ + "OH — H,0+0; 4)

Additional "OH radicals yielded via the reaction between H,O, and €™ or O," ( Eq. (1) and Eq.
(2)) is expected to promote the degradation of pollutants. However, the excess H,O, would

trap the "OH radicals through Eq. (3) and Eq. (4).

On the other hand, adding electron donors (sacrificial reagents or hole scavengers) to
react irreversibly with the photo-generated valence band holes can enhance the photocatalytic
electron/hole separation resulting in higher quantum efficiency. By choosing a suitable hole

scavenger the photogenerated electron can be selectively trapped in the surface states of the
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semiconductor particles from which they undergo a photocatalytic reduction reaction with a
dissolved reactant. Thus, in water-splitting reaction, oxygen is normally not desired in the
photoreduction process as it competes with the substrate for the photogenerated electrons.
Organic compounds (hydrocarbons) are widely used as electron donors for photocatalytic
hydrogen production as they can be oxidized by valence band holes. The remaining strong
reducing conduction band electrons can reduce protons to hydrogen molecules. EDTA,
methanol, ethanol, cyanide ions (CN"), lactic acid and formaldehyde have been tested as hole
scavengers and proved to be effective to enhance hydrogen production.15 Photocatalytic
decomposition of pollutants and photocatalytic production of clean hydrogen fuel can take

place simultaneously when the pollutants are acted as electron donors.

I1.2.4. Charge carrier trapping

Charge carrier trapping is associated with trapping the photogenerated electron, hole
or both. Charge carrier trapping is an alternative technique to suppress recombination and
increase the life time of electrons and holes to above a fraction of a nanosecond for efficient
photocatalytic activity in a semiconductor.” During the preparation of colloidal and
polycrystalline photocatalysts, surface and bulk irregularities naturally occur. The
irregularities are associated with surface electron states which differ in their energy from the
bands present in the bulk semiconductor. These electron states serve as charge carrier traps
and may help to suppress the recombination of electrons and holes.” On the other hand, these

defects may also be involved in the enhancement of recombination.

I1.3. Band bending

When a semiconductor comes into contact with another phase (i.e. liquid, gas, or
metal) exhibiting a different Fermi level or redox potential, electric charges at the interface
are redistributed in order to equalize the chemical potential between the semiconductor and
the second phase inducing the formation of a double layer.” The transfer of mobile charge
carriers between the semiconductors and the contact phases or the trapping of charge carriers
at surface states at the interface, produces a space charge layer which results in band bending
of the semiconductor. The band bending effect influences the rate of photoinduced charge
carrier separation and recombination and thus affects the photocatalytic efficiency. The
electric field in the space charge region facilitates the special separation of photogenerated
electron-hole pairs and depresses the recombination rate.'® Depending on the second phase,

band bending can be classified as: (i) band bending at metal/semiconductor contact; (ii) band
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bending at p-type semiconductor/n-type semiconductor heterojunction also called p-n
junction; (iii) band bending at semiconductor/electrolyte interface; (iv) surface state induced
band bending and (v) field-effect-induced band bending. Here in this section, the first three

types will be discussed.

I1.3.1. Band bending at metal/semiconductor contact

The interaction between two different materials with different work function can
occur because of their different chemical potential. For example, the electrons can transfer
from a material with lower work function (high Fermi level) to another material with high

work function (low Fermi level) when they contact each other. The work function of an n-

type semiconductor (& ) is lower than that of the metal (® ) such as Ag, Au, and Pt

(Figure II-3). Hence, the electrons will transfer from the semiconductor to the metal until

thermodynamic equilibrium is established between metal and semiconductor when they

contact each other, that is, the Fermi level of the semiconductor (E ) and metal (E; ) at

the interface is the same. Under equilibrium, a double layer will be established at the
metal/semiconductor interface, where the metal is negatively charged and the semiconductor
is positively charged near its surface due to its electrostatic induction. As a result, the free
charge carrier concentration near the semiconductor surface is depleted compared with the
bulk. This region is called the space charge region and, hence, as the electron is depleted, it is
also named depletion layer. If the semiconductor work function is higher than that of the
metal, the electron will flow from the metal to the semiconductor and will accumulate in the
space charge region. This region is called the accumulation layer. Due to built in potential
between the semiconductor and metal the energy band edges in semiconductor are

continuously shifted, and this phenomenon is called band bending. The energy bands bend

upward toward the interface when q)m>q)s’ while the edges bend downward toward the

i o <P
interface when m S
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Figure I1-3: Energy band diagram at metal/n-type semiconductor heterojunction.

I1.3.2. Band bending at p-n junction

The Fermi level of a p-type semiconductor is lower than that of an n-type
semiconductor. Thus, when they are placed into contact with each other, electrons will flow
from the n-type semiconductor to p-type semiconductor and hole in the opposite direction. It
causes the p-side of the junction to become negatively charged and the n-side to become
positively charged, and thus to set up an electric field near the junction. Under equilibrium,
the region near the junction is depleted of free carriers and a space charge configuration
containing a high electric field is formed there. This space charge configuration is an electric
dipole layer with positive charge toward junction of n-type semiconductor and negative
charge toward the interface of p-type semiconductor. Thus, the bands of the n-type
semiconductor bend upward and that of the p-type semiconductor bend downward. Figure
II-4 shows the band bending at the junction between p-type NiO and n-type TiO,. When the
p-n heterojunction is irradiated by ultraviolet (UV) light with an energy higher or equal to the
band gaps of p-type and n-type semiconductor, the photogenerated electrons can move to the
conduction band (CB) of the n-type semiconductors and the photogenerated holes to the
valence band (VB) of the p-type semiconductor due to the formation of an inner electric

field."” Thus, the formation of a p-type/n-type semiconductor heterojunction might hinder the
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recombination of the photogenerated electron-hole pairs and improve the photocatalytic

efficiency.
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Figure I1-4: Energy band diagram at the junction of TiO, and NiO.

I1.3.3. Band bending at semiconductor/electrolyte interface

When a semiconductor is put into contact with an electrolyte (i.e. water containing
organic pollutants), the electrochemical potential of the two phases must be the same. The
electrochemical potential of the solution is determined by the redox potential of the
electrolyte solution, and the redox potential of the semiconductor is determined by the Fermi
level. If the redox potential of the solution and the Fermi level do not lie at the same energy
level, a movement of charge between the semiconductor and the solution is required in order
to equilibrate the two phases.'® If we assume that there is no ion diffusion through the
electrode/electrolyte junction, the electrons are the only charge carriers capable to migrate
through this interface in both directions. The transfer of electric charge produces a region on
each side of the junction where the charge distribution differs from the bulk material, and this
is known as the space charge region. Within the space charge region, an electric field is
created which reflects the bending of the band edges. The mechanism of bending the band
edges at the semiconductor/electrolyte interface is similar to that of the metal/semiconductor
interface. Within the space charge layer, the valence and conduction bands are bent. The
formation of space charge region and hence the bending of the band edges depend on the
Fermi level position of the semiconductor with respect to the redox potential of the

electrolyte.

Four types of situation of space charge layer for n-type semiconductor in contact with

an electrolyte may be considered as shown in Figure II-5: (i) flat band situation (Figure
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II-5a), where no space charge exists in the flat band region layer and the electrode is at the
flat band potential. In this case, the semiconductor contains a uniform distribution of charge;
(i1) accumulation layer (Figure II-5b), positive charges exist at the interface and electrons
accumulate in the semiconductor close the surface, inducing an increase in the free electron
density and a decrease in the free hole density. Band of the semiconductor bend down as one
moves toward the surface as a result of the decrease of electron potential energy as one
moves toward the positively charged outlayer; (iii) depletion layer (Figure II-5¢), negative
charges exist at the surface and positive charges accumulate near the surface, causing a
decrease in the free electron density and an increase in the free hole density. The bands of the
semiconductor then bend upward toward the surface; (iv) inversion layer (Figure II-5d), the
depletion of the majority charge carriers extends far into the top of the valence band and the
Fermi level decreases below the intrinsic level. The surface region of the semiconductor

appears to be p-type while the bulk still exhibits n-type behavior.

Flat Accumulation Depletion Inversion
Band Laoyer Layer Layer

TEND (]

Figure II-5: Space charge layer formation and band bending."

The depletion layer at the interface between a bulk semiconductor and a liquid
medium plays an important role in light-induced charge separation. The local electrostatic
field present in the space layer serves to separate the electron-hole pairs generated by
irradiation of the semiconductor. For n-type semiconductor, the direction of the field is such
that holes migrate to the interface where they undergo a chemical reaction and electrons

move to the interior of the semiconductor.
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I1.4. Heterostructure photocatalysts

In contrast to single phase photocatalysts, heterojunction semiconductors or integrated
multi-semiconductor systems possess significant advantages in promoting the separation of
electron-hole pairs and keeping reduction and oxidation reactions at two different reaction
sites. The aim of designing heterostructured photocatalysts is to promote the separation of
photoexcited electron-hole pairs through various carrier-transfer pathways by combining
suitable electronic structures in the same material. The efficient electron and/or hole transfer
from one component to another with suitable band edge positions can greatly minimize the
energy wasteful photoinduced electron-hole pairs recombination and increase the life time of
charge carriers, thus promoting the photocatalytic efficiency. In this section, a wide range of
recently developed heterojunction semiconductor photocatalysts, particularly TiO,, ZnO and
SnO; based heterojunctions will be discussed giving emphasis on the improvement of their
photocatalytic performance for photocatalytic remediation of environment or hydrogen
production. The physical phenomena behind the various ways to separate the electron-hole

pairs will also be tentatively discussed.
I1.4.1. Semiconductor/semiconductor heterostructure photocatalysts

I1.4.1.1. SnO,/TiO; heterostructure photocatalysts

Titanium oxide is a well-known photocatalyst working in the ultraviolet region of the
electromagnetic spectrum. It is widely used for photocatalytic reactions like oxidation of
organic pollutants in air and water as well as hydrogen generation from water. However, in
order to increase the photocatalytic activity of TiO, for its practical use and commerce, it is
crucial to decrease the recombination of photogenerated charge carriers. Coupling TiO, with
another semiconductor with a suitable band edge position can effectively reduce the
recombination by vectorial transfer of photogenerated electrons and holes. When TiO, is
combined with another semiconductor whose conduction band is at a lower potential than
TiO,, the electrons present in the conduction band of TiO; can be transferred to the second
semiconductor decreasing the recombination rate. Coupled SnO,/TiO, system has recently
attracted much attention due to enhanced charge separation and thus improved photocatalytic

alctivity.20

Both TiO; and SnO,; are n-type semiconductors with band gap energies greater than

3.0 eV and exhibit a strong absorption threshold in the UV region. The conduction band
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edges of TiO, and SnO; are located at Ecp (TiO;) = —0.5 V and Ecg (SnO;) =0 V vs NHE at
pH7, respectively.20a The valence band edge of SnO; [Eyg (SnO;) = 3.67 V] is much positive
than that of anatase TiO, [Evg (TiO,) = 2.87 V].20C Figure II-6 shows the charge transfer
process in heterostructure SnO,/Ti0O, photocatalysts. Upon band gap excitation, hole-electron
pairs are generated in each semiconductor. Due to the lower conduction band edge of SnO,,
electron will be injected into SnO,_ while the hole will move in the opposite direction of the
electron and accumulate on the TiO, particles, thereby making charge separation more
efficient. Therefore, the interfacial charge transfer process can explain the higher

photocatalytic activity of SnO,/TiO, composites.
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Figure II-6: Schematic representation of charge transfer process in heterostructure SnO,/TiO,
photocatalysts.

In recent years, coupling SnO,/TiO, composites have been widely studied by many
researchers for the degradation of organic pollutants and the composites showed higher
photocatalytic activity than the single ones as shown in Table II-1 . Shifu et al?! prepared
SnO,/Ti0O; photocatalysts by ball milling using H,O solution as disperser. The photocatalytic
activities of SnO,/TiO, photocatalysts prepared with or without ball milling with different
content of doped SnO, were investigated by degrading an organophosphate insecticide

monocrotophos.
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Table II-1: Degradation of different organic pollutants with SnO,/TiO, heterostructure photocatalysts

Dose

gL’

Pollutant

Reaction condition and effieciency

Synthesis
method

Reference

Methylene blue 0.4
(MB)

Methylene blue 0.5

(MB)

Active red X-3B 3.5

Acrylic acid 1

Methyl orange 0.5
MO)

Rhodamine B
(RhB)

0.25

Rhodamine B 1
(RhB)

Rhodamine B 0.2
(RhB)

Rhodamine B 0.1
(RhB)

Rhodamine B 1
(RhB)

Under UV irradiation (355 nm). 125
mL of 535 x 10° mol/L MB. The
composite with Ti/Sn = 28.2:1 showed
higher degradation compared to TiO,

Under UV irradiation (30 W). 100 mL
of 5.35 x 10”° mol/L. MB. Degradation
efficiency of 5 wt% SnO,/TiO, after 20
min was 95% and that of TiO, was
77%.

Under UV irradiation (300 W), 2000
mL of 50 mg/L X-3B. Degradation rate
constant k, 0.13 min" for SnO,/TiO,
composite with 18.4% loading of SnO,
and 0.06 min™' for TiO,

Under UV irradiation (9 W, 254 nm).
300 mL of 300 mg/L. after 6h,
degradation efficiency of SnO,/TiO,
with 15.1 mol% of SnO, was 65% and
that for TiO, was 43%.

Under UV irradiation (300 W, 365
nm). 450 mL of 20 mg/L MO.
Degradation efficiency of SnO,/TiO,
with molar ratio 0.15 was 94% and that
of TiO, was 30%.

Under UV irradiation. 40 mL of 2.5 X
10° M RhB. The TOC loss of 10 wt%
SnO,/TiO, composites nanofiber was
61 % and than that of TiO, was 21%
after 40 min irradiation under UV.

Under UV irradiation (8W, 254nm).
2.5 x 10 mol/L RhB. Degradation rate
constant k, 0.043 min" for SnO,/TiO,
nanofiber with (3 mol% SnO,) and
0.013 min™ for TiO,.

Under UV irradiation (254 nm). 100
mL of 5 x 10° M RhB. Degradation
rate constant k, 0.089 min'  for
Sn0,/TiO, composite and 0.042 min™'
for TiO,

Under UV irradiation (50 W, 315 nm).
450 mL of 20 mg/L MO. Degradation
efficiency of SnO,/TiO, with Sn:Ti =
1:10 was 100% and that of TiO, was
40%.nanocomposite after 1h.

Under UV irradiation. 100 mL of 1 X
10”° mol/L RhB. Degradation rate
constant k, 0.013 min™' for SnO,/TiO,
containing 10 mol% SnO, and 0.007
min™ for TiO,.

Flame
method

synthesis

Solvothermal

Homogeneous
precipitation

Sol-gel
combined with
super critical
drying

Steric acid
method

Electrospinning

Electrospinning

Electrospinning

Electrospinning
combined
hydrothermal

Sol-gel

Akurati et al.*™

Hou et al.*®

Shi et al.?

Zhang et al.”’

Yang et al.”

Hwang et al.*®

Zhang et al.**

Liu et al.®*

Wang et al.**

Messih et al.®
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The SnO,/Ti0, photocatalysts containing 5 wt% SnO, and prepared with ball milling showed
higher photocatalytic efficiency than that of SnO,/TiO, prepared without ball milling. In fact,
the efficiency of SnO,/TiO, prepared without ball milling was lower than that of the pure
TiO, The increased photocatalytic activity resulted from (i) an increased surface area
obtained by ball milling; (ii) an efficient charge separation and (iii) a red shift of the
absorption wavelength range (about 20 nm) along with an increased of the absorption
intensity. Because of the absorption wavelength range red shift of about 20 nm and of the
absorption intensity enhancement, the formation rate of electron—-hole pairs at the
photocatalyst surface also increases greatly, resulting in a higher photocatalytic activity for
the SnO,/TiO, photocatalyst. The reason for the absorption wavelength range red shift of the
Sn0O,/Ti0; system could probably be attributed to the formation of defect energy level in the
particles during high energy ball milling process. On the other hand, the stress and strains
induced during the ball milling process result in lattice deformation of TiO: and SnO: with
many defects possessing high lattice and surface energy. This lowers the activation energy for
diffusion of elements allowing the atomic or ionic diffusion at room temperature. When the
activation of the powder system is sufficiently high during the ball milling process, the
collision between balls and grains of the powder will produce a rise in interface temperature

which induces a strong coupling reaction and hence the better photocatalytic activity.”'

The accumulation of recalcitrant, strongly bound reaction intermediates on the TiO,
surface, deactivates the catalyst and influences the photocatalytic degradation rate. The
modification of TiO, with SnO, could avoid the deactivation in photocatalytic reaction. In
this context, Fresno er al.*® studied the photocatalytic degradation of toluene over coupled
SnO,/Ti0,. The coupled photocatalysts gave higher degradation rate due to the absence of the
deactivation process that occurs with the TiO, reference. In coupled photocatalyst, more
water molecules adsorbed on the catalysts surface via weak hydrogen bonds instead of

intermediates adsorption are responsible for catalyst deactivation.

The drying technique in the preparation of SnO,/TiO, composites also strongly
influences the photocatalytic activity. The SnO,/TiO, nanocomposite photocatalysts prepared
through supercritical fluid drying technique (SCFDT) showed enhanced photocatalytic
activity in the degradation of acrylic acid as compared to pure TiO, or SnO,/TiO, catalysts
prepared by traditional drying.”” The interfacial force of the solvent in traditional drying leads
to collapse of the cavity structure and to aggregation of the particles, and therefore, increases

the particle size and decreases the cavity volume. As a result, the surface area is reduced
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resulting in lower photocatalytic activity. The SCFDT preparation method could remove this
phenomenon by expanding the solvent alcohol in the pores rapidly without interfacial force.
Thus, SCFEDT preparation method reduced the aggregation of the nanoparticles giving
smaller size composite particles which was attributed to the higher photocatalytic activity.
After 6 h irradiation under UV, the degradation efficiency of the SnO,/TiO, composite with
15.1 mol % SnO, prepared by SCFDT method was 65% while that of composite prepared by
traditional drying method was 11%.

Figure II-7: (a and b) Typical SEM images of the electrospun bicomponent SnO,/TiO, nanofibers
calcined at 500 °C** (c) Morphology of the hybrid nanofiber by scanning electron microscopy, with
arrows showing the bead parts.”*

Nowadays the coupled SnO,/TiO: systems are usually of a particle-like morphology,
with a typical size of no larger than several hundred nanometers. It has to be conceded that
eliminating the nanoscale catalyst particles from the reactants or productions is tremendously
difficult and the particle photocatalyst itself might repollute the treated water and air. The
particle photocatalyst might also show lower photocatalytic efficiency because of aggregation
problems.” The SnO,/TiO, nanofiber photocatalysts fabricated by electrospinning can solve
the problem of separation because of its one-dimensional morphology.*’ The small diameter
of nanofibers also provides a comparably large specific surface area as compared with
nanoparticles, ensuring a high photocatalytic activity. Liu et al®* have prepared
bicomponent SnO,/TiO; nanofiber by a simple electrospinning process with a side-by-side
dual spinneret method. The morphologies of the electrospun bicomponent nanofibers (shown
in Figure II-7a and b) made it possible for both of the TiO, and SnO, components to be
fully exposed at the surface promoting an increase in the charge separation of the
photogenerated electrons and holes within the bicomponent system, allowing both of the
photogenerated electrons and holes to participate in the overall photocatalytic reaction. The
photocatalytic activity of the bicomponent SnO,/TiO, nanofiber evidenced by degrading
Rhodamine B (RhB) was much higher than that of pure TiO, as was expected from

photoluminescence (PL) and surface photovoltage spectroscopy (SPS) measurement. In
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another experiment, a necklace structured SnO,/TiO; hybrid nanofiber photocatalyst has been
prepared via the sol-gel electrospinning method which has been proven to be an excellent
photocatalyst with a much higher photocatalytic activity than pure anatase nanofiber in the

oxidation of RhB.>*

Another approach to solve the problem of separation of the products, permitting reuse
and recycling is the preparation of support-based photocatalysts. The SnO,/TiO, hybrid oxide
photocatalysts supported on attapulgite (ATT, or palygorskite, as it often called), were
synthesized by depositing SnO,/TiO, hybrid oxides on the surface of ATT to form a
composite photocatalyst (denoted ATT- SnO»/TiO,) using an in situ sol-gel technique.*® The
photocatalytic activity of ATT-SnO,/TiO, for the degradation of methyl orange or phenol
was much higher than that of ATT-SnO,, ATT-TiO, and Degussa P25.

In order to achieve significant improvements for industrial application and avoid the
problem of separation of the nanophotocatalyst, many researchers prepared SnO,/TiO; based
thin films, Chen and his co-workers deposited a thin SnO,/TiO, coating on foamed
aluminium by plasma spraying technique.’’ The SnO,/TiO, coating containing 10 % SnO,
exhibited higher photocatalytic activity for the degradation of gas-phase benzene. The high
photocatalytic efficiency was attributed to reduced electron-hole recombination and higher
content of hydroxyl group on SnO,/TiO, coating. The surface photoactivity for a TiO2
powder is proportional to the number of hydroxyl groups on its surface.*® With the increase of
surface hydroxyl content, the opportunity to form more hydroxyl radical with photogenerated
holes was increased resulting in improved photocatalytic activity. Liu and his co-workers also
reported similar result where a SnO,/TiO, composite thin films containing 10 mol% SnO, on
soda-lime glass showed the highest photocatatytic efficiency for the degradation of methyl
orange. The maximum rate of decolorization was about 60 % by the film with 10 mol% SnO,

while that by the pure TiO, film was about 45 %.

A similar behavior has been reported for the degradation of Rhodamine B (RhB) by
using SnO,/TiO, composite films fabricated on transparent electro-conductive glass
substrate.™ Compared to TiO, films, the improved activity was attributed to the combined
effects of low sodium content, better crystallization, appropriate phase composition of
anatase (73.4%) and rutile (26.3%), and slower recombination rate of charge carriers. Upon
UV illumination, electrons flew into the SnO, underlayer, while the hole diffused oppositely

to the TiO, overlayer (Figure II-8). Consequently, more holes reached the TiO, surface to
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cause oxidation reactions, while electrons were consumed for dioxygen reduction at the band
edge of the SnO; film. The VB edge of TiO, inhibited the interfacial hole transfer from TiO,
to SnO,, thereby increasing the hole density in the TiO, VB, and oxidized the organic

contaminants.
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Figure II-8: Schematic diagram of the charge-transfer process in the SnO,/TiO, composite film.*

Vinodgopal and Kamat reported a very rapid decolorization of Acid Orange 7 using a
coupled SnO,/TiO;, photoelectrode with mass ratio of SnO,:TiO, = 2:1 under a bias
potential.34 They ascribed the enhanced degradation rate to the improved charge separation
related to the good matching in the energy levels. The anodic bias potential was also reported
to be responsible for the enhancement in photocatalytic activity by driving away the electrons
into the conduction band of SnO,, thus promoting the oxidation of dye molecules on the TiO,
surface where photogenerated holes were more abundant. Similar system was also reported
for the improved photoelectrocatalytic degradation of naphthol blue black compared to pure

TiO,.

Window glass (soda lime (SL) glass), an indispensable constituent of buildings and
automobiles can be used as substrate for photocatalytic films which, from the practical point
of view, can be used for the purification of air in the living space of human beings by
utilizing of both solar and illuminating light as the excitation energy source. In order to fulfill
this criterion, Tada and his co-workers fabricated bilayer-type patterned TiO; films on a SnO,

film coated soda lime glass substrate by using an organically modified sol-gel method.*® This
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patterned bilayer-type photocatalyst (pat-TiO,/SnO,/glass) exhibited high photocatalytic
activity as compared to non patterned sample for the gas phase decomposition of
acetaldehyde resulting from efficient charge separation. Efficient interfacial electron transfer
from the TiO; overlayer to the SnO, underlayer was demonstrated by labeling and visualizing

the reduction sites with Ag particle as shown in Figure I1-9.°%

Figure II-9: (A) SEM micrograph of pat-TiO,/SnO,/SL-glass after Ag photodeposition. (B) X-ray
image of Ti for the same region as (A). (C) X-ray image of Ag for the same region as (A). (D) X-ray
image of Ag for TiO,/SnO,/SL-glass.**

Figure II-9A is a SEM photograph of pat-TiO,/SnO,/SL-glass after illumination; an
X-ray image of Ti for the same region (B) revealed that the region at the left (light area) was
covered with TiO, film, and the SnO, underlayer was exposed at the right (dark area). An X-
ray image of Ag in the same region (C) demonstrated preferential deposition of Ag particles
on the surface of SnO,. A comparison of (C) and (D, X-ray image of Ag for TiO,/SnO,/SL-
glass after photodeposition) indicated the enhancement of Ag photodeposition by patterned
bilayer-type pat-TiO,/SnO,/SL-glass films. The excited electrons generated by the band gap
transition of TiO; flew into SnO,, where they are consumed by the reduction, indicating the
specification of the reduction sites in the photocatalytic reaction. The result also showed that
the activity of the non patterned TiO,/SnO,/SL-glass films decrease gradually due to the
accumulation of electrons in the conduction band of SnO,, because of SnO; being not directly
in contact with reaction gas. Similar work is done in another investigation where a large area
patterned TiO; film was formed on a SnO, coated soda lime glass using a gravure printing

method.?” Preferential deposition of Pt particles on the SnO, underlayer of pat-TiO,/SnO,
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bilayer type photocatalysts showed a superior photocatalytic activity for the photocatalytic
dehydrogenation of methanol.”® The electrons flowing from TiO, to SnO, were trapped on its
surface by Pt particles with large work function, providing active sites for the reduction of H"

generated during the oxidation reaction of H;O and CH3;OH by the valence band holes to H.

Hattori and his co-workers ** prepared double layered SnO,/TiO»-coupled films (as
shown in Figure II-10) and studied their photocatalytic activity in both the oxidation of
formic acid and 1,3,5,7-tetramethylcyclotetrasiloxane and the reduction of Ag" and bis(2-
dipyridyl)disulfide. By comparing the amount of CO, evolved, the photooxidation of formic
acid on SnO,/Ti0,-coupled films was confirmed to occur more efficiently than on pure TiO,
films. The degradation of 1, 3, 5, 7-tetramethylcyclotetrasiloxane was also more efficient on
the coupled SnO,/TiO, films. On the other hand, photocatalytic reduction processes on
Sn0O,/Ti0; couple were found to be less efficient than on pure TiO, films. These results are
unanimously consistent with the vectorial charge carrier transfer as proposed earlier, the
electrons transferred from TiO; into SnO; via the edges of the SnO; layer in contact with the
electrolyte since the substrates are non-conducting.
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Figure IT-10: Energy diagram for the SnO,/TiO, bilayer-type photocatalyst system.**

Cao et al.” reported the similar finding where a double layered SnO,/TiO, film was
prepared by the plasma-enhanced chemical vapor deposition (PECVD) technique on glass
slide with both of the two components exposed to the surface allowing both photogenerated
electrons and holes to contribute to the photocatalytic reactions. The bilayer film showed

higher catalytic activity for phenol degradation. The activity of this bilayer film was highest
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when the deposition time of TiO, on a SnO; layer was 10 min and decreased thereafter. With
an increase in the deposition time (30 min), electrons photogenerated on the SnO, film had
little chance to contact with the absorbed oxygen molecules; thus, blocking the charge
transfer between them and reducing the photocatalytic activity of the films. In other word, the
photocatalytic activity of the composite film is similar to that of the one-component TiO;

film.

The photocatalytic activity of SnO,/TiO; bilayer film was also related to the thickness
of the overlayer TiO, Shang et al.®* studied the photocatalytic activity of glass/SnO,/TiO,
bilayer film with different thicknesses of TiO, layer on constant thickness of SnO, prepared
by depositing anatase TiO, film on rutile SnO, film. The glass/SnO,/TiO, bilayer film with
optimum thicknesses of TiO, layer of 200 nm on constant thickness of SnO, of 120 nm
showed much higher photocatalytic activity in the case of formaldehyde photodegradation
compared with glass/TiO, film. The higher catalytic activity resulted from efficient interfacial
charge separation via the process of electron transfer from TiO, to SnO,. However, when the
thickness of TiO, layer was beyond 200 nm, the photocatalytic activity of glass/SnO,/TiO,
film was nearly as same as glass/TiO, film. This was due to the fact that the photogenerated
electrons in the coupled sample with thicker TiO, were far away from the SnO,/TiO,
interface and the distance traversed by the electrons to reach the interface of SnO,/TiO;

increased allowing the electrons to be trapped by holes before separation at the interface.

11.4.1.2. ZnO/TiO; heterostructure photocatalysts

Combining TiO; and ZnO has been well-established to remarkably enhance the
separation efficiency of photoexcited charge carriers because of the formation of
heterojunction structure between them, thus boosting quantum efficiency and photostability
of the composite photocatalyst. Although the binding energies of ZnO and TiO, are
analogous to each other, notably, potentials of the conduction band and the valence band of
Zn0O are still a bit more negative than those of TiO,.*' In the photocatalytic process, the
electron transfers from the conduction band of ZnO to the conduction band of TiO, under
illumination and, conversely, the hole transfers from the valence band of TiO; to the valence
band of ZnO, decreasing the pairs’ recombination rate.** This charge separation effectively
increases the lifetime of the charge carriers and enhances the efficiency of the interfacial
charge transfer to adsorbed substrates. Figure II-11 describes the charge-transfer process in

the ZnO/TiO, heterostructure under UV light irradiation.
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Figure II-11: Schematic diagram illustrating the charge-transfer process in the ZnO/TiO,
heterostructure under UV light irradiation.*"

Many attempts have been made to prepare ZnO/TiO, heterostructures which showed
superior photocatalytic activity for the degradation of organic pollutants (Table II-2), such as
methyl orange MO),*” methylene blue (MB),* rhodamine dye,45 malachite green,46 azo
dye,47 sodium methyl red,*® phenol and its derivatives.” Ge and his co-workers** reported
higher photocatalytic efficiency of ZnO/TiO, composites synthesized by using the
solvothermal method and ultrasonic precipitation followed by heat treatment in the
photocatalytic degradation of methyl orange. The degradation efficiency by the as-
synthesized heterostructured photocatalysts was found to be the best at pH 2.0 in the
experimental condition used showing 98.13% degradation efficiency after 30 min and
complete mineralization after 60min. The higher degradation efficiency resulted from the
vectorial charge separation at the ZnO/TiO; interface. They also investigated that the
intermediates produced during photocatalytic degradation were unstable and decomposed

within about 60 min at pH 2.0.

A hollow sphere composed of mixed metal oxides (ZnO-TiO;) was prepared by a
facile approach involving coating of functionalized polystyrene template beads with the
successive layers of ZnO and TiO; nanoparticles, respectively, followed by calcination of
resulting PS/ZnO-TiO, core shell composite particles at elevated temperature.45a The
fabricated ZnO-TiO, hollow spheres showed superior photocatalytic activity for the
degradation of rhodamine 6G compared with those of ZnO and TiO; hollow spheres. In order
to overcome the problem of pollution of treated water with nanoparticle and decreasing the
photocatalytic activity, ZnO/TiO, composite nanofibers with diameters in the range of 85-200
nm were fabricated via the electrospinning technique using cellulose acetate as the fiber

template.*® The promoted charge separation of electrons and holes due to the coupling effect
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of ZnO and TiO, in the composite nanofiber reduced the recombination of the electron-hole

pairs resulting in higher photocatalytic efficiency of the ZnO/TiO, composite nanofiber

containing 15.8 wt% ZnO than the pure nanofiber in degrading Rhodamine B or phenol.

Table I1-2: Degradation of different organic pollutants with ZnO/TiO, heterostructure phtocatalysts

Pollutant

Cyanide (CN")
detoxification

Methyl orange

MO)

Methyl orange
MO)

Methylene blue
(MB)

Rhodamine B

(RhB)

Rhodamine 6G

Phenol

Phenol

Phenol

Dose
gL’
0.33

10

2.5

0.5

0.86

1.6

0.5

04

Reaction condition and effieciency

Under visible light. 75 mL of 10 mM
cyanide. Photocatalytic efficiency of
composite was higher than that of TiO,
P25,

Under UV irradiation. 100 mL of 0.1-1
g/L MO. Degradation ratio D after 5 h,
72% for composite and 50% for TiO,,

Under UV irradiation (1250 W, A=365
nm), 50 mL of 20 mg/L of MO.
Degradation rate constant k, 0.085 min®
! for composite and 0.07 min™ for TiO,

Under sun light, 50 mL of 20 mg/L of
MB. Degradation efficiency of
7ZnO/TiO, with Ti/Zn = 1:1 was 99%
and that for TiO, was 94%.

Under UV irradiation (12 W). 10 mL of
8 mg/LL RhB. Degradation rate for
composite was 0.75 mg/(L h) and that
for TiO, was 0.57 mg/(L h)

Under UV irradiation. 70 mL of 1 x 10°
> M. The rate of degradation with
ZnO/TiO, composites was much higher
than that of TiO,.

Under UV irradiation (355 nm). 80 mL
of 20 mg/L phenol. Degradation rate
constant k, 0.071 min™ for composite
and 0.061 min™' for ZnO at pH 6.7.

Under UV irradiation (12 W). 10 mL of
20 mg/L phenol. Degradation rate for
composite was 1.833 mg/(L h) and that
for TiO, was 1.13 mg/(L h)

Under UV irradiation (< 340 nm). 400
mL of 100 mg/L MO. The ZnO/TiO,
nanocomposite showed enhanced
degradation efficiency compared to
TiO,

Synthesis
method

Modified
ammonia

evaporation-
induced

Sol-gel

Homogeneous
hydrolysis

Precipitation

Electrospinning

Template
assisted

Mechanical
mixing

Electrospinning

Vopor hydrolysis
method

Reference

Karunakaran et
al 45¢

Liao et al.**

Zhang el al.*"

Jiang et al.**

Liu et al.®®

Agrawal et al.**

Serpone et al.***

Liu et al.®®

Zhang et al.**

In order to determine the influence of morphology on the photocatalytic activity,

different shapes of ZnO/TiO, composite nanoparticles, including spherical and cubic

nanoparticles, hexagonal nanorods, and nanobelts with different sizes, were prepared by

adjusting the precursors molar ration, i. e. Zn : Ti(OBu), ratio and the nature of the surfactant
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employed.*® Spherical ZnO/TiO, composite nanoparticles were obtained by using sodium
dodecyl benzene sulfonate (DBS) while cubic ZnO/TiO; nanoparticles (Zn/Ti(OBu)s =
0.5:1), hexagonal nanorods (Zn/Ti(OBu)4 = 0.25:1), and nanobelts (Zn/Ti(OBu); = 0.17:1)
were obtained by using sodium dodecyl sulfonate (SDS). The hexagonal nanorods showed
the highest photocatalytic activity for the degradation of methyl orange. This enhanced
activity was attributed to the higher surface to volume ratio of the nonorods than that of the
nanosphere with similar dimension that would provide higher density of active sites available
for surface reaction as well as a higher interfacial charge transfer rate. Another reason of the
improved photocatalytic properties was the red shift in the UV-Vis light reflectance, as
shown in Figure II-12. Nanorods, with their increased surface area, provided surface states

within the band gap that effectively reduce the band gap.

10
- Zn:Ti=0.5:1
Bl < 2- InTi=0.25 b
Zn'Ti=0.17 7
6l 4 FnTi=0.1:1 ;' /
5% FnTi=r ] i
:;-' 6= Mo surfactant

[ W S R O

300 400 500
Wavelength (nm)

Figure II-12: UV-Vis reflectance spectra of nanoparticles synthesized with SDS and different
Zn/Ti(OBu), molar ratio.**"

Many researchers reported that ZnO/TiO, composite films lead to higher
photocatalytic efficiency due to the suppression of charge carrier recombination.”® Composite
films made of ZnO particles or nanorods along with TiO, nanotube showed higher

31, 41a, 47c Recently, Xiao*'?

photocatalytic efficiency compared to ZnO films and TiO; films.
fabricated three-dimensional ZnO-functionalized TiO, nanotube arrayed (ZnO/TNTs)
heterostructure via a facile two-step anodization associated with a pyrolysis step, by which in
situ formed ZnO nanocrystals were uniformly anchored in the framework of TNTs due to
intimate interfacial contact between the polar TiO, surface and the ZnO precursor. The
resulting ZnO/TNTs heterostructure film deposited on Ti foil manifested superior
photocatalytic performances for the degradation of Rhodamine B (RhB) to its counterparts of

pure ZnO, TNTs, and commercial TiO, ( Degussa P25) nanoparticulate film. The enhanced
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photocatalytic activities of the heterostructure was attributed to the large exposed surface area
of TNTs to surrounding medium and formation of heterojunction structure in the interface
between ZnO and TNTs which greatly promotes efficient separation of photogenerated
electron—hole charge carriers. The higher photocatalytic activity of ZnO/TNTs
heterostructure resulting from efficient charge separation was confirmed by transient
photocurrent response and EIS results. The photocurrent response of the ZnO/TNTs
heterostructure was nearly 2-fold higher than that of blank TNTs and the impedance arc
radius of the ZnO/TNTs heterostructure was smaller than that of TNTs, indicating more
efficient separation of photoexcited electron-hole pairs when compared with TNTs.*'* In

another experiment, Zhang er al.*’

reported that the ZnO nanorods embedded in highly
ordered TiO; nanotubes arrays (ZnO NR /TiO; NTs) electrode showed higher photocatalytic
activity in degrading methyl orange as compared with TiO, NTs electrode. The electrode was
fabricated through electrosynthesis of TiO, NTs array in HF solution by anodization method

followed by cathodic electrodeposition of ZnO embedded in the TiO, nanatube arrays.

SpotMagn © Uet ‘WD
5 20 'G8000x . LD 5.2 n38a

Figure I1-13: (a) SEM cross-sectional images of aqueous solution growth ZnO nanorods (NRs), (b)
ZnO/TiO, CB nanostructures (the insert is a high magnification image and the scale bar is 200 nm).”

Taking into account the easy aggregation of spherical nanocomposites, Chen ez al.’>
fabricated a coupled biocomponent composites consisting of TiO, nanoparticles and ZnO 1D
nanorods by using a one-step hydrothermal method. The photoanode of the synthesized ZnO-
TiO, composite prepared on the FTO glass showed higher photocatalytic activity for the
degradation of methylene blue and enhanced photocurrent with several orders of magnitude
higher intensities than that of the mere TiO, nanoparticles or ZnO nanorods. The
enhancement of the photocurrent and photocatalytic activities resulted from the increased
surface area, which can raise the light harvesting and the ability of generating photoinduced

electron-hole pairs of active sites, and the favorable electron-transfer properties of the
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heterojunctions ZnO/TiO, in the coupled ZnO-TiO, nanocomposites. Heterostructure
ZnO/TiO; core-brush nanostructures showing the single crystal ZnO nanorod as the core and
polycrystalline TiO, nanowires as the brush-like outer layer (shown in Figure II-13 ) were
synthesized on glass substrates by a combination of aqueous solution growth and magnetron
sputtering method.” The photocatalytic activity of the ZnO/TiO, core—brush nanostructure
evaluated by the decomposition reaction of Bromopyrogallol Red dye under UV (245 nm)
and visible-light (450 nm) irradiation was much higher than that of a TiO, film and a
ZnO/TiO, composite film. The photocatalytic activity enhancement of the ZnO/TiO, core—
brush was attributed to the interaction effect, lower band gap energy and its unique core—
brush feature which can lower the recombination rate of electron—hole pairs, extend the

absorption range and provide a high density of active sites.

I1.4.1.3. WO3/TiO; heterostructure photocatalysts

It is known that band gaps of WOs3 and TiO, are 2.8 and 3.2 eV, respectively.54 Both
the upper edge of the valence band and the lower edge of the conduction band of WOj3 are
lower (i. e. more positive) than those of TiO,.>* TiO, can be excited by photons with

wavelengths under 387 nm, which produces photogenerated electron-hole pairs.

/"‘@

WO, |28ev | 32eV| TiO,

& |7

Figure II-14: Energy band diagram and charge transfer process in WO3/TiO, heterostructure
photocatalyst.

Figure II-14 shows the charge transfer process at the interface of WO3/TiO,
nanocomposites. For WO3, theoretically, it can be excited by photons with wavelengths under
443 nm, but it shows only low photocatalytic activity under UV light irradiation. When WO;
and TiO, form a coupled photocatalyst, TiO, and WOs; can be excited simultaneously under

UV illumination. As the conduction band of WQOs is lower than that of TiO,, the former can
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act as a sink for the photogenerated electrons. The photogenerated electrons of the TiO,
conduction band will be transferred to the conduction band of WQOj5. Since the holes move in
the opposite direction from the electrons, photogenerated holes might be trapped within the
TiO, particle, which makes charge separation more efficient. This spatial charge separation
limits the recombination of photogenerated charges and thus increases the photocatalytic

activity.

To date, the WO3/TiO, nanocomposites have been prepared by several methods like
sol-gel,” hydrothermal,”® incipient wetness method,”’ impregnation,” flame-spray

9

pyrolysis,”® ultrasonic spray pyrolysis,"° pulsed laser deposition,”’ ball milling,*’

precipitation,®® electrosynthesis,** template synthesis® or physical mixing.®® Saepurahman et
al.™ prepared tungsten-loaded TiO, and studied the effect of TiO, modification with
tungsten trioxide, WOs3, on the photocatalytic activity. The result showed that tungsten
loading stabilized the anatase phase of TiO, from transforming into inactive rutile phase
giving more stability with higher tungsten loading as compared to the unmodified TiO,.

L ! 55t, 55h, 56¢, 67
Similar conclusion were drawn by other authors.”™ 35h. 3e.

The photocatalytic activity of
tungsten-loaded TiO, was superior to that of unmodified TiO, with a 2-fold increase in
degradation rate of methylene blue, and equally effective for the degradation of different
class of dyes such as methyl violet and methyl orange at 1 mol% WO; loading. The
photocatalytic activity decreased with WOs3 loading higher than 2 mol%, while at lower than
0.6 mol% WOs; loading, no significant enhancement in the photocatalytic activity was
observed. Higher photocatalytic efficiency of WO3/TiO, prepared by sol-gel process for the
degradation of formic acid has been reported at W/Ti molar ratio of 3%.>" Shifu et al.®* also
described the superior photocatalytic acitivity of the coupled WOs3/TiO, photocatalysts
prepared by ball milling containing optimum percentage of 3% WO; for the degradation of
organophosphate insecticide monocrotophos. The WO3/TiO, photocatalysts containing 3
mol% WO; prepared by microwave assisted hydrothermal method showed higher
photocatalytic activity for the degradation of Rhodamine B under visible light.56e The
maximum improvement of MB degradation by flame-made WO3/TiO; has been reported at
3.6 mol%,59 while others have reported only 40-50% increment at 3mol% WO3/TiOz.Sge
However, the photocatalytic activity of WO3/TiO, was maximized when the surface is
covered with WO3 with monolayer thickness, theoretically at 3.2 mol% WOs, with the
degradation of aqueous dichlorobenzene enhanced by 2.5-fold, and benzene and 2-propanol

degradation in the gas phase enhanced by 3.6- and 5.9-fold, respectively.”™
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Figure I1-15: The photoluminescence (PL) spectra of pure TiO, and WO,/TiO, containing different
mol% of WOx.™

Li et al’>™

reported that coupled WO3/TiO, photocatalysts prepared by a sol-gel
method can form stoichiometric solid solution of W,T1;.xO,. Solid solution of W;Ti;.40, can
produce a tungsten impurity energy level and depend on the amount of WO;3;. When the
content of WQOs3 is lower than an optimum ratio, tungsten impurity energy level would be a
separation center. On the contrary, when the content of WQOs is higher than an optimum ratio,
tungsten impurity energy level would be a recombination center as evidenced by
photoluminescence (PL) spectra (Figure II-15). So, the activity of the photocatalyst raises
with the increase in the amount of doped-WOs; but it will decrease drastically when WO;
content is higher than a given value. The highest activity for WO,/TiO, prepared using sol gel
method for degradation of MB under visible lamp was at 3 mol% W05 Song et al.”’
observed similar result where the rate of MB degradation increased initially with increasing

the impurity fraction of WOy in TiO, and then decreased when the molar content of WOy

exceeded 1%.

The beneficial effect of WO3 on photocatalytic activity can also be explained by the
loading of electron-accepting species on the TiO, surface, which is a good way of slowing
down electron-hole recombination.”®® ® Since W®" can be easily reduced to \?\75+,69 the
photoexcited electrons in the conduction band of TiO, can be easily accepted by WOs3,
following the scheme Wo + e (TiOy)cp — W3*. In this case, WOs3 helps in trapping of
photogenerated electrons. This has also been confirmed in the literature’® by charge transfer

measurements using UV-Vis diffuse reflectance spectroscopy of photoproduced electrons
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from TiO; to W6+; this charge transfer increased as the WO; content raised. But, on the other
hand, it must be taken into account that excessively loaded WO3/TiO, catalysts could act as
recombination centers for electron—hole pairs, according to the scheme W% + e (TiOs)cs —
W but W + ¢ (TiO,)vg — W®'. Therefore, an optimum in WO; content is necessary to

optimize its ability to trap the photogenerated electron trapping.

Another origin of the higher photocatalytic efficiency of WO3/TiO; is its higher
adsorption affinity toward electrolytes or organic molecules compared to the case with pure
TiO,, due to its high surface Lewis alcidity.586 WOs is indeed more acidic than TiO,. Hence,
the Lewis surface acidity of WO3/TiO, will be increased with increasing WOj3 concentration,
until the entire TiO, surface is covered with WOs;. The surface acidity of WO3/Ti0O, measured
as a function of WOs; content increased steadily, until it reached a plateau level at
approximately 3 mol% of WO; in WO3/TiO; indicating that at least 3 mol% of WOs is
needed to cover the TiO, surface completely. A further increase in WOs3 concentration did not
have any influence on the acidity of WO3/TiO, composite particles. The photocatalytic
activity also followed the same hysteresis as the acidity dependence. The increased acidity
generates a higher affinity of WO3/Ti0, for species with unpaired electrons. Because of this,
this material can absorb more OH or H,O, which is a prerequisite for the hydroxyl radical
formation necessary for photooxidation reactions. At the same time, the catalyst is able to
more easily adsorb organic reactants with polarized functional groups having high affinity

with acidic surfaces.

The coupling of WOs to titania also allows for extending absorption into the visible
range and targeting solar photocatalysis applications, due to 2.8 eV band gap energy falling
within the solar spectrum.”® >’ % 7172 When WO; (E, = 2.8 eV) and TiO; (E, = 3.2 eV)
form a coupled photocatalyst, WO; can be excited by photons under visible illumination,
TiO, remaining unexcited. Upon visible excitation, an electron from WO; may be promoted
from the valence band to the conduction band, leaving behind a hole in the valence band. As
the valence band of WOs is lower than that of TiO,, the later can act as a hole receiver. The
photo-generated holes of the WO3 valence band will be transferred to the valence band of
TiO, while photogenerated electrons remain in the conduction of WO; causing charge
separation to become more efficient. The positive holes in the valence band of TiO, can be
trapped by OH  or H,O species adsorbed on the surface of the catalyst, producing reactive

hydroxylradicals in aqueous media.
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Figure II-16: Energy diagram for TiO, and WO,-Ti; 4O, systems.67

The shift in the absorption spectrum of WO3/TiO; to the visible region has been
observed for such heterostructure prepared by the sol gel route,”’ ball milling method,®* or
hydrothermal method.”® Saupurahman et al.™ reported that XPS analysis of 3 mol%
WO5/TiO, showed the existence of W, W>* and W** where the first two are predominant
species. It was suggested that W** can substitute Ti** due to the similarity in ionic radius,
forming the non-stoichiometric solid solution W,Ti;_4O, that could produce a tungsten
impurity energy level. The light absorption band of TiO, changed from the near UV to the
visible light range because of the tungsten impurity energy level as shown in Figure II-16.
Optical absorption measurement revealed shifting of the absorption spectrum to the visible
region by tungsten doping, even though no clear absorption edge was observed. In another
study, the WO,/TiO; prepared by sol mixing method showed the optimum tungsten loading at
1 mol%.%’ However, the XPS analysis of 1 mol% WOs3/TiO, similarly showed the existence
of W*, W™, and W®, with the first two as predominant species, and the absorption spectrum
of W-doped TiO, was found shifted to the visible light. Impregnation method also shifted the
absorption spectrum of TiO, where the shift was possibly caused by the impurity energy level
within the band gap of TiO; as the metal was spread over the surface, and not incorporated
into the TiO, framework.”?

Higher photocatalytic activity of the WO3/TiO, composite film has also been reported

71, 74

for the degradation of organic pollutant under both UV and visible light. It has been

reported by Miyauchi er al.> that by having TiO, facing the incident UV light instead of WO;
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leads to enhanced photocatalysis. The photoinduced hydrophilicity of TiO, films with
underlying WO; layers (TiO,/WOs3 layered thin film) and the photocatalytic activity for the
oxidation of methylene blue were increased resulting from efficient charge transfer between
the TiO, and WOs layers. Similar effects were observed by Somasundaram et al.” when they
studied the photoaction of TiO,/WO; composite films. It has also been reported by Irie et
al.”® that the interfacial area between the TiO, layer and WO; layer played an important role
in charge separation, thus affecting the photocatalytic activity. By increasing the contact area
between the TiO, and WO; surfaces, more separated electron-hole pairs can live longer due
to the charge separation effect. In addition, the crystal phase of both the TiO, and WOs layers
plays a key role in the overall photocatalytic performance. Higashimoto ef al.”’ has reported
that a two-layer TiOp/WO; system yielded higher efficiency in photoelectrochemical
experiments with the TiO; layer being crystalline and the WO; phase being amorphous than
with both layers being crystalline. The explanation for this effect is that the amorphous WO;
has its conduction band level closer to that of TiO, and thus allows for easier charge carrier
transfer. Fuerte er al.”® observed continuously enhanced photocatalytic activity in toluene
degradation by TiO,/WO;3; when the tungsten concentration was enhanced. They ascribed the
effect to the creation of W-related trapping centers on the catalyst surface and intraband
electronic states. Needle-like TiO,/WO;3;_x composite thin films achieved by atmospheric
pressure chemical vapour deposition demonstrated enhanced photocatalytic activity in the
degradation of stearic acid under different irradiation conditions in the UV range.”” The
increase in activity of films was rationalized in terms of an effective vectorial charge
separation at the interface of the two oxide semiconductors. In another report, multilayer
TiOo/WOs3 thin films, containing 5% WOs3 layers deposited on silicon and quartz glass
substrate by pulsed laser deposition (PLD) method showed the best photocatalytic response to

the decomposition of methylene blue in aqueous soluution.”'

I1.4.1.4. ZnO/SnO; heterostructure photocatalysts

Zinc oxide (ZnO) is an n-type semiconductor of wurtzite structure with a direct
energy wide band gap of 3.2-3.3 eV at room temperature.*® SnO, is another n-type
semiconductor with band gap energy (E, = 3.5-3.6 eV) higher than that of Zn0.%' But, the
conduction band (CB) position of SnO, is lower than that of ZnO and the valence band (VB)
of ZnO is positioned between the VB and CB of SnO; and the CB of ZnO is positioned above
the CB of SnOz.82 As shown in Figure II-17, when the ZnO/SnO, heterojunction is irradiated

by UV light with the photon energy higher or equal to the band gaps of ZnO and SnO,, the
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photogenerated electron in the conduction band of ZnO can easily transfer to the conduction
band of SnO, At the same time, the holes in the valence band of SnO, can transfer to the
valence band of ZnO. As a result, the formation of the ZnO/SnO; heterojunction by coupling
two semiconductors could hinder the charge recombination and improve the photocatalytic

efficiency.

D+

SnO, Zn0O

Figure I1-17: Schematic band energry diagram of ZnO/SnO, composite.

Zn0O/SnO; heterostructure photocatalysts have been synthesized by a variety of

d,** *! sol-gel route,** co-precipitation

different processes, including hydrothermal metho
method® and mechanochemical process.86 The ZnO/SnO, photocatalysts fabricated by all the
above mentioned processes showed superior photocatalytic activity for the degradation of
organic pollutants. Table II-3 summarizes the degradation of different organic pollutants by
Zn0O/SnO; heterostructure photocatalysts prepared through different methods.

Kowsari and Ghelzelbash studied the effect of morphology on the photocatalytic

832 The Zn0O/SnO, nanostructured photocalysts

activity for the degradation of methyl orange.
was prepared by hydrothermal route in the presence of the chiral ionic liquid (CIL)
ditetrabutylammonium tartrate. A regular morphology of the ZnO/SnO, nanostructure was
obtained by controlling the morphology of the precursor with CIL and Zn**/Sn** molar ratio
as shown in Figure II-18. However, the ZnO/SnO; nanosheets (Figure II-18 g) showed the

highest photocatalytic activity compared to ZnO/SnO, of other morphologies.
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Table II-3: Degradation of different organic pollutants with ZnO/SnO, heterostructure photocatalysts.

Pollutant Dose Reaction condition and effieciency Synthesis Reference
1 method
gL

Methylene blue 0.5 Under UV irradiation (365 nm). 3 L of Co-precipitation Lin & Chianggsa
(MB) 10mg/L MB. Degradation rate constant

k, 0.018 min™' for coupled ZnO/SnO,

and 0.003 min' for SnO,,
Rhodamine B 1 Under UV irradiation (200 W). 10 mL  Hydrothermal Wen et al.®*
(RhB) of 4.79 mg/L. RhB. Degradation rate

constant k, 0.19% min™' for composite

and 0.013% min™' for SnO,,

. Under UV irradiation (250 W, A=365 . 84a

ﬁill?l;l;lmme B 1.67 nm), 3 mL of 1.2 x 1 0" M of RhB. Sol-gel Davis et al.

Composites of ZnO/SnO, showed 20%

better efficiency than that of P25.
Methyl orange 0.5 Under UV irradiation. 50 mL of 20 Hydrothermal Wang et al¥!
(MO) mg/L. MO. Photocatalytic activity of

ZnO/SnO, was higher than that of

SnO, or ZnO.
Methyl orange 1.25 Under UV irradiation (253.7 nm). 80 Hydrothermal Kowsari and
(MO) mL of 20 mg/L MO. Coupled Ghezelbash®*

ZnO/SnO, with Zn**/Sn** = 1:1 gave

higher photocatalytic efficiency

compared to ZnO and SnO,.
Methyl orange 1.33 Under UV irradiation (365 nm). 150 Co-precipitation  Yang et al.®®
(MO) mL of 20mg/LL. MO. The ZnO/SnO,

composite calcined at 700 °C with a

molar ration of Zn:Sn of 2:1 exhibited

best photocatalytic efficiency.
Methyl orange 2.5 Under UV irradiation (365 nm). 100 Co-precipitation Wang et al.®*
(MO) mL of 20mg/L MO. Photocatalytic

activity of ZnO/SnO, was 21.3 times

higher than that of SnO,.
Methyl orange 2.5 Under UV irradiation (300W). 100 mL.  Co-precipitation ~ Zhang et al.**
(MO) of 20mg/LL MO. Rate constant for

Zn0O/Sn0O,, Degussa P25, ZnO, SnO,

were 0.0865, 0.0822, 0.0335, 0.0124

min™', respectively.
Methyl orange 2.5 Under UV irradiation (365 nm). 100 Co-precipitation  Cun et al®*
MO) mL of 20mg/L MO. Rate constant for

Zn0O/Sn0O,, ZnO, and SnO, were

0.5657 0.3406, 0.0215, and 0.0124 min®

! respectively.
4-chlorophenol 1.2 Under UV irradiation (8§ W). 3 L of 2 x  Physical mixing Ouetal?

(4-CP)

10* M 4-CP. Rate constant for
Zn0/Sn0,, ZnO were 0.612, 0.347, h’',
respectively, at pH 7.

The enhanced photocatalytic efficiency of nanosheet heterostructure was attributed to higher

BET surface area. The BET surface area of nanosheet was 78.6 m2/g while that of other
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morphology shown in Figure II-18 (a-f) were 20.6, 22.14, 24.30, 25.45, and 37.40 78.6 mz/g,

respectively.

Figure II-18: SEM images of ZnO/SnO, nanostructures obtained at different Zn**/Sn* molar ratios:
(a) 2:1, (b) 1:1, (c) 4:1, (d) 1:2, (e) 0:1, and (f) 1:0, (g) CIL=0.1 g, Zn2+/Sn4+=1:1, (h) CIL=0.05 g,
Zn**/Sn** =1:1; (a-f): CIL = 0.05 g.**

In another report, ZnO/SnO, hollow spheres and hierarchical nanosheets were
synthesized using an aqueous solution containing ZnO rods, SnCly, and NaOH by using a
simple hydrothermal method.®’ The ZnO/SnO, hollow spheres were obtained by
hydrothermal treatment at 160 °C. The morphology of the ZnO/SnO; hollow spheres changed
to hierarchical nanosheets when the temperature was increased from 160 °C to 200 °C. Both
composites showed higher photocatalytic activities in the degradation of methyl orange than
that of ZnO rods or SnO, nanomaterials. The increased charge separation by ZnO/SnO,
composites resulted in the higher photocatalytic efficiency. Aerogel nanocomposites of
Zn0/Sn0O, were prepared through a facile, sol-gel method without the use of a template or a
supporting matrix.* The photocatalytic efficiency of this composite was 20% better than that
of commercial TiO, (Degussa P25) and was related to a high internal surface area, a small

crystallite size and a porous network preserved even after annealing.

Due to high specific surface areas and length to diameter ratios, fiber-shaped
photocatalysts showed improved behaviors compared to the particle form as far as the
recycling and aggregation issues are concerned. Zhang er al.®® have synthesized one-
dimensional ZnO/SnO, nanofibers by a simple combination method of sol-gel process and
electrospinning technique using a precursor solution obtained by dissolving ZnCl, and
SnCl,.2H,0 in dimethylformamide and then adding polyvinylpyrrolidone (PVP) to the above

solution. The diameter of the resulted nanofiber was ranged from 100 to 150 nm and the
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length was several micrometers. The photocatalytic activity of ZnO/SnO; nanofibers for the
degradation of Rhodamine B (RhB) was much higher than that of electrospun ZnO and SnO,
nanofibers, which could be attributed to the formation of a ZnO/SnO; heterojunction in the
Zn0O/SnO; nanofibers and the high specific area of the ZnO-SnO, nanofibers. They explained
the charge separation mechanism with the help of band bending at the interface of ZnO/SnO,
heterojunction. The work function of SnO, is higher than that of ZnO. In the ZnO/SnO,
heterojunction, the electrons from SnO, transfer to ZnO in order to equalise the Fermi level at
thermal equilibrium. Therefore, a built in potential develop which results in the band bending
at the interface. Due to this band bending, the photogenerated hole and electron transfer in the

1.¥ also

opposite direction leading to reduced recombination of charge carriers. Liu et a
studied the photocatalytic activity of ZnO/SnO;, nanofibers prepared by electrospinning
method using Zn(OAc), and SnCly SH,O as precursors and cellulose acetate as the fiber
template in the mixed solvent of N,N-dimethyformamide/acetone (1:1, V:V) followed by
calcination at 500 °C. The maximum photocatalytic activity was shown for composite
nanofibers with the molar ratio of Zn:Sn = 2:1, more or less Zn:Sn ratios lowered the
photocatalytic efficiency. The enhancement of the photocatalytic activity was attributed to the
high BET surface areas, high efficiency in the light utilization and high efficient separation of
photogenerated electron/hole pairs. Wang et al.”® investigated the effect of mesoporous
structure on the photocatalytic properties based on ZnO-SnO, coupled nanofibers. The result
showed that the higher photocatalytic activity was obtained by mesoporous ZnO-SnO, (M-Z-
S) coupled nanofibers in contrast to that of the ZnO-SnO, (M-S) coupled nanofibers. The
improved photocatalytic activity of the M-Z-S nanofibers stemmed from the high specific
surface area and the mesoporous texture. The large surface area provided more active
adsorption sites and photocatalytic reaction centers. On the other hand, the mesoporous
structure in the (M-Z-S) coupled nanofibers M-Z-S nanofibers makes them more efficient

light harvesters which resulted in a higher photocatalytic activity.

A network-structured SnO,/ZnO heterojunction photocatalyst (Figure II-19a)
synthesized through a simple two step solvothermal method, in which solvothermally
fabricated ZnO nanorods were used as seeds, and SnO, subsequently grew on their surfaces,
exhibited excellent photocatalytic activity for the degradation of methyl orange.”’ The
photocatalytic activity of mesoporous network-structured SnO,/ZnO was superior to the
solvothermally synthesized SnO, and ZnO samples which was attributed to the SnO,/ZnO

heterojunction, the pore structure, and higher Brunauer-Emmett-Teller (BET) surface area of
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the sample: (1) The SnO,/ZnO heterojunction improved the separation of photogenerated
electron-hole pairs due to the potential energy differences between SnO, and ZnO, thus
enhancing the photocatalytic activity. The charge separation mechanism shown in Figure
I1-19b was similar as described elsewhere.*® (2) The SnO,/ZnO sample might possess more
surface reaction sites and adsorb and transport more dye molecules due to the higher BET

surface area and many pore channels, also leading to higher photocatalytic activity
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Figure I1-19:(a) TEM image of the as-synthesized SnO,/ZnO heterojunction nanocatalyst (b) Energy-
band diagram and photocatalytic mechanism of the as-synthesized SnO,/ZnO heterojunction
nanocatalyst. vac, vacuum level; E¢, Fermi level; CB, conduction band; VB, valence.”!

As for the other systems, the photocatalytic activity of ZnO/SnO, films for the
degradation of organic pollutants was also investigated. Thin films of the mixed ZnO/SnO,
system were obtained by the sol—gel technique, involving the mixture of zinc oxide and tin
oxide precursor solutions that was deposited by the dip coating method on glass substrates.’>
The films of the mixed ZnO/SnO, system with a Zn:Sn = 4:1 ratio and sintered at 500 °C,
showed a higher photocatalytic activity for the degradation of methylene blue than the pure
SnO; or ZnO films. This was attributed to an increase in the superficial area. Furthermore,
Zhu et al” investigated the photocatalytic activity of SnO,/ZnO/chitosan films for the
degradation of methyl orange under visible light irradiation The SnO,/ZnO quantum dots (3-5
nm diameters) heterojunction immobilized on cross linked chitosan films
(SnO,/ZnO/chitosan films) were fabricated by a co-precipitation technique combined with
solution casting method. The SnO,/ZnO/chitosan films exhibited efficient decolorization of

azo dyes during the photocatalytic reaction under visible light irradiation.
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I1.4.2. p-n heterojunction

It has already been mentioned in section IL.3.2 that the fabrication of an actual p-n
heterojunction in various composites photocatalysts constitutes another approach to achieve
efficiently electron-hole pairs separation because of the existence of an internal electric field
from the n-type semiconductor to the p-type semiconductor.” It is known that NiO is a p-type
semiconductor,”” and TiO, is an n-type semiconductor. When p-type NiO and n-type TiO, are
put into contact, a p—n junction will be formed between p-NiO and n-TiO, particles.
Theoretically, when p-type semiconductor NiO and n-type semiconductor TiO, form p-n
junctions, an inner electric field will be formed at the interface. At the equilibrium, the inner
electric field forms because the p-type semiconductor NiO region carries negative charge,
while TiO, region gets the positive charge. According to the energy band diagram of p-n
NiO/TiO; junction shown in Figure II-4, as the p-n junction is irradiated by photons, the
photogenerated holes will flow to the valence band of NiO nanoparticles (negative side),
while the electrons flow to the conduction band of TiO, (positive side). As a result, the
photogenerated electrons and holes are separated efficiently, and the photocatalytic activity is

enhanced.

Currently, NiO-loaded TiO,, acting as a model nano-p-n junction photocatalyst, is
being extensively investigated to improve the photocatalytic activity of TiO,. Among various
methods available for the synthesis of photocatalytic active nanocomposites, sol-gel is
considered to be the most successful one in creating nanoparticulate systems with controlled
pore structure. Shifu et al.’® fabricated the p-n junction NiO/TiO, photocatalyst by sol-gel
method. The photocatalytic activity of the p-n junction NiO/TiO, with optimum 0.5 % doped-
NiO (mole ration of Ni/Ti) was much higher than that of TiO; on the photocatalytic reduction
of Cr,0;* owing to the effective charge separation by the inner electric field. However, such
process was not favourable in the photocatalytic oxidation of rhodamine B. on the other hand,

Chen et al.’”’

reported higher degradation efficiency of methylene blue with 0.5 wt%
NiO/TiO,. Similarly, the photocatalytic preferential oxidation of CO with O; in the presence
of H, was found to proceed efficiently on NiO/TiO; containing 0.5 wt% NiO.”® To get deeper
insight in this system, Ku et al.” investigated the effect of NiO amount on both texture and
structure of the NiO/TiO, photocatalysts prepared by the sol-gel route. Coupling of NiO
retarded the phase transformation of TiO, and hindered the aggregation of particles resulting

in a slight increase in the surface area. The heterostructure catalyst exhibited higher response

of surface photovoltage and higher photocatalytic activity for the reduction of hexavalent
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chromium than pure TiO; indicating that the recombination of photogenerated electron—hole
pairs was delayed by the inner electric field caused by the p—n junction region. Higher
photocatalytic degradation of methylene blue was obtained by mesoporous NiO/TiO, nano-
mixed oxides containing 5 mol% NiO with definite particle size and controlled pore structure
synthesized by sol-gel route using cetyltrimethylammonium bromide ternplalte.100 The higher
photocatalytic activity of the samples was attributed to reduction in particle size, the
increasing in surface area, the photoelectron/hole separation efficiency and the extension of
the wavelength range of photoexcitation. Finally, it is also worth mentioning that the
mesoporous-assembled TiO,/NiO mixed oxide nanocrystals containing 25 mole% NiO
synthesized by a sol—gel process with the aid of a structure-directing surfactant under mild
condition showed a higher photocatalytic activity for the degradation of methyl orange.101

Iwaszuk et al.'®

studied the origin of the visible-light response of surface modified
TiO, with NiO cluster. The results showed that NiO clusters were deposited on TiO, surfaces
with large adsorption energies ranging from —3.18 to —6.15 eV, with metallic Ni-Ti bonds
leading to extra stabilization on rutile (110) compared with anatase (001). The deposited
clusters narrowed the TiO, band gap, which pushed the photoactivity into the visible region
due to the presence of NiO states at the top of the valence band of TiO,. The NiO/TiO,
exhibited a high level visible-light activities for 2-naphthol and p-cresol degradations
concurrently with enhanced UV-light activity. The enhanced photocatalytic activity was
attributed both to the charge separation due to the excitation from the Ni 3d surface sub-band
to the TiO, conduction band and the action of the NiO species as a mediator for the electron
transfer from the TiO, conduction band to O,. Jin et al.'® proposed a similar explanation for
narrowing the band gap of the surface modified TiO, with NiO that caused a high visible-
light activity and a significant increase in the UV-light activity for the degradation of 2-
naphthol. p-n junction heterostructure TiO, nanobelts produced by assembling NiO
nanoparticles on TiO; nanobelts also exhibited much enhanced photocatalytic activity under
visible light for the degradation of methyl orange through the separation of holes and
electrons produced at the p-n junction.'® Sim er al'® investigated the photocatalytic
decomposition of methylene blue under solar light with p-n junction NiO/TiO, nanotubes.

NiO/TiO, samples showed higher degradation efficiency compared to that of TiO, nanotubes.

Sreethawong et al.'* prepared mesoporous NiO/TiO, composites using the sol-gel
process in the presence of a suitable template. The as-synthesized NiO/TiO, demonstrated

higher photocatalytic activities for H, evolution from aqueous methanol solutions. The
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optimum level of NiO loading was 1.5 wt%. Elouali ez al.’’” prepared a porous ceramic wafer
photocatalyst disc from several commercially available titanias. The wafers were coated on
one face with Pt and a NiO co-catalyst on the reverse side. The activities of the ceramic wafer
were tested for hydrogen and oxygen evolution from aqueous sacrificial systems. Loading
with NiO was found to greatly increase photo-oxidation activity by 677% at the expense of a
67% reduction in the hydrogen production rate. Guo ef al.'® demonstrated the synthesis of
TiO, nanotube arrays based on a Ti substrate by a facile and effective two-electrode
anodization process in an aqueous electrolyte. The NiO/TiO, junction electrode was
fabricated by employing electroless plating and annealing which resulted in TiO, nanotube
arrays coated with a layer of NiO nanoparticles. The resulting NiO/TiO; junction electrode
enabled to obtain an enhanced photocurrent (3.05 mA cm™2) as compared with a TiO;
electrode based on TiO, nanotube arrays (0.92 mA cm™> ) under AM 1.5 G (100 mw cm'z) at
a bias of 0.65V resulting from reduced recombination of photogenerated charge carriers.
Furthermore, the NiO/TiO: junction electrode exhibited a considerable and sustained water

splitting behavior demonstrating a 2:1 volume ratio of hydrogen and oxygen.

Other n-type semiconductors as ZnO or SnO; can also be used in combination with
NiO to build p-n heterostructure photocatalysts. Thus, the p-n NiO/ZnO heterojunctions also
exhibit high photocatalytic activity in degradation of organic pollutants compared with pure
ZnO resulting from suppression of the recombination of photogenerated electron-hole pairs
by the mutual transfer of photogenerated electrons or holes in the heterojunctions. Zhang et
al.'” investigated the photocatalytic activity of one-dimensional electrospun nanofibers of
NiO/ZnO heterojunctions synthesized by using a sol-gel process and electrospinning
technology. The results showed that the NiO/ZnO heterojunction nanofibers with the Ni/Zn
molar ratio of 1 possessed higher photocatalytic activity than the pure NiO and ZnO
nanofibers for the degradation of rhodamine B dye under UV light irradiation due to the
enhanced separation efficiency of the photogenerated electron-hole pairs from the p-n
heterojunctions. The PL spectra and SPS measurement confirmed the enhanced charge
separation. In addition, these nanofibers could be easily recycled without a decrease in the
photocatalytic activity due to their one-dimensional nanostructure properties. Hameed et
al.''? also reported the higher catalytic efficiencies of NiO/ZnO nanocomposites synthesized
by co-precipitation/co-gel formation techniques using potassium hydroxide (KOH), sodium
carbonate (NaCOsz) and oxalic acid (H,C,04) as precipitating agents. All the three

synthesized nanocomposites showed appreciable activity for the decolorization of methyl
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orange and methylene blue for both dyes being observed with KOH derived NiO/ZnO
nanocomposites. Shifu ez al.'"' observed higher photocatalytic reduction of Cr,O,> and lower
photocatalytic oxidation of methylene blue with p-n junction NiO/ZnO photocatalysts

compared with pure ZnO.

This system is also efficient to achieve water reduction under visible light as
investigated by Belhadi e al.''? The best performance was obtained in basic media on 4%
NiO loaded NiO/ZnO composite using S,05%  as sacrificial agent with hydrogen evolution
rate of 435 pmol h™. The best performance was attributed to the effective dispersion of NiO
over the support that led to enhance the photoactivity. The electrons generated upon visible
light in the conduction band of NiO, anchored uniformly on ZnO, diffuse to the interface for
achieving the water reduction. These properties found recently interesting application in
sensing of dilute hydrogen sulfide (H,S) gas. Thus, Xu ef al.'"” reported enhanced sensitivity
with hierarchical NiO@ZnO gas sensor compared with the pure ZnO, NiO, and the ZnO/NiO

mixed gas sensors.

Examples with SnO, are rare. However, it is worthwhile to mention that Mohamed
and Aazam investigated the photocatalytic oxidation of CO over NiO/SnO, photocatalyst
synthesized by coprecipitation method under UV irradiation.''* Compared with pure SnO,,
the 33.3 mol% NiO/SnO, composite led to a twentyfold enhancement of the photocatalytic

oxidation of CO resulting from efficient interface electron transfer.

In another report, the p-n junction p-ZnO/TiO, photocatalyst was prepared by ball
milling of TiO, in H,O solution doped with p-ZnO. The p-n junction photocatalyst p-
ZnO/TiO, exhibited higher photocatalytic reduction activity for the reduction of Cr2072', but
lower photocatalytic oxidation activity for the oxidation of methyl orange.*’* The higher
photocatalytic performance of p-ZnO/TiO, was attributed to the inner electric field assisted
charge separation at the junction interfaces between the p-ZnO and TiO, semiconductors,
which consequently favors an effective photoexcited electron-hole separation. On the other
hand, ZnO could trap the hole (ZnO + 2h*— Zn>* +1/20,) enriching electrons in the interface
to react with Cr,0;> adsorbed on the photocatalysts surface, thus increasing photocatalytic
reduction activity and lowering photocatalytic oxidation activity. Similar result was also
obtained for the photocatalytic reduction of Cr,O;> by single-step synthesized ZnO/TiO,

. . .. 44
nanoparticles by microwave radiation.” ™
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I1.4.3. Metal/semiconductor heterojunctions

Modification of semiconductor with noble metals, such as Ag, Au, Pd, Pt
nanoparticles is a profound way to enhance the photocatalytic activity by increasing the
lifetime of the electron-hole pairs and allows the extension of the light absorption of wide
band gap semiconductor to the visible region due to the surface plasmon resonance (SPR)
effect of noble metals.'"> The metal nanoparticles often act as electron scavengers improving
charge separation within the semiconductor-metal photocatalyst system.116 The electron
accumulation on the metal deposits shifts the Fermi level of metal to more negative
potentials, and the resulting Fermi level of the composites shifts closer to the CB of the

semiconductor (Figure I1-20). 17
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Figure II-20: Equilibration of semiconductor-metal nanocomposites with the redox couple before and
after UV irradiation.'"”

The negative shift in the Fermi level reveals the better charge separation and the more
reductive power of the composite system. Thus, the metal particles distributed on the surface
of the semiconductors could greatly enhance the overall photocatalytic efficiency.
Furthermore, metallic nanoclusters located on the semiconductor surface can act as effective
cocatalysts to reduce the overpotential for surface electrochemical reactions or gas evolution

processes.

I1.4.3.1. RuQO,/TiO; heterostructure photocatalysts

Adequate RuO, homogeneously distributed on the surface of TiO, particles can serve
as a shallow trap of holes to favour the separation of electron-hole pairs and delay the
recombination of holes with electron, thus improving the photodegradation efficiency. The
RuO; has a high work function located in the band gap above the valence band of TiO,.!'®
When they are put into contact, electron will be transferred from TiO, to RuO; in order to

equalize the Fermi level at the thermal equilibrium. As a consequence an upward bending of
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the energy bands is expected from TiO; to RuO, which favours an efficient charge separation
at the RuO,/TiO; interface under illumination. Another important beneficial effect of RuO,
loading on TiO; is the increase in conductivity, which ultimately allows a more efficient
charge transfer within the photocatalyst and makes it kinetically faster when it is involved in

the redox processes.'"”

Several studies have shown that TiO, decorated with RuO, particles or films could
catalyze the oxygen production by improving the efficiency of charge separation at the metal
oxide/semiconductor interface.'”” Ohno ez al."** found that Ru-doped TiO, materials exhibit
a photocatalytic activity under visible light due to the formation of an impurity energy level
which then modifies the band gap of TiO,. Housekova et al.'”™ prepared nanocrytalline
titania particles doped with ruthenium oxide by homogeneous hydrolysis of TiOSO4 in
aqueous solution in the presence of urea. The resulting composites showed an enhanced
photocatalytic activity for the decomposition of acetone in the gaseous phase under visible
light. The RuO, caused the anatase to rutile transformation to occur at lower temperatures,

resulting in a decrease in the band gap. Amama et al.'*!

reported a higher photocatalytic
activity of TiO,/RuQO, prepared by the impregnation method compared to that of TiO,/RuO,
prepared by the slurry precipitation method for the photocatalytic oxidation of
trichloroethylene. The enhanced activity was obtained with an optimum amount of 0.4 wt%
RuO,. Liquid-phase cyclohexene epoxidation with H,O, over RuOs-loaded sol-gel (SG)-

d.'?? It was found that the

derived mesoporous-assembled TiO, nanocrystals was also examine
I mol% RuO,/TiO, synthesized by single-step sol-gel method showed a higher catalytic
activity with satisfactorily high cyclohexene conversion and cyclohexene oxide selectivity.

A porous TiO, films were also modified with RuO; by the impregnation and dropping

methods.'?

Modification with an appropriate amount of RuO, improved the titania
photocatalytic performance in the degradation of Eosin Y by retarding the recombination of
holes with electrons. RuO,;-modified TiO, prepared by the impregnation method showed
better photocatalytic performance than that of the materials obtained by the dropping method
because of the uniform distribution of RuO, formed by the impregnation method. Yao et
al.'** deposited RuO»/TiO, films on float pearls (FP) by the sol-gel dipping method. The
photocatalytic activity of RuO,/TiO,/FP was evaluated through the degradation of beta-
cypermethrin (BEC) under UV light or visible light. The photocatalytic degradation of BEC

was experimentally demonstrated to follow the Langmuir-Hinshelwood kinetic model. It was
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also found that the RuO,/TiO,/FP system was particularly efficient in the photocatalytic
degradation of BEC under visible light.

Ismail et al.'®

investigated the photocatalytic activity of mesoporous RuO,/TiO,
nanocomposites prepared through one step sol-gel method by choosing the photocatalytic
CH;0H oxidation to HCHO as test reaction under UV and visible light. It was observed that
RuO, promoted the photocatalytic activity for the formaldehyde formation under visible light
and photonic efficiency was enhanced by doping RuO; into TiO,. The maximum photonic
efficiency was obtained at 0.5 wt% RuO,/TiO; and then gradually decreased when the
amount of RuO, was raised above 0.5 wt%. The incorporation of Ru*" into the anatase TiO,
lattice led to photocatalytic activity in the visible spectral range. The photonic efficiency

stemmed from the enhanced interfacial charge transfer of the photogenerated charge carriers

to the surface species.

11.4.3.2. Ag/TiO; heterostructure photocatalysts

Silver (Ag) nanoparticles were also widely used for surface modification of TiO, to
enhance the photocatalytic activity of TiO,-based materials under UV and visible light and to
improve antibacterial properties.'*® Ag-modified TiO, showed a higher photocatalytic activity
than pure TiO, due to some different physical and chemical mechanisms that may act
separately or simultaneously. First of all, when TiO; and Ag are put into contact, electron will
transfer from the TiO; to the metallic Ag particles due to the higher Fermi level of TiO, than
that of Ag, resulting in a space charge layer at the boundaries between Ag and TiO,. The
electric field drives the photogenerated electrons to the interior to achieve the separation of
the photogenerated electron-hole pairs and to inhibit their recombination. Thus, the valence
band photogenerated holes are free to react with OH™ adsorbed onto the TiO, to create
hydroxyl radicals (*OH), which are able to decompose the pollutant, so a higher catalytic
activity is obtained.'*’ Secondly, plasmon resonance effects in metallic Ag nanoparticles can
also be responsible for a local enhancement of the electric field, facilitating electron-hole pair
production.'® Lastly, Ag can improve the quantum yield by accelerating the removal and

transfer of electrons from the catalyst particles to the molecular oxygen.'?

A variety of synthetic approaches have been developed to prepare silver-deposited

titania materials. Widely used methods include precipitation deposition,130 incipient wet

132
1,

impregnation,"' sol-ge and photoreduction.'*® Suh ez al."** investigated the photocatalytic

degradation of rhodamine B (RhB) with Ag-deposited TiO, prepared by the peptization
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method under visible and UV light irradiation. The Ag/TiO; significantly enhanced the RhB
photodegradation under visible light irradiation whereas the RhB photodegradation under UV
irradiation was slightly enhanced. The significant enhancement in the Ag/TiO, photoactivity
under visible light irradiation can be ascribed to simultaneous effects of Ag deposits by both
acting as electron traps and enhancing the RhB adsorption on the Ag/TiO; surface. More RhB
molecules are adsorbed on the surface of Ag/TiO, than on the TiO, surface, enhancing the
photoexcited electron transfer from the visible-light sensitized RB to the conduction band of
TiO, and subsequently increasing the electron transfer to the adsorbed O,. Wodka et al.'®
reported significantly higher photocatalytic activity of Ag/TiO, (P25) composites than that of
pure P25 for the degradation of oxalic acid, formic acid and humic acid under artificial solar
light (ASL) and UV light irradiation. In the degradation reaction of oxalic acid under ASL
irradiation, Ag/TiO, composites were several times more active than pure P25.

Photocatalytic activity of TiO, modified by Ag was tested by degrading many organic

130, 132a, 133, 136 137

compounds such as methylene blue (MB), methyl orange (MO), °' astrazone
orange G,"*® and rhodamine B (RhB)."** Kim er al."*® reported higher photocatalytic activity
of Ag-containing TiO,/carbon Nanofibers (Ag—TiO,/CNF) composites in the degradation of
MB under visible light illumination. This photocatalyst degraded MB 17 times faster than
TiO,/CNF without silver particles after 3 h. The Ag nanoparticles acted as electron acceptors
and trapped the photogenerated electrons immediately, which caused an increase in the

photodegradation rate and reduced electron—hole pair recombination.
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Figure II-21: Interface charge-carrier transfer dynamics of anatase/rutile, Ag/ anatase and Ag/rutile
within Ag/TiO, composite thin films."”

This system has also been developed as film by liquid phase deposition method (LPD) and

137b
0.8

was investigated by decomposing M The photocatalytic activity of Ag/TiO, multiphase
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nanocomposite thin films exceeded that of pure TiO, thin films by a factor of more than 6.3.
The multiphase was obtained by controlling the concentration of AgNO; precursor. The Ag*
ions promoted the formation of brookite phase and also reduced the anatase to rutile phase
transition temperature. The enhanced photocatalytic activity was attributed to the fact that
there were many hetero-junctions, for example anatase/rutile, anatase/brookite, Ag/anatase,
Ag/rutile and so on, present in the Ag/TiO, multiphase nanocomposite films, that facilitates

rapid separation of the photogenerated electron-hole pairs as shown in Figure I1-21.

In most of the photocatalytic studies, Ag nanoparticles are dispersed on the TiO,
surface. Such a catalyst structure, though effective, results in exposing both metal to reactants
and the surrounding medium. The corrosion, dissolution and reaction of metals during the
photocatalytic reaction limited the efficacy and the stability of the photocatalysts, especially
for long-term working. To improve the catalytic performance of oxide-metal composites,
core—shell nanoparticles with Ag cores and TiO, shells have attracted a considerable attention
recently.***™!* The Ag@TiO, core-shell nanoparticles prepared by the hydrazine reduction
of AgJ'/Ni2+ ions and the subsequent sol—gel coating of TiO; in an aqueous solution of CTAB
demonstrated significantly higher photocatalytic activities in the degradation of rhodamine B
than TiO, nanoparticles in the visible light region.'*” The enhance photocatalytic activity
was attributed to the formation of Schottky barrier at the core—shell interface as well as to the
excitation of the photogenerated electrons from the surface of Ag cores to the conduction
band of TiO; shells. In contrast, the Ag@TiO, nanoparticles showed lower photocatalytic
activities than TiO, nanoparticles under UV light illumination. This could be attributed to the
lower TiO; content as well as the transfer of photogenerated electrons from TiO, shells to Ag
cores, where the photoinduced electrons might recombine with holes and hence lead to a
decrease in the photocatalytic activity. In the absence of electron scavengers, Ag has the
ability to store the photogenerated electrons, as shown in Figure II-22. The transfer of
electrons from TiO, shells to Ag cores continues until a Fermi level equilibrium is established

between Ag and TiQ,, 32140

The stored electrons can be readily estimated by titrating with a
known redox couple such as thionine or Cgg. Another convenient way to probe the electron
storage in metal nanoparticles is by monitoring its plasmon frequency. The addition of
electrons to silver nanoparticles or nanorods causes a blue shift in the absorption spectrum
due to the increasing surface plasmon frequency of the electron gals.mg'“l The shift in the
surface plasmon resonance band can be used to estimate the number of electrons stored in the

Ag core, with about 66 electrons per Ag/TiO, core/shell structure.'*® The stored electrons
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can be discharged when an electron acceptor such as O,, thionine, or Cg is introduced into
the system. This electron storage ability shows the importance of such structures in photon
energy conversion by storing electrons during excitation and delivering them back in the
dark. However, their photocatalytic activity is limited as indicated by a Cgo/ Cgo~ probe under

UV irradiation.

ethanol products

Figure I1-22: Photoinduced charge separation and charging of metal core in Ag@TiO, **

Recently, TiO, nanoparticles were introduced as possible photocatalysts in the
destruction of bacteria. Ag or Ag complex-doped TiO, were found to be significantly more
photocatalytically and antimicrobially active than uncoated TiO, nanoparticles under light.'*!
For instance, Zhang et al.'** demonstrated that Ag/TiO, synthesized by a triblock copolymer
induced reduction of [Ag(NH3),]" ions in ethanol showed enhanced photocatalytic and
bactericidal activities compared to the uncoated TiO,. Wu et al.'® reported the
montmorillonite supported Ag/TiO, composites, which exhibited high photocatalytic activity
and good recycling performance in the degradation of E. Coli under visible light. The
improved photocatalytic properties were ascribed to the increase surface active centers and
the localized surface Plasmon effect of the Ag nanoparticles. The catalyst AgBr/TiO, was
found to be highly photocatalytic in the destruction of bacteria in water under visible light.'**
Hu er al.'"® synthesized visible-light-active Ag/AgBr/TiO, nanoparticles by a deposition-
precipitation process and demonstrated their enhanced photocatalytic activity in destroying
bacteria. Elahifard er al.'*® reported that Ag/AgBr/TiO,-covered apatite had a high ability for
adsorbing bacteria in the dark and exhibited a significantly improved antibacterial activity
under visible light. Recently, higher photocatalytic activity of a ternary Ag/AgBr1/TiO,

nanotube array has been assessed via the inactivation of Escherichia coli under visible light

irradiation.'¥’
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Photocatalytic reduction has also been studied employing Ag/TiO, nanocomposite
powders with very small Ag clusters (diameter ~1.5 nm) and low Ag loading (~0.24 wt%)
prepared by a photo-assisted deposition method."*® The composite showed very high
efficiency in the photocatalytic reduction of nitrobenzene and bis(2-dipyridyl)disulfide. The
Ag(0) nanoclusters attracting the photoelectrons from the TiO, CB worked as selective
adsorption/reduction sites for nitrobenzene and bis(2- dipyridyl)disulfide, while the TiO,
surface with trapped photogenerated holes served as oxidation sites. The high efficiency of
such reactions was explained by the combined effects of selective adsorption and rectified
charge separation. Photoactivity enhancement was also observed in the photoreduction of
selenate ions by Ag/TiO,."**® Without Ag, the selenate was firstly reduced by photoelectrons
to Se(0). Then, upon the exhaustion of the selenate in the solution, the as-formed Se(0) was
further reduced to H,Se. In the presence of Ag, the selenate was directly reduced to H,Se.
The photoelectrons were thought to be transferred from TiO, to Se(0) via Ag. The
accumulation of electrons in Se’ before the exhaustion of Se(V]) led to the reduction of Se(0)
to Se”".

Zhang et al."**

investigated the effects of chemical states of Ag on the
photoelectrochemical (PEC) properties of Ag(0)/TiO, and Ag(I)/TiO, composites prepared
by photoreduction-thermal treatment (PRT) method. Only the Ag(0) containing samples
showed notable photocurrent under visible light. it was also demonstrated that Ag(0) was
photoexcited because of plasmon resonance in the visible light region, and charge separation
was accomplished by the transport of photoexcited electrons from Ag(0) to the TiO,
conduction band with the simultaneous formation of Ag(I), which could be partially reduced
to the initial active Ag(0) state under the following UV light irradiation. However, Ag(0)-
TiO, showed poorer photocatalytic activity than Ag(I)-containing ones in degrading
methylene blue (MB) under visible light. It was proposed that photoexcited Ag(I) rather than
Ag(0) acted as active sites that were responsible for the enhanced photocatalytic abilities,
whereas Ag(0) might contribute to the stability of the photocatalysts. Recently, Ag(0)/TiO,
obtained by thermal treatment was considered to be inactive in the destruction of azodyes'*
and E. coli"* under visible light, whereas Ag(I) (mainly Ag,O) was demonstrated to play an
important role in photocatalysis by promoting efficient separation of the generated electrons
and holes.'* Xin et al.'* reported three types of silver species, including Ag,O, AgO and
Ag(0), in the Ag/TiO, composites prepared by a sol-gel method. At lower Ag loadings (< 0.3

mol%), silver mainly exists as Ag,O and AgO, whereas at higher loadings (up to 5 mol%), all
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three types exist with Ag(0) being the dominant one. The improved photocatalytic
degradation of Rhodamine B by Ag/TiO, indicates that both oxidized and metallic silver can

effectively capture the photogenerated electrons and enhance the photoactivity of TiO,.

11.4.3.3. Au/TiO; heterostructure photocatalysts

Gold nanoparticles have good electron-storing properties and have the ability to act as
electron transfer sites on nanostructures due to their higher work function. In this context,
Subramanian er al.''” have probed the transfer of electrons to Au by exciting TiO,
nanoparticles under steady-state and laser pulse excitation. Using the Ceo/Cqp~ redox couple
as a probe to determine the Fermi level of the Au/TiO, composite system (Cgo is stable in N,
atmosphere and is readily monitored from its absorption maximum at 1075 nm), the size-
dependent shift in the apparent Fermi level of the Au/TiO, composite (20 mV for 8-nm
diameter and 40 mV for 5-nm and 60 mV for 3-nm gold nanoparticles) showed the ability of
Au nanoparticles to influence the energetics by improving the photoinduced charge
separation. The negative shift in the Fermi level was an indication of better charge separation
and more reductive power for the composite system than the pristine TiO,. The greater shift
in Fermi energy with small Au particles indicated that the apparent Fermi level of the

composite system can be tuned by controlling the size of the metal nanoparticle.

Figure II-23: Stepwise Transfer of Electrons from TiO, to Au to Cg following the excitation of TiO,
particles.'"’

Isolation of individual charge-transfer steps from UV-excited TiO, — Au — Cgo provided
mechanistic and kinetic information on the role of metal in semiconductor-assisted
photocatalysis and size dependent catalytic activity of metal-semiconductor nanocomposites
is shown in Figure II-23. Upon UV excitation of TiO, colloid in deaerated ethanol-toluene,

the photogenerated electrons get trapped at Ti** as confirmed by blue coloration of the TiO,
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suspension. After addition of Au nanoparticles with controlled size, the trapped electrons
were then transferred to Au, as indicated by the decreased blue coloration. Once Cgy was
introduced, the electrons trapped at the Au electrons were further transferred to reduce Cg to

Ceo as was confirmed by the increased absorption at 1075 nm.

Gold nanoparticles can respond to visible light due to the localized surface plasmon
resonance (LSPR), which is produced by the collective oscillation of the surface electrons,
exhibiting great potential for extending the light absorption range of wide band
semiconductors.””® Some works have been reported that the immobilization of Au NPs on

! various volatile

TiO, led to visible induced photocatalysis for the degradation of dyes,"
organic compounds,'>? and toxic persistent organic pollutants.'> In this case, the visible light
generated the photoexcited electrons of the gold nanoparticles due to the surface plasmon
resonance and the excited electrons are injected to the conduction band of TiO,. Furube et
al.">* investigated the dynamics of the charge separation of electrons and holes generated at
Au-NP-loaded TiO; nanoparticles with femtosecond transient absorption spectroscopy. These
results showed a charge-transfer mechanism in which the Plasmon-induced charge in the Au-
NP transfers an electron to the TiO, conduction band due to the localization of the
electromagnetic field by LSPR excitation. The electron injection from gold nanoparticles to
TiO;, occurred within 240 fs with an electron injection yield of about 40%. The charge
recombination kinetics within 1 ns indicated that most of the injected electrons finally
recombine to gold nanoparticles. The charge recombination decay strongly depends on the
particles size of TiO, nanoparticles. Larger TiO, particles resulted in longer charge
recombination times because of the longer diffusion length of electrons in those TiO;

155 Kowalska er al."*® reported that particle sizes of TiO, and Au are the key factors

particles.
for high level activity. However, a possible reason for the high level of activity to their
samples with larger Au particle size is the wider wavelength range, leading to a larger

number of absorbed photons.

Recently, Nishijima et al.'”’ demonstrated plasmonic photocurrent generation from
visible to near-infrared wavelengths without affecting photoelectric conversion using

electrodes in which gold nanorods (Au-NRs) are elaborately arrayed on the surface of a TiO,

158
L.

single crystal. On the other hand, Tian et a observed plasmon-enhanced photocurrent

generation and photocatalytic oxidation of ethanol and methanol in TiO; films loaded with

15
A

gold nanoparticles (Au-NPs). Lu ef a reported higher photocatalytic degradation of 2,4-

dichlorophenol under visible light by a light harvesting photocatalyst fabricated by infiltering
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Au nanoparticles into TiO, photonic crystals (TiO, PC/Au NPs). Some research groups

160

reported that chemical reactions such as oxidation of aromatic alcohols " and oxidation of 2-

propanol to acetone.'®" On the other hand, others have reported the higher photocatalytic

activity of Au/TiO, under UV light for the oxidation of methanol to formaldehyde,'®

163

degradation of organic dyes,'® and phenol.'® In each case, the increased photocatalytic

activities of Au/Ti0; nanoparticles were attributed to the Au/TiO; heterointerfaces.

These systems were also studied for H, production since Au particles serve as an
active site for H, production, on which the trapped photogenerated electrons are transferred to
protons to produce H,. The H ions reduction to H, over the Au metal surface is easier and
more efficient than over TiO,. Higher photocatalytic production of H, has been reported via
photocatalytic reforming of methanol used as sacrificial agent on Au/TiO, photocatalysts.165
Chiarello er al.'*® reported 30 times higher hydrogen production upon gold addition to TiO,.
Furthermore, a 30% higher reaction rate was attained with the vapour phase reactor, i.e. in the
absence of liquid-phase mass transfer rate limitations, ensuring the production of up to 10.2
mmol of H, h! gca{l, with an apparent photon efficiency of 6.3%. Ruiz et al ' investigated
the photocatalytic hydrogen production from methanol water splitting with Au/Ti0, catalysts
prepared by deposition-precipitation with urea. The Au/TiO; nanoparticle containing 0.5 wt%
Au showed highest production of hydrogen. The mechanism was explained as follows: (i)
the excitation of TiO, by UV-Vis light forming the hole—electron pair ; (ii) these induces the
split of water molecules to oxygen and hydrogen ions; (iii) the electrons generated on the
TiO, surface are transferred to the metallic particle and reduce these hydrogen ions to
hydrogen gas. Finally, methanol might present a direct oxidation on the holes (h*) generating

hydrogen ions and aldehydes. Wu er al.'®

investigated the effect of size of Au particle on
the hydrogen production via photocatalytic reforming of methanol on Au/TiO; catalyst. The
rate of hydrogen production was greatly increased when the gold particle size was reduced
from 10 nm to 3 nm. The negative shift in the Fermi level induced by smaller gold particles
enhanced charge separation and reductive power for the photocatalyst, resulting in a higher

photocatalytic activity of Au/TiO,.

Excitation of surface plasmon resonance (SPR) on gold nanoparticles can also
contribute significantly to the photocatalytic hydrogen evolution of Au/TiO, nanoparticles

under visible light as some of the energetic electrons from SPR excitation have sufficient

167 I 168

potential to drive water reduction. ' Recently, Fang et a reported that Au/TiO,

nanocomposites prepared co-polymer assisted sol-gel route exhibited remarkable visible-light
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activity for H, evolution from photocatalytic water reduction in the presence of ascorbic acid

as the electron donor.
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Figure II-24: Schematic illustration for hydrogen evolution over Au/TiO, photocatalysts under
visible light irradiation.'®®

This visible-light-driven photocatalytic activity was attributed to three major reasons as
shown in Figure II-24. First, the defect/impurity states in the TiO, matrix led to weak
visible-light absorption near 420 nm; Second, the plasmon-excitation of gold nanoparticles at
longer wavelengths enhanced this weak visible light excitation through strong localized
electric field and improves charge separation on TiO,; Third, some plasmon-excited electrons
with sufficient high energy could transfer from Au nanoparticles to the contacting TiO, to

generate hydrogen by reducing water.

I1.4.3.4. Pt/TiO; heterostructure photocatalysts

The modification of titania with platinum (Pt) is another way to enhance the
photocatalytic activity of titania as platinum acts as an electron acceptor and a Schottky
barrier is formed at the interface between TiO, and Pt.'® Platinum also provides catalytic
sites for adsorbed species and reaction intermediates.'” However, the reported Pt effects have
not been always positive171 and the role of Pt deposits in photocatalytic reaction mechanism
seems to be far more complex than being a simple electron sink.

TiO, photocatalysts loaded with Pt deposits have been widely applied to the
remediation of contaminated water and air with high degrees of photocatalytic conversion.'’?

As time-resolved pump-probe spectroscopy is a powerful method to investigate the dynamics

of the charge carriers such as trapping, recombination and charge transfer processes with high
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time resolution, Furube et al.'” exploited this method to study the trapping of photoexcited
electrons in Pt/TiO; systems. As shown in Figure II-25, in addition to the normal decay of
the transient absorption of the trapped CB electrons in TiO, at 600 nm due to the
electron/hole recombination following 390 nm excitation, a new decay component lasting a
few picoseconds was observed and interpreted as the photoelectron migration from TiO; to
Pt. Concerning their decay profiles, a fast decay of 5 ps was observed at 600 nm for Pt-loaded

Ti0O, while almost no decay was observed up to a few tens ps for non-loaded TiO,.
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Figure II-25: Transition absorption spectra at 600 nm for TiO, and Pt/TiO, powder with 390 nm
excitation.'”

Moreover, the decay of Pt-loaded TiO, became slower than that of the non-loaded one after
several hundred ps. The PL emission spectra are also useful to disclose the efficiency of
charge carrier trapping, immigration, and transfer, and to understand the fate of electron-hole
pairs in semiconductor particles since PL emission results from the recombination of free

7% reported that the PL intensity of the Pt/TiO,

carriers. In this context, Li and Li
nanoparticles prepared by photoreduction process was significantly lower than that of the
pure TiO,. The less PL intensity of the Pt/Ti0O, indicated a lower radiation recombination of
the photogenerated electrons and holes. The lower recombinaiton can be explained in the
following manner. Firstly, the Pt deposited on the TiO; surface produced the highest Schottky
barrier at the interface that facilitated the electron capture. XPS studies revealed the presence
of Pt** as PtO, on the surface of TiO, and the formation of Ti** resulting from the interaction
between Pt and TiO, matrix occurred during photoreduction. Thus, secondly, pt** species

trapped the electrons, which migrated to adsorbed O,. Thirdly, Ti** could enhance the oxygen

chemisorption and promote the excited electrons trapped by O,.
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The Pt effects in photocatalysis are substrate specific and depend on the Pt-substrate
interaction as well as the properties of Pt deposits. The photocatalytic degradation (PCD) of a
specific substrate are often contradictory. For example, Zhao et al.'™ reported that the PCD
of Rhodamine B (RhB) on Pt/TiO, was 3 times faster than its PCD on naked TiO,, whereas
Muradov'’® observed that the platinization of TiO, did not change the PCD rate of RhB

significantly. Enhanced PCDs of phenolic compounds on Pt/TiO, have not been observed in

177

many studies. '* Reported experimental results about the PCD of trichloroethylene (TCE) on

Pt/TiO, were contradictory as well. Chen et al.'™® reported that the platinization of TiO,

179
L.

drastically reduced the PCD rate of TCE, and Driessen et a observed a similar

phenomenon. On the contrary, Crittenden ez al.'™

in PCD of TCE was not observed with Pt/TiO,. Lee and Choi'®! have studied the effects of Pt

reported that such a significant retardation

speciation on TiO, on the photocatalytic degradation of a few chlorinated organic compounds
(trichloroethylene (TCE), perchloroethylene (PCE), dichloroacetate (DCA), 4-chlorophenol
(4-CP)). The results showed that TiO, with oxidized Pt species (Ptox/Ti0,) was less reactive
than TiO, with metallic Pt (Pt(0)/TiO,) for all the substrates tested. In particular, Pt,/TiO,
strongly inhibited the PCD of TCE and PCE whereas it was more reactive than pure TiO; for
the PCD of other compounds. The photocurrents obtained with the Pt,/TiO; electrode were
lower than those measured for the Pt(0)/Ti0O> electrode, which was ascribed to the role of Pty
species as a recombination center. Sano et al'®. reported similar lower acetaldehyde
degradation rate and CO, production rate of Pt /TiO, than that of Pt(0)/TiO, suggesting
higher activity of metal Pt as co-catalyst for acetaldehyde degradation with TiO,. The
oxidation of noble metal serves the recombination center resulting in reduction of the charge

separation efficiency.

The beneficial effect of Pt deposits depends to a large extent on the loading. For
example, the rate of photoxidation of 2-propanol and (S)-lysine, which was negligible without
Pt, increased drastically with Pt loading up to ca. 0.3 wt % and then slightly decreased.'®"
Teoh et al.'® investigated the effect of loading of Pt in Pt/TiO, photocatalyst prepared by the
flame spray pyrolysis (FSP) method on the photocatalytic degradation of sucrose. The
optimum performance was obtained at 0.5 atom% Pt loading (Figure II-26). At loadings
higher than optimum, holes recombination with negatively charged Pt deposits may decrease
the adsorption of negatively charged oxidants and light shielding effects may also hinder the
process. A detrimental effect on photocatalytic activity of TiO, was observed at very low Pt

loadings (0.1 atom%) due to very small of the deposit size that does not allow for establishing
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sufficient contact with sucrose molecules. This was confirmed by high photocurrent density
at the Pt surface, thereby increasing electron-hole recombination and decreasing the overall
mineralization rates. The Pt effects could also be influenced by the light intensity. Park et
al.'® reported that the Pt effect was positive at high light intensity for the photocatalytic
degradation of trichloroethylene (TCE), but was negative at low light intensity. This effect
was confirmed by photocurrent collection in the Pt/TiO, suspension with polyoxometalate
(POM) used as an electron shuttle. The negative effect at low light intensity was attributed to
the photochemical interactions between the Pt surface and reactive intermediates (TCE

radical anions and reduced POM anions) inducing a null reaction.
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Figure II-26: Half-life mineralisation rates of 2000 g of carbohydrate carbon (as sucrose) and
corresponding quantum efficiencies in ambient or oxygen-enriched suspensions by Degussa P25,
FSP-made pure TiO, (OPt5) and Pt/TiO, (XPt5, X = atom% Pt).'*’

Biswas and co-workers'®

investigated the effect of size of Pt in Pt/TiO,
nanostructured films, which contained one dimensional structured TiO, single crystals coated
with Pt nanoparticles, prepared by using versatile gas-phase deposition methods on the
photocatalytic reduction of CO, to CH4. The size of Pt nanoparticles was controlled by
changing the time for Pt deposition, and the mean sizes of Pt nanoparticles of 0.5-2 nm were
obtained as the deposition time changed from 5-60 s. The Pt/TiO, nanofilms exhibited very
high efficiencies for photocatalytic reduction of CO, with H,O vapour in a continuous flow
reactor to CHy under UV-light irradiation. The highest rate of CH4 formation was obtained at

a mean Pt particle size of Inm with quantum yield of 2.41%. Both smaller and bigger Pt co-

catalysts displayed lower activities for CH4 formation. It is proposed that the smaller Pt
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nanoparticles possibly have higher energy band separation due to quantum confinement,
preventing electron transfer from the TiO, conduction band to Pt as shown in Figure I1-27.
On the other hand, when the size of Pt nanoparticles became larger, their property may
approach that of bulk Pt, capturing both photoexcited electrons and holes and acting as
charge recombination centers. Thus, it is concluded that the optimal size of Pt nanoparticles is
that with energy bands positioned between -4.4 eV (the lower energy level of TiO,
conduction band) and -5.65 eV (the work function of bulk Pt).
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Figure I1-27: Energy band positions of Pt/Ti0,-CO, system.'®’

Platinized TiO, has also been investigated for its thermal and photocatalytic activity
for CO oxidation. Thermal oxidation of CO on Pt/TiO, at ambient temperatures has been
reported but its activity is much lower than that of Au/TiO,. As for the photocatalytic
activity, Vorontsov et al.'®® have reported that the quantum yield of CO oxidation on
photoplatinized TiO, (1.2%) is higher than that of naked TiO, (0.6%) and that the
photocatalytic oxidation (PCO) activity increases with lowering of Pt oxidation state (highest
with Pt(0)/Ti0,). Gan et al. 187 found that both TiO, surface structure and Pt nanoclusters size
have deep effects on CO surface chemistry and that the CO adsorption energy is enhanced on

smaller Pt nanoparticles. Einaga ef al.'®®

observed that Pt/Ti0O, was active for the oxidation of
CO to CO; in the dark after UV illumination was turned off and concluded that photo-
generated oxidant species O and O3 remain stabilized on the Pt surface to initiate CO
oxidation. On the other hand, since the enhanced photocatalytic oxidation of CO on Pt/TiO,
was not observed at low temperature (105 K), Linsebigler er al.'® concluded that the Pt
enhancement effect in CO oxidation is ascribed not to the Schottky-barrier electron trapping

in metal deposits, but to the thermal catalytic effects. Pt photodeposited on TiO, demonstrated
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higher photooxidation rate of CO compared to naked TiO, samples.'** The photoconversion
of CO to CO, was quantitative in presence of O, and strongly inhibited in its absence or in
the presence of alternative oxidants such as N>O. The addition of water vapor in the present
of O, slightly affected the CO oxidation kinetics indicating that hydroxyl radical did not play
a significant role in CO photooxidation and the main oxidant was O,. The active oxygen
species generated on illuminated Pt/TiO, surface were stable enough to survive for several
minutes even in a dark period taking part in a successive photooxidation reaction. Pt
nanoparticles deposited on TiO;, enhanced the photooxidation by providing surface sites on

which active oxygen species photogenerated from adsorbed O, were stabilized.

Platinum has also been widely used as the co-catalyst in photocatalytic hydrogen
production over TiO,."”° It has been shown to greatly enhance the photocatalytic activity for
hydrogen evolution. The Pt nanoparticles function as co-catalyst by providing active centres
for the activation and reduction of H,O to H, or the activation and reduction of CO, to CO
and organic compounds such as CHy, CH3OH in the presence of H,O, while the oxidation of
H,0 or a sacrificial reagent occurs at different sites on the semiconductor or another co-
catalyst for oxidation reaction. Mogyorosi et al.”! compared the photocatalytic activities for
the production of H, of noble metal (Pt, Au, Ag) loaded TiO, using different sacrificial
agents. The metal was deposited on the TiO, (P25) by photoreduction method. In the
presence of methanol, the order of the catalytic efficiency for H, production was found to be
Pt/Ti0,>>Au/TiO,>Ag/TiO,>>P25. The Pt/TiO, demonstrated highest hydrogen production
rate also in the presence of oxalic acid and formic acid as compared to other two noble
metals. The higher H, production rate from aqueous solution of ethanol was also found with
Pt/TiO, when compared with other metal (Rh, Pd, Ni) loaded TiO, showing quantum yield
(38% at 380 nm) 40 times higher than that for TiO, alone (0.9%).192 When noble metals
contact with n-type semiconductor TiO,, the excited electrons of TiO, move into noble
metals. These systems cause Schottky-diode behaviors in noble metal contacts on TiO,.
Under these conditions, Pt nanoparticles shows more effective electron-acceptor properties
because of the larger work function of Pt (Pt; 5.65 eV, Au; 5.1, Ag; 4.26, Pd; 5.12 eV, Rh;
498 eV).'"” As a result, Pt nanoparticles can effectively restrict the recombination of
electrons and holes and Pt/TiO, photocatalysts show a highest activity.

Bamwenda et al.'>

investigated the effect of deposition method for Pt/TiO, and
Au/TiO; photocatalysts on the H, production from water/methanol solution. The co-catalysts

were loaded by four preparation methods, i.e., deposition—precipitation (DP), impregnation
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(IMP), photodeposition (FD) and, in the case of Au, by physical mixing with colloidal gold
suspension (MIX). The activity of the Pt-loaded samples was generally about 30% higher
than that of the Au-loaded samples. For both series of the samples, the samples prepared by
the photodeposition method showed higher activity than those prepared by other preparation
methods. The activities of the platinum samples were decreased in the order Pt/TiO,-FD >
Pt/TiO,-DP = Pt/TiO,-IMP. During photochemical deposition, the deposition of gold and
platinum particles occurred at or near the site of photoexcitation. This facilitated the efficient
transport of photogenerated electrons from TiO; to the metal particles resulting in higher H,
production. The higher overall activity of Pt samples was probably due to a more effective
trapping and pooling of photogenerated electrons by Pt and/or because platinum sites had a
higher capability for the reduction reaction. The optimum loading amounts were 0.3-1 wt%
for Pt-loaded samples. The exposed surface area of the co-catalyst had only a small influence
on the hydrogen production rate. It was suggested that the active sites for the reaction may be
the metal surface close to the TiO; and the TiO, surface around the perimeter of the metal
nanoparticles. The reason why the activity decreased on the samples with higher loading
amount of co-catalyst was rationalized as follows: the metal particles may block the
photoabsorption by TiO, to decrease the surface concentration of the electrons and holes, or
the deposited metal particles may act as recombination centers for the photogenerated

electrons and holes.

Photoefficiency of the Pt/TiO, system for H, was improved by using sacrificial agents
or electron donors. Their main task is to prohibit rapid recombination of photogenerated
electrons and holes by reacting irreversibly with the photogenerated holes. A large variety of
organic compounds have been selected for electron donors during photocatalytic H;

production with Pt/TiO, system including alcohol (methanol, ethanol, isopropanol etc),*

190d,f, 194 organic acids (formic acid, acetic acid, oxalic acid, etc)lgl’ 195 aldehydes
(formaldehyde, acetaldehyde, etc.),196 EDTA,IgOf’ 197 biomass,198 and pollutants.199
Sreethawong et al. 200 investigated the effect of various sacrificial reagents on photocatalytic
H, evolution with mesoporous Pt/TiO, photocatyst. The result shown in Figure II-28
revealed that the alcohol series showed a considerably higher activity than others among the
sacrificial reagent investigated. This might be attributable to the ease in donating lone-pair
electrons to the valence band hole upon the photocatalyst excitation, as compared to other

types of sacrificial reagents. Among the alcohol series itself, methanol was found to be the

most effective and the strongest sacrificial reagent to yield the highest photocatalytic H,
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evolution activity. It appears that compounds possessing very high polarity,”” such as acids
and ketones, are unable to effectively suppress the electron—hole recombination, probably due

1.2°" showed that

to their stable electronic configuration. In another study, Blount et a
hydrogen formed on Pt/TiO, for all the organics with H bonded to the carbon in a -C-O-
group. When only alkyl group were bonded to the carbon in a —-C-O- group, alkanes are
formed but not H,. Abstraction of a hydrogen atom appeared to be the first step in PCD of
alcohols, acids, and esters. Alcohols react to form the corresponding aldehyde and either H,
or alkanes. Acids and esters react similarly through two parallel pathways, and one pathway

extracted lattice oxygen.
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Figure I1-28: Effect of sacrificial reagent type on photocatalytic H, evolution activity of Pt/TiO,
(reaction condition: photocatalyst amount, 0.2 g; distilled water amount, 200 mL, sacrificial reagent
amount, 20 mL, irradiation time, 5 h).200

The use of organic wastes and pollutants in water as electron donors produce H,, with
simultaneous removal of environmental pollutants. In order to evaluate photocatalytic H,

202 .
1.2 examined

production performance using organic pollutants as sacrificial agents, Yu et a
the photocatalytic activity of Pt/TiO, nanosheets with exposed (001) facets using glycerol,
triethanolamine, and glucose as model electron donors or scavengers; the photocatalytic H,
production rates of these systems were 169.1, 140.2, and 133.6 umol h™, respectively,
indicating the usefulness of these pollutants as sacrificial agents. Similarly higher hydrogen

production rate with simultaneous degradation of organic pollutalnts199 and reforming of
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190g, 198

biomass were reported by Pt/TiO, photocatalyst resulting from decreased rates of

electron—hole recombination and oxygen—hydrogen back reaction.

A backward reaction
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Pt-TiO,-anatase TiO,-rutile

Figure II-29: Proposed photocatalytic reaction mechanism for Z-scheme water-splitting system using
an IO*/T redox mediator and a mixture of Pt/TiO,-antase and TiO,-rutile photocatalysts.203

Abe et al*® designed a two-step photoexcitation system for overall water splitting
into H, and O,. It was composed of an I0°/I" redox shuttle and two different photocatalysts:
Pt-loaded anatase TiO, for H, evolution and rutile TiO, for O,. Under UV irradiation,
simultaneous gas evolution of H, (180 xmol/h) and O, (90 umol/h) was observed from a
basic (pH ) = 11) Nal aqueous suspension of these two different TiO, photocatalysts. The
proposed photocatalytic reaction mechanism for water-splitting is shown in Figure II-29.
The overall water splitting proceeded by the redox cycle between 10> and I" under basic
conditions as follows: (a) water reduction to H, and I oxidation to I0* over Pt-TiO-anatase
and (b) I0° reduction to I and water oxidation to O, over TiO,-rutile. In another experiment,
a stoichiometric decomposition of water into H, and O, (H,/O, = 2) took place when a
suspension of Pt-TiO, in aqueous NaNO, was irradiated with UV light and the activity and
stability were promoted by the addition of Na,COs; to the NaNO, solution.””* Some
researchers reported photocatalytic hydrogen production over Pt/TiO, under UV irradiation
by using different type of sensitizers such as merocyanine dye,205 Eosin Y,** and heteropoly
blue."”® Abe er al. *°® reported that the Eosin Y-fixed Pt/TiO, exhibited high efficiency and
quite steady H, production from aqueous TEA solution under visible-light irradiation for long

periods, the quantum yield at 520 nm being about ~10%.

I1.5. Conclusion

The semiconductor-based photocatalytic water splitting to produce hydrogen and
photocatalytic degradation of organic pollutants from water and air have been proved as one

of the most important technology to solve both of the world energy crisis and environment
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pollution. Among the wide spectrum of metal oxide semiconductors, TiO; has attracted
significant attention over the past decades due to its excellent performance as a photocatalyst
under UV light irradiation. However, the main drawback of recombination of the
photogenerated charge carriers hinders the industrial application of this technology. In this
literature review, different strategies as, for instance, the coupling of two semiconductors
with different energy band gap, metal deposition on the surface of semiconductor to reduce
the charge carrier recombination have been discussed. Special attention has been paid to the
heterostructure metal oxide nano composite related to TiO,, ZnO and SnO,. The
heterostructure junction with built-in potential effectively drive the separation and
transportation of photogenerated electron-hole pairs. The incorporation of noble metal as a
co-catalyst on the semiconductor surface especially on TiO, is an effective way for
photocatalytic hydrogen generation. The metal deposition also extends the absorption to the
visible region allowing the use of solar light to achieve the photocatalytic process. Although
heterostructure photocatalysts enhance photocatalytic efficiency, other factors such as
specific surface area, porosity and the band position of the semiconductors also strongly
influence the photocatalytic efficiencies. Specially, band alignment determination at the
interface is still unexplored in most of the studies. Therefore, there is enough room to

investigate in detail the reason behind the enhanced photocatalytic efficiency.
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photocatalysts
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II1.1. Introduction

As previously discussed in the second chapter, the coupling of SnO, and ZnO
increases the photocatalytic efficiency due to suitable conduction and valence band potentials
where SnO, acts as an electron sink. Several works associating SnO, with ZnO have been
reported for achieving an efficient charge separation and improving the photocatalytic
properties of both oxides. However, even though it has been reported that the enhanced
photocatalytic properties found with SnO,/ZnO heterostructures were related to improved
charge separation, no determination of the band alignment in such system has been reported
so far to confirm this feature, the photocatalytic activity of SnO,/ZnO systems still remaining
largely unexplored. On the other hand, there are some synthetic issues that have to be
addressed for further investigations. Thus, one-pot synthesis combined with annealing at high
temperature can lead to crystalline impurities as Zn,Sn0,' that requires the development of

alternative preparation procedures.

As a consequence, we herein report on the characterization and the photocatalytic
properties of SnO,/ZnO materials prepared by a simple two-step procedure. Nanosized SnO,
particles were first prepared by homogeneous precipitation coupled with hydrothermal
treatment and, then, reacted with zinc acetate in acidic medium followed by calcination in air
to grow ZnO particles. The photocatalytic activity and recycling ability of the resulting
Sn0O,/Zn0O heterostructure were investigated by the degradation of methylene blue (MB) dye
under UV irradiation and compared to those of SnO, and ZnO nanopowders. To gain a
deeper insight in the relationship between the electronic properties and the photocatalytic
activity, the band alignment of the SnO,/ZnO photocatalyst was carefully determined by UV-
Visible diffuse reflectance and X-ray Photoelectron spectroscopies. The enhanced
photocatalytic properties of the SnO,/ZnO photocatalysts were rationalized in terms of a

better charge separation related to the effective semiconductor heterojunction.

II1.2. Preparation method review

Various strategies have been investigated to produce SnO,/ZnO heterostructures
including  hydrothermal method,’ sol-gel method,’ co-precipitation method,

mechanochemical process.” Wang et al.”

reported a hydrothermal method for the preparation
of SnO,/Zn0O hollow structures and hierarchical nanosheets by using ZnO rods as a starting

material. ZnO rods were prepared by heating a solution of Zn(NOs),. 6H,O and NaOH
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dissolved in distilled water in an oil bath at 50 °C for 90 min. Centrifugation, washing and
drying at 60 °C in vacuum then produced the expected nanoparticles. The SnO,/ZnO
photocatalyst ~was  prepared by hydrothermally treating a  suspension of
cetyltrimethylammonium bromide (CTAB), SnCly -5H,0, and ZnO rods in 30 mL of NaOH
aqueous solution in a Teflon-lined stainless-steel autoclave at a temperature between 100 and
200 °C for different times. Hydrothermal treatment at 160 °C for 30 min gave cubes, spheres
and other irregular shapes with a wide size distribution, whereas increasing hydrothermal
treatment time to 12 h led to the formation of SnO,/ZnO hollow spheres with diameter
ranging from 400 to 600 nm and a shell thickness of about 200 nm. On the other hand,

hydrothermal treatment at 200 °C gave hierarchical nanosheets of SnO,/ZnO.

In another experiment, mesoporous SnO, doped with a low concentration of ZnO
(Sn0O»/Zn0O) was prepared through a hydrothermal method by using CTAB as a structure-
directing agent.” In a typical synthesis procedure, tin chloride pentahydrate (SnCls. 5H,O)
and zinc chloride (ZnCl,) were slowly added to a solution of CTAB and sodium hydroxide in
a mixed solvent of alcohol and water. The resultant suspension was then heated in an
autoclave at 160 °C for 15 h followed by washing with distilled water and drying at 60 °C.
The doping of ZnO into mesoporous SnO, enhanced the surface area from 156.7 to 200.5 m?
¢! and stabilizing the mesoporous structure. A regular morphology of the SnO»/ZnO
nanostructures was obtained by hydrothermal route controlling the morphology of the
precursor with the chiral ionic liquid (CIL) ditetrabutylammonium tartrate.”* The morphology
changed from flower-like nanostructures to irregular rod-shaped nanostructures with
increasing concentrations of Zn** in the presence of Sn** maintaining CIL at 0.05 g, while
Sn0,/Zn0O nanosheets were obtained by increasing the amount of CIL from 0.05 to 0.1 g,

keeping other reaction conditions constant.

A network-structured SnO,/ZnO heterojunction photocatalyst was synthesized
through a simple two step solvothermal method.® In a typical procedure, a mixed solution of
Zinc acetate and NaOH in 30 mL of ethanol was heated in an autoclave which was put in an
oven at 160 °C for 24 h (first step). After adding an aqueous solution of SnCly into the above
solution, the autoclave was heated again at 160 °C for another 24 h (second step). The final
products were filtered, washed with deionized water and ethanol and finally dried in the air at
80 °C for 10 h. The BET surface area of the obtained Sn0/ZnO sample was 168 m*/g, which
was much higher than those of pure SnO, (94 mz/g) and ZnO (23 m?/ Q).
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Davis et al.” prepared aerogel nanocomposites containing ZnO and SnO, through sol-
gel method without the use of a template or supporting matrix. In a typical procedure, a
colorless solution was prepared by dissolving Zn(NO3),.6H,0 and SnCly. SH,O with a molar
ration 1:1 in 3 mL 2-propanol with stirring. Subsequently, 10 equivalents of propylene oxide
was quickly added, shaken and set aside to gel undisturbed. Highly stable gel network was
formed in ~ 1 min. The monolith obtained after washing and drying was annealed at 500 °C
to induce the desire metal oxide phases. The average particle size of SnO, was found to be ~7
nm and the surface area for the as-synthesized and annealed aerogels were determined to be

475 m* g and 92 m* g, respectively.

In another report, Zhang ef al.” synthesized one-dimensional SnO»/ZnO nanofibers by
a simple combination method of sol-gel process and electrospinning technique using a
precursor solution obtained by dissolving ZnCl, and SnCl,.2H,0 with molar ratio of Zn** to
Sn** equal to 1 in dimethylformamide and subsequently adding polyvinylpyrrolidone (PVP)
to the above solution. The composite nanofibers were then calcined at 550 °C for 2h. The
diameter of the resulted nanofibers was ranging from 100 to 150 nm and the length was
several micrometers. The average grain size of ZnO nanoparticles (42 nm) in SnO,/ZnO
nanofibers was a bit larger than that of ZnO nanoparticles (30 nm) in ZnO nanofibers.
However, the grain size of SnO, nanoparticles (13 nm) in SnO,/ZnO nanofibers was much
smaller than that of SnO; nanoparticles (31 nm) in SnO, nanofibers. The BET surface area of
the Sn0,/ZnO nanofibers was 45.5 m?/g, which was much larger than that of pure ZnO (17.3
mz/g) and SnO, (27.6 mz/g). Wang et al.® also fabricated mesoporous ZnO-SnO, (M-Z-S)
coupled nanofibers by electrospinning technique using a solution prepared by dissolving
SnCl,. 2H,0 and pluronic P-123 in a mixed solvent of N, N-dimethylformamide/ethanol in a
glove box under vigorous stirring for 6 h and subsequently adding ZnCl, and of PVP into the
above solution. The diameter of M-Z-S coupled nanofibers after calcinations at 600 °C for 4
h in air was 80-150 nm. BET analysis showed higher surface area (156 m%g) of M-Z-S
coupled nanofiber with narrow pore size distribution than that (57 m?%g) of Z-S coupled

nanofibers.

Similarly, Liu e al.’ also prepared mesoporous ZnO/SnO, composite nanofibers by
electrospinning method using Zn(OAc), and SnCly, SH,0 as precursors and cellulose acetate
(CA) as the fiber template in the mixed solvent of N, N-dimethyformamide/acetone (1:1, v:v)
followed by calcination at 500 °C. Then the mesoporous ZnO/SnO, composite nanofibers

were prepared by calcinations of Zn(OH),/SnO,/cellulose composite nanofibers, which was
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obtained from the hydrolysis of Zn(OAc),/SnO,/CA composite nanofibers in a base solution.
Without hydrolysis, the calcination of Zn(OAc),/SnO,/CA composite nanofibers at 500 °C in
air generated sheet-particle instead of nanofibers. The CA component in the
Zn(OAc),/SnO,/CA composite nanofibers melts upon heating due to its thermoplasticity,
resulting in transformation from fiber to molten CA which is decomposed on increasing heat
leaving behind ZnO/SnO, sheet-like particles. On the other hand, hydrolysis converted CA
into thermoplastic cellulose which acted as fiber template. The average crystallite size of
SnO; and ZnO in the SnO,/ZnO composite nanofibers was slightly smaller than that of pure

SnO; and pure ZnO nanofibers.

Cun et al."™ ® prepared nanosized coupled ZnO/SnO, photocatalysts by using co-
precipitation method. In a typical procedure, the pH of solution of SnCly-5H,O and
ZnS0O4 TH,0 dissolved in a minimum amount of deionized water was adjusted by adding 4
mol/L of NaOH solution. The precipitate obtained was filtered and washed with deionized
water followed by drying at 100 °C in air. The dried powder was then annealed at different
temperature to obtaine the nanosized coupled ZnO/SnO, photocatalysts. The mean grain
sizes of the SnO, and the ZnO increased with increasing calcination temperature and an
inverse spinel-type Zn,SnO4 phase was formed at 700 °C and continued at 900 °C. Similarly,
coupled ZnO/SnO, photocatalyst was prepared employing NH;. H,O as the precipitant.'® Lin
and Chiang4 prepared Zn(OH),/Sn(OH)4 photocatalysts by pumping two aqueous solution of
ZnS0O,/SnCly and NaOH into a rotary packed bed, where co-precipitation occurred to form
Zn(OH),/Sn(OH)4. The coupled ZnO/SnO, photocatalysts was then obtained by annealing

these precursors at 600 °C for 10 h. Zhang ez al.'®

also prepared ZnO/SnQO,; photocatalysts by
homogeneous co-precipitation method using Zn(NO3), and Na,SnOs3 as the starting materials
and ethyl acetate as the precipitating agent. In a typical procedure, a transparent solution was
prepared by adding dropwise 10 mol/L aqueous solution of NaOH into 100 mL of 0.5 mol/L
Zn(NOs3); under vigorous stirring followed by addition of 100 mL of 0.5 mol/L. Na;SnO3 and
certain volume of water. Subsequently, 200 ml of H,O, CH3COCH; and CH3;COOC,Hj5
mixture solution with 3:3:2 volume ratio was added into the above mixture solution at room
temperature under vigorous stirring, and the resulting solution was subjected to precipitation
by the hydrolysis of ethyl acetate until the reaction mixture attained a pH value between 9
and 10. The precipitant obtained was then washed, dried and calcined in the air at different

temperature. In another study, SnO,/ZnO composite oxides with various molar ratios of

Sn:Zn have been synthesized at different calcination temperatures via a facile
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cetyltrimethylammonium bromide (CTAB)-assisted co-precipitation method with
Zn(NO3),.6H,0 and SnCls.5H,0 as starting materials and NaOH as precipitating agent.'’ The
sample with the molar ratio of Sn:Zn of 1:2 calcined at 600 °C was composed of uniform
spherical particles with sizes of ca. 50 nm while cubes with side lengths of about 200-300

nm was observed when the calcination temperature was raised to 700 °C.
I11.3. Result and discussion

I11.3.1. Synthesis and particle characterization

The heterostructure SnO,/Zn0O photocatalyst with a molar ration of Sn : Zn 1:1 was
prepared through a two-steps procedure, first SnO, was prepared by homogenous
precipitation method using urea as precipitant followed by hydrothermal treatment and, then,
zinc acetate (Zn(OAc),. 2H,0) was added to the as-synthesized SnO, particle suspension
followed by calcination at 500 °C to yield the SnO,/ZnO heterostructure . Precipitation of
SnO, was observed when a clear solution of SnCl, and urea was reacted at 90 °C in aqueous
medium. The pH of the solution increased gradually due to the progressive decomposition of
urea into NH3; and CO,, leading to the nucleation and growth of uniformly nanosized
particles.10 The molar ration of Sn to Zn was confirmed by microanalysis (Sn : Zn 0.9 £ 0.1 :

1).
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Figure III-1: FTIR (A) and Raman (B) spectra of the as-synthesized photocatalysts after annealing in
air at 500 ° C (a) SnO, (b) Sn0,-Zn0O, and (c) ZnO.

After annealing in air at high temperature, FTIR studies revealed the complete elimination of
the undesirable organics and the formation of metal oxide species (Figure III-1A). Thus,

above 2000 cm’, a very broad absorption around 3430 cm™ ascribed to OH stretching
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vibration modes is observed for each sample.!' Key features observed below 2000 cm™
include a band at 1634 cm’' due to the bending vibrations of absorbed molecular water, and
wide bands at 659 cm™ assigned to Sn-O stretching modes of Sn-O-Sn (Figure ITI-1Aa and
1Ab)"? and at 555 cm’ due to Zn-O stretching modes (Figure III-1Aa and 1Ac)."?
Furthermore, the Raman spectrum of the as-synthesized SnO,/ZnO photocatalyst showed
three main features at 438, 632 and 776 cm™ which could be assigned to the vibration modes
E, for wurtzite ZnO' as well as Aj, and By, for cassiterite SnOz.15 Bands at 332 (second-
order vibration originating from the zone boundary phonons)16 and 585 (E;(LO) mode) cm™
were observed for the pure ZnO sample but were found to be very weak for the
heterostructure. It is also worthwhile to mention that the broad resonance observed in the
SnO, spectrum at 552 cm'l, a feature that could be related to surface modes,17 has collapsed
after reaction with zinc acetate and further calcination. As a consequence, the signature of
both wurtzite ZnO and cassiterite SnO, appeared in the Raman spectrum of the SnO,/ZnO
photocatalyst. This was confirmed by the XRD patterns of the materials calcined at 500 ° C
(Figure II1-2A).
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Figure ITI-2: (A) XRD patterns of the as-synthesized photocatalysts annealed in air at 500 ° C and (B)
XRD patterns of the SnO,/ZnO photocatalyst annealed in air at different temperature. (a) SnO, (b)
Sn0O,/Zn0, and (¢) ZnO.

All the diffraction lines in Figure III-2Aa and I1I-2Ac were those expected for the
standard rutile-like, i.e. cassiterite, crystalline structure of SnO, (space group: P4,/mmm,
JCPDS file no. 41-1445) and the standard hexagonal wurtzite ZnO (space group: P6s/mc,
JCPDS file no. 36-1451), respectively. The diffraction peaks of pure SnO, (Figure III-2Aa)
were considerably broadened revealing a small mean crystallite size which was estimated to

be 5 £ 0.5 nm. On the other hand, the diffraction peaks of ZnO (Figure II1I-2Ac) were rather
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sharp indicating a better crystallized sample, with an average crystallite size of about 18 + 1
nm. ZnO seemed to calcine more easily and, thus, tends to have larger grain size than SnQO,.
Furthermore, Figure III-2Ab shows two sets of diffraction peaks for the SnO,/ZnO sample
ascribed to hexagonal wurtzite ZnO and cassiterite SnO, No additional peaks related to
ZnSnO4 were observed in this sample that confirmed that the sample only contained
nanocrystalline ZnO and SnO; particles. The full-width half-maximum (FWHM) for SnO; in
Sn0,/Zn0O photocatalyst is slightly larger than that found for pure SnO, showing that the size
of the SnO; crystallite, i.e. 4.5 = 0.5 nm, in the SnO,/Zn0O photocatalyst was smaller than that
in pure SnO,. On the other hand, the crystallite size of ZnO, i.e. 27 £ 1 nm, in SnO,/Zn0O was
larger than that of pure ZnO. As previously reported for similar heterostructures,' the
presence of SnO, causes an increase in the crystallite size of ZnO whereas that of ZnO
restrains the growth of SnO, nanocrystals. In order to see the effect of calcination
temperature on the crystallite size, the heterostructure SnO,/ZnO was calcined at different
temperatures. Figure III-2B shows the XRD patterns of the heterostructure SnO,/ZnO
calcined at different temperatures. As seen in Figure III-2B, the phase of the as-synthesized
heterostructure SnO,/Zn0O photocatalysts calcined at different temperature were the couple of
SnO; and ZnO, but the diffraction peaks became continuously sharper with increasing
temperature which indicated that the size of crystallite increased with temperature. The size
of SnO; crystallite calculated by the Scherrer’s equation at temperature 350 ° C, 600 ° C and
800 ° C were 4, 4.7, and 6.5 nm and that of ZnO were 7.4, 18.0 and 34.4 nm, respectively.

Figure III-3 shows TEM images of SnO,/ZnO heterostructures dried at 90 °C
(Figure III-3a) and calcined at 500°C (Figure III-3b). Moreover, HRTEM micrographs of
the calcined materials are shown to verify the crystallinity of both SnO, and ZnO after the
heat treatment (Figure III-3c, d). The shape of the pure SnO, nanoparticles was spherical
and of uniform size. It is worth mentioning that the diameter of the pure SnO, was about 5
nm which was in good agreement with the crystallite size deduced from the XRD patterns.
The dried SnO,/ZnO heterostructure was composed of amorphous ZnO and nanocrystalline
SnO,, while upon hydrothermal treatment both phases were crystalline, as confirmed by the
Selected Area Electron Diffraction (SAED) pattern shown in Figure III-3b. According to the
TEM bright field images, the SnO,/ZnO photocatalyst was composed of aggregated ZnO
particles of approximately 100 nm in diameter and nanosized SnO, particles, as also shown in
the HRTEM images in Figure III-3c and d. These results were consistent with those inferred

from the above XRD analysis. Furthermore, a large number of small pores were observed
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between the nanoparticles suggesting that the SnO,/ZnO photocatalyst is mesoporous. This

feature was then assessed by N, sorption analyses.

Figure III-3: TEM micrographs of the (a) dried SnO,/ZnO heterostructure and (b) calcined
SnO,/ZnO photocatalyst. The inset SAED patterns reveal the occurrence of (a) crystalline SnO, and
(b) crystalline SnO, and ZnO. HRTEM images (c, d) verify the crystallinity of both SnO, and ZnO
after calcination.

The N, adsorption-desorption isotherm of the SnO,/ZnO heterostructure exhibited a
type IV-like behavior including a type H2 hysteresis loop (Figure III-4a) which is typical of
mesoporous materials according to the TUPAC classification.'® The H2-hysteresis loop
indicated the presence of pores of non-uniform sizes and shapes, characteristic of solids
consisting of particles crossed by nearly cylindrical channels or made by aggregates
(consolidated) or agglomerates (unconsolidated) of spheroidal particles being fully consistent
with the TEM data." The BET surface area and pore volume for this system were estimated
to be 77 mz.g'1 and 0.26 cm3.g'1, respectively, these values lay between those of pure SnO,
and ZnO analogues (Table III-1). Furthermore, the pore size distribution for the SnO,/ZnO
photocatalyst was rather large with an average pore diameter of 14 + 1 nm (Figure 1I1-4b).
As a consequence, all these data were consistent with the formation of mesoporous

Sn0O,/Zn0O nanocatalyst.
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Figure I1I-4: (A) Nitrogen gas adsorption-desorption isotherms and (B) pore-size distribution of the

SnO,/Zn0O photocatalyst.

Table III-1: Nitrogen sorption porosimetry studies” of the as-synthesized SnO,, ZnO and SnO,/ZnO

nanomaterials.
Sample SBET (m2 g'l) Pore volume (cm3 g'l) Pore size (nm)
SnO, 90 +2.5 0.22 +0.02 9.8+£0.5
Zn0O 45+ 1.5 0.29 +0.02 265+1
SnO,/ZnO 77+2.0 0.26 +0.02 14+0.5

“ Surface areas were determined by BET, mean pore diameters by BJH theory (applied to the
adsorption branch), and pore volumes by single-point analysis.
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Figure III-5: UV-Visible diffuse reflectance spectra (A) and plots of (F(R) hv)? versus photon energy
(hv) (B) of the as-synthesized materials after annealing in air at 500 ° C (a) SnO, (b) SnO,/Zn0O, and

(c) ZnO.

The optical properties of the various samples prepared were then investigated by UV-

Visible diffuse reflectance. The absorption edge for the SnO,/ZnO photocatalyst was
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estimated to be about 390 nm, which was shifted toward visible region compared to pure
SnO; sample (Figure III-SA). The absorption edges of ZnO and SnO, were determined to be
394 and 355 nm, respectively. Compared to the SnO, sample, the SnO,/ZnO photocatalyst
showed an obvious absorption edge increment of ca. 35 nm. The absorption edge at higher
wavelengths revealed that the heterostructure photocatalysts could more efficiently utilize
light for the photocatalytic purpose.”’ Nonetheless, it was close to that of ZnO due to the 1:1
composition of the heterostructure, since, to some extent, the absorption edge of the
heterostructure should be the combined contribution of each component in the SnO,/ZnO

composite.”! Furthermore, it has been shown for a crystalline direct semiconductor that the

optical absorption near the band edge follows the equation a(hv) = A(hv —E,)"? where &,
V, E,, and A are the absorption coefficient, light frequency, band gap energy, and a constant,

respectively.*” It is generally admitted that the absorption coefficient (& ) can be replaced by
the remission function F(R). The later can be written in terms of diffused reflectance (R)
according to the Kubelka-Munk theory: @ /s = F(R) = (I —R)Z/(ZR) where s is scattering

coefficient.” The band gap energies (E, values) of the as-synthesized samples can thus be

estimated from a plot of (F(R)hv)*> = f(hVv), the intercepts of the tangents yielding the band

gap energies of the as-synthesized samples (Figure III-5B). The estimated band gap energies
of the resulting samples were therefore about 3.7, 3.23 and 3.2 eV for SnO,, Sn0,-Zn0O, and
7ZnO, respectively. The values for ZnO and SnO; are in good agreement with those reported

by others.”*

II1.3.2. Surface and interface analysis

To gain a better insight into the surface composition and the band alignment in the
Sn0O,/Zn0O photocatalyst, X-ray Photoelectron Spectroscopy studies were performed on the
SnO,, ZnO and SnO,/ZnO samples annealed at 500 °C in air. As shown in the survey
spectrum of Figure III-6, the SnO,/Zn0O heterostructure only shows emissions of Sn, O, and
Zn elements with only a very weak C line, the different peaks observed being assigned to Sn
3d Sn 3p, Sn 4d, Zn 2p, Zn 3s, and Zn 3p core levels and to Sn MNN, Zn LMM and O KLL

Auger features.
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Figure III-6: XPS survey spectrum of the SnO,/ZnO photocatalyst.

The high resolution XPS spectra for Sn 3d (Figure III-7A) reveals the spin orbital
splitting of the Sn 3ds, and Sn 3d;, core level states of tin centered at 486.8 and 495.2 eV,
respectively, which were symmetric and were assigned to the lattice tin oxide. The separation
between the Sn 3ds, and Sn 3d3,; level (8.41 eV) corresponds to the standard spectrum of
Sn?* and of commercial SnO; reported in the literature.”® The measured emission lines also
correspond to a binding energy of Sn** ion in SnO,.” Figure III-7B shows the pronounced
splitting of the Zn 2p emission into two symmetric peaks. The peak centered at 1021.8 eV
was attributed to the Zn 2p;,, and the other one at 1044.9 eV to Zn 2p,., indicating a normal

oxidation state of Zn>* in the Sn0,/ZnO photocatalyst.
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Figure III-7: XPS patterns of the SnO,/ZnO photocatalyst (A) Sn 3d region; (B) Zn 2p region.
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Figure III-8: XPS spectra of Ols region (full) of the SnO,/ZnO photocatalyst with the corresponding
fits for OH (dot), ZnO (dot-dash) and SnO, (dash).

Figure III-8 shows the XPS high resolution spectrum of oxygen. The shape of the
spectrum is asymmetric which indicates that there are several chemical states according to the
measured binding energy. Thus, the region of O 1Is could be deconvoluted into three peaks
centered at 530.3, 530.8 and 531.5 eV. The lower binding energy peak at 530.3 eV was

728 \while the peak centered at 530.8 eV is due to the Zn-O

attributed to oxygen in SnQO,,
binding.” The peak at 531.5 could be ascribed to adsorbed hydroxyl species.” % * The
results confirmed that the SnO,/ZnO photocatalyst was actually composed of SnO, and ZnO

entities.

The valence band offset (VBO) AEy of the heterostructure SnO,/ZnO was calculated

according to Eq. (1)

AEy = (EZn-Zp —Ey 20 1311(13 —(Eg,34 _Ev.sw2 )lf;lziz — dEcy (1

where 4Ec, = (E,,,, — E is the energy difference between Zn 2p and

Sn-3d ) heterostructure

and E are

Sn 3d core levels (CLs), which were measured in the SnO,/ZnO sample. E,, ,, n3d

the binding energies in the bulk of ZnO and SnO., respectively; E, ,, and E _  are the

valence band maxima in the bulk of ZnO and SnO,, respectively. In order to determine the
band alignment of the SnO,/ZnO nanocatalyst, the core level positions and the valence band
maximum (VBM) positions of bulk SnO; and bulk ZnO were also determined. Figure I1I-9A
and C show the experiment results of bulk SnO, and bulk ZnO, respectively. The VBM
positions in the VB spectra were determined by linear extrapolation of the leading edges of

the VB spectra of the bulk SnO, and ZnO samples to the base lines (Figure II1I-9B, D). The
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energy difference of the Sn 3ds, CL peak to VBM, (E,,, — E,. 510, )89 was determined to be

bulk

483.4 £ 0.05 eV while that of Zn 2p;3,, to ZnO VBM, (E,,,, — E 20 was 1019.05 + 0.05

V.ZnO /7 bulk °
eV. The energy difference of Sn 3ds, and Zn 2p;, CLs, AE¢, in the Sn0O,/ZnO
heterostructure was evaluated to be 535.0 £ 0.05 eV. All the parameters obtained from the
XPS spectrum are summarized in Table III-2. According to equation (1), the resulting

valence band offset (VBO), 4Ey, was calculated to be 0.7 eV.
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Figure III-9: (A) Core level Sn 3ds, spectra (B) VB spectra for the bulk SnO, sample and (C) core
level Zn 2ps, spectra (D) VB spectra for the bulk ZnO sample.

Finally the conduction band offset (CBO) was estimated by the formula AE¢c = AEy +
EZ°- E)' , where E/"°and E " are the optical band gap of ZnO and SnO,, respectively.
Using the band gap of SnO, (3.7 eV) and ZnO (3.2 eV) determined by UV-Visible diffuse
reflectance spectroscopy (Figure III-5B), the 4E¢ was calculated to be 0.2 + 0.05 eV that led
to the proposed energy band diagram for the SnO,/ZnO sample shown in Figure III-10. This
experimentally determined energy diagram is fully consistent with the formation of

mesoporous SnO,/Zn0O type II heterojunction nanomaterials.
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Table III-2: XPS binding energies of the core levels and VBM of SnO,, ZnO and SnO,/ZnO
photocatalysts.

Sample State Binding energy (eV)
SnO, Sn 3dsp, 486.70 = 0.05
VBM 3.30 £0.05
Zn0O Zn 2p3p 1021.70 + 0.05
VBM 2.60 +0.05
Sn0O»/ZnO Sn 3dsp, 486.80 + 0.05
Zn 2ps3p 1021.80 + 0.05
Ecsno, . Afc =026V * " Ecpo
$n0, EZO —320v
Eg 2=37eV { | .
EV-SnO2 v /]\ /]\ AEV —0.7eV 4 “V.ZnO
SnO2
Esnza ~Ev.sn0, puik” = 4834V
Esn3d
(EZn.Zp ~Ey 700 )51’411(13
=1019.1eV
AE, =535.0eV
' EZn.Z P

Figure III-10: Band alignment diagram of the SnO,/ZnO photocatalyst.
I11.3.3. Photocatalytic activity

To evidence the photocatalytic activities of the as-synthesized SnO,/ZnO
nanomaterials, the photocatalytic decomposition of methylene blue (MB) was performed as a
test reaction according to the literature.®' As depicted in Figure III-11, the maximum
absorption peaks of MB at 664 nm diminished gradually and disappeared completely under
UV light irradiation for 80 min in the presence of the SnO,/ZnO nanocatalyst. Meanwhile,
the color of the solution changed gradually, suggesting that the chromophoric structure of
MB was decomposed. Furthermore, blank experiments in the absence of irradiation with the
photocatalyst or in the presence of irradiation without the photocatalyst, as well as similar
experiments with pure SnO, and ZnO samples were carried out to rationalize the
photocatalytic activity of the as-synthesized SnO,/ZnO photocatalyst. The degradation

efficiency of the as-synthesized samples was defined as C/C,, where C, is the initial

concentration of MB, after equilibrium adsorption, and C its concentration during the

reaction. Both blank experiment results showed that MB could not be decomposed without
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the photocatalyst and/or UV irradiation (Figure III-12A). In contrast, the degradation
efficiency of the SnO,/ZnO photocatalyst after 20 min was of about 88%, whereas values of
about 72% and 50% were found after 20 min for the SnO, and ZnO samples, respectively
(Figure III-12). As a result, the mesoporous SnO,/ZnO heterojunction nanomaterial-showed

the fastest decomposition rate of MB that validates the concept developed in this study.
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Figure III-11: Absorbance changes of MB solution after different irradiation times in the presence of
the SnO,/ZnO sample: initial (black), equilibrium (red), 10 min (blue), 20 min (green), 30 min
(magenta), 40 min (brown) and 130 min (cyan).
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Figure III-12: (A) Kinetic of the degradation of MB in the presence of UV only (square, dot),
SnO,/ZnO0O in the dark (triangle, dash), SnO,/ZnO under UV (square, plain), SnO, under UV (triangle,
plain), and ZnO under UV (circle, plain). (B) In (C/Cy) as a function of the irradiation time for
calcined SnQ; (triangle), SnO,/Zn0O (square) and ZnO (circle) photocatalysts.

For a better understanding of the photocatalytic efficiency of the as-synthesized samples, the
kinetic analysis of MB degradation is discussed in the following. It is generally assumed that
reaction kinetics can be described in terms of Langmuir—Hinshelwood model, which can be

expressed following Eq. (2):**
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K
_dc_, K.C

T e 2
d "1+K,C @

where (—dC/drt) is the degradation rate of MB, C is the concentration of MB, t is the

reaction time, k, is a reaction rate constant, and K, is the adsorption coefficient of the

reactant. As the initial concentration of MB is very low (Cy = 10 mg/L in the as-described

experiments), K, C is negligible and Eq. (2) can be described as first-order kinetics. Setting
Eq. (2) at the initial conditions of the photocatalytic procedure, when 7 =0,C = C,, it can be

described as

C
In—=—k,, 1 3
c 3)

app
0

where &, is the apparent rate constant, used as the basic kinetic parameter for different

photocatalysts, since it enables one to determine a photocatalytic activity independent of the
previous adsorption period in the dark, and the concentration of the remaining dye in

solution.

Table III-3: Apparent (k,,,) and normalized (k,,,,) rate constants for the degradation of MB with the
as-synthesized materials®.

Photocatalysts k,,, (min ) k,, g/(m®.min) R’
Sn0,/Zn0 0.093 12.1 x10™ 0.98
Sn0, 0.063 7.1x10™ 0.99
Zn0O 0.040 8.9 x10™ 0.98

* knorm calculated from k,,, and the BET surface area given in Table 1

This model was then applied to the present data (Figure III-12B) and the apparent first-order
rate constants, before and after normalization by the BET surface area, is reported in Table
III-3. First of all, the degradation of MB followed a first order kinetic rate for all samples.
Furthermore, the mesoporous SnO,/ZnO heterojunction nanomaterial was clearly a much
more effective photocatalyst than the SnO, and ZnO analogues with an apparent MB

degradation rate constant reaching 0.093 min™.
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Figure I1I-13: (A) Cyclic runs in the photodegradation of MB using the SnO,/ZnO photocatalyst

under UV-light: 1st cycle (square), 2sd cycle (triangle), 3rd cycle (circle) and 4th cycle (diamond)
(B) effect of pH on the photocatalytic activity of photocatalysts.

The as-synthesized heterojunction nanocatalyst can be recycled and reused several
times without significant loss of efficiency, which is a key requirement for a possible
industrial application. Thus, the photocatalytic efficiency of the SnO,/ZnO heterojunction
photocatalyst for the 4 cycling reuse were 99.3, 99.2, 99.3 and 99.0% after 50 min of reaction
time, respectively (Figure III-13A). No significant change in the catalytic efficiency of the

degradation of MB dye by the photocatalysts after successive cycles of use under UV

irradiation indicated the stability and reproducibility of the catalysts.

Finally, pH, in photocatalysis systems, can be considered as one of the most important
parameters that can greatly affect the photo-oxidation process. The photocatalytic efficiency
Sn0O,/Zn0 in the degradation of MB as a function of solution pH is shown in Figure I11-13B.
it is also worth mentioning that the photocatalytic activity collapsed in acidic solution and
was improved in basic medium, the SnO,/Zn0O photocatalyst being always the most efficient.
Considering the positive charge of cationic MB dye in solution, the effect of pH on the
photocatalytic degradation of MB can be rationalized on the basis of electrostatic adsorption
model where cations are more readily accumulated at the negative sites on heterostructure
SnO,/Zn0O. This can be explained on the basis of the point of zero charge (pHpzc) of
Sn0,/Zn0O particle. At lower pH, the surface of the catalyst is positively charged, but at
higher pH it becomes negatively charged. Since MB is a cationic dye, high pH favors
adsorption on the catalyst surface which results in high degradation efficiency. On the other

hand, at lower pH the electrostatic repulsion between the MB cations and positively charged
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oxide surface greatly reduces the adsorption of the MB dye resulting drastic decrease in

degradation rate.

Scheme 1: Proposed mechanism for the degradation of MB under UV-irradiation in the presence of
the SnO,/ZnO photocatalyst.

(SnO,-ZnO) + hv —> SnO,.e,” + ZnO.h,*
Sn0,.e, + O, — SnO, + O,*
ZnO.h,* + OH —_— OH"
O, + H,0 — HO,* + OH-
HO,* + H,0O — HO* + H,0,
H,0, - = 2 OH’
MB + OH* E— degradation product

Figure III-14: Schematic representation of the charge transfer process for the heterostructure
SnO,/ZnO photocatalyst.

In summary, the improved photocatalytic activity found for the SnO,/ZnO
heterostructure can be rationalized on the basis of the above-determined band alignment as
follows (Figure III-14 and Scheme 1). Upon UV illumination, electrons in the VB could be
excited to the CB of both oxides, with the concomitant formation of the same amount of
holes in the VB. According to the type II band alignment and the heterojunction formed, the
electrons were collected by the SnO; nanosized particles and the holes by the ZnO particles
as they are transferred to a more stable electronic state, that is, downward for electron transfer

from ZnO to SnO,, upward corresponding to a more stable bonding situation for holes from
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SnO; to ZnO (Comparison between Figure III-10 and Figure II1-14). The resulting charge
carrier separation (electrons preferentially on the SnO, particle, holes preferentially at the
ZnO particle) leads to increased carrier lifetime because of reduced charge recombination. As
a consequence, the formation of hydroxyl OH" radicals by reaction of holes with surface
hydroxyl groups or physisorbed water molecules at the zinc oxide surface is enhanced. On
the other side, also the reaction of electrons with dissolved oxygen molecules to give
superoxide radical anions, O,", yielding hydroperoxy radicals HO," on protonation and
finally OH" radicals will be more efficient. OH" radicals are a strong oxidizing agent well-
known to decompose organic substrates as MB dye.”> As a result, the enhanced charge
separation related to the SnO,/ZnO heterojunction favors the interfacial charge transfer to
physisorbed species forming OH’ radicals and reduce possible back reactions, and therefore

accounts for the higher activity of the SnO,/ZnO nanomaterials.

I11.4. Conclusion

Mesoporous SnO,/Zn0O heterojunction photocatalysts have been successfully prepared
using a two-step solution route involving the synthesis of nanosized SnO, particles by
homogenous precipitation combined with an hydrothermal treatment that were further reacted
with zinc acetate followed by calcination. The UV-VIS diffuse reflectance studies showed
that the band gap energy of the heterostructure SnO,/ZnO photocatalyst was red-shifted
compared to that of pure SnO, and ZnO. A careful examination of the band alignment by
XPS revealed a type-II band alignment with VBO of 4Ey = 0.7 £ 0.05 eV and CBO of 4E¢ =
0.2 £ 0.05 eV for the SnO,/ZnO heterojunction photocatalyst. This heterojunction
photocatalyst showed higher photocatalytic activity than the pure SnO, and ZnO
nanocatalysts for the degradation of MB dye under UV light irradiation in neutral and basic
media due to improved separation of photogenerated electrons and holes. Furthermore, the
heterostructure photocatalysts could be easily recycled without significant change in the
catalytic activity which evidenced the stability of the catalysts and the reproducibility of the
approach. This concept of semiconducting heterojunction nanocatalysts with high
photocatlytic activity should find industrial application in the future to remove undesirable

organics from the environment.
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IV.1. Introduction

Since the pioneer works of Fujishima and Honda in 1972 who succeeded in splitting
water into hydrogen and oxygen under light irradiation employing TiO, as anode material,’
enormous research activities have been carried out over the past two decades to develop
semiconductor photocatalysts with high activities for purifying various environmental
pollutants in water and air. Among the various metal oxide semiconductors, TiO, has been
widely used as a photocatalyst because of its relatively high photocatalytic activity, biological
and chemical stability, low cost, non-toxicity and long-term stability against photocorrosion
and chemical corrosion.” However, the high recombination rate of the photoinduced electron—
hole pairs formed in photocatalytic processes limits the application of TiO, Therefore,
determining how to modify TiO, to prepare a photocatalyst with higher photocatalytic

activity has become the key point studied by many scholars.

While TiO, is widely employed as an efficient photocatalyst, Zinc oxide (ZnO), a
direct wide band-gap semiconductor, has been considered as a suitable alternative to TiO,
due to its similar band-gap energy, and thus similar photocatalytic mechanism and capacity.
However, some studies have confirmed that ZnO exhibits better efficiency than TiO, in
photocatalytic degradation of some dyes, even in aqueous solution in some cases.” Moreover,
ZnO photocatalysts on the nanometer-scale have become more and more attractive because of
their unique physical and chemical properties different from the bulk.* However, rapid
recombination of photoexcited electrons and holes also weakens its photocatalytic efficiency.
To address these issues, the design and modification of ZnO photocatalysts with high
sensitivity and reactivity has attracted much attention. It was found that the photocatalytic
performance of ZnO can be greatly improved by developing ZnO-based heterostructures or
composites.5 For example, ZnO-based coupled semiconductor systems such as ZnO-Ti0,,°
Zn0-Sn0,,’ ZIIO—WO3’8 have shown high photocatalytic efficiency for increasing the charge

separation and extending the energy range of photoexicitation.

On the other hand, among different approaches, surface modification by depositing
noble metal on the TiO,’ and ZnO' has been reported as an effective method to reduce
electron-hole recombination in the photocatalytic process. Depending on the alignment of the
energy levels, the deposits act as electron sinks or holes accumulators, favouring separation
of the photogenerated charge carriers and enhancing the oxidation and reduction reactions

required for organic degradation and photocatalytic hydrogen production from water. This is
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due to the possible induced band bending effect when a metal comes into contact of a
semiconductor; a Schottky barrier is created which facilitates the transfer of electrons or

holes from the semiconductor to the metal depending upon the work function of the metal."!

Apart from noble metals (Au, Ag, Pt, ....), other metallic compounds can also be
associated with TiO, or ZnO to enhance its photocatalytic performances. Thus, ruthenium
oxide (RuO;) belongs to the family of transition metal oxides with rutile structure showing an
interesting variety of properties. Because of its high chemical stability, electrical (metallic)
conductivity and excellent diffusion barrier properties, RuO, based nanomaterials have been
used for various technological applications such as supercapacitors, electrodes for chlorine
electrogeneration,12 water splitting into hydrogen or oxygen,13 CO oxidation in sensors,"* or
catalysts for CO, methanation,15 and HCI oxidation.'® RuO, exhibits an excellent metallic
conductivity related to its partially filled metal (d)-oxygen (p) 7* band in RuO,."” Sakat ez
al.'® showed that RuO; is an efficient hole and electron transfer catalyst on TiO, and seems to
improve the efficiency of charge separation at the metal/semiconductor interface, when
deposited in small amounts, because an excess amount is capable of acting as a
recombination center. In addition, RuO, has a high work function,19 situated in the band gap
above the valence band of TiO, or ZnO. When they are put into contact, electrons will
transfer from TiO, (or ZnO) to RuO, in order to equalize the Fermi level at thermal
equilibrium. As a consequence an upward bending of energy bands is expected from TiO, (or
Zn0) to RuO, which favours an efficient charge carrier separation at the RuO,/TiO, (or
RuO,/Zn0) interface under illumination. Another important beneficial effect of RuO, loading
on TiO; (or ZnO) is the increase in conductivity, which ultimately allows more efficient
charge transfer within the photocatalyst and makes it kinetically faster when it is involved in
the redox processes.”’ To the best of our knowledge, the photocatalytic properties of
RuO,/TiO; in aqueous phase for the degradation of organic dye as well as the production of
hydrogen remain largely unexplored although a few studies focused on RuO»/TiO,.>' On the
other hand, as far as we know, there is no direct evidence for studying the effect of RuO,
modification of ZnO on the photocatalytic performance. In addition, the interfacial band
energy alignment determination to explain the charge carriers separation mechanism at the
interfaces of both RuO,/TiO; and RuO,/ZnO systems have not been reported yet. This
prompted us to prepare RuO,/TiO, and RuO,/ZnO nanoparticles and systematically perform

interface analysis for the determination of the interfacial band energy alignment.
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As a consequence, we hereafter report on the characterization and the photocatalytic
properties of RuO,/TiO, and RuO,/ZnO nanomaterials prepared by impregnation methods,
along with a thorough interface analysis. The photocatalytic activity and recycling ability of
as-synthesized samples were investigated by the degradation of methylene blue (MB) and
methyl orange (MO) dyes under UV irradiation and compared to those of commercial TiO,
(Degussa P25) nanopowder. The photocatalytic activity of the as-synthesized RuO,/TiO,
system was also evaluated by producing hydrogen in the presence of methanol as sacrificial
reagent under UV light irradiation. To gain a deeper insight on the relationship between the
electronic properties and the photocatalytic activity, the band bending at the interfaces of
RuO,/TiO, and RuO,/ZnO systems was carefully determined by X-ray Photoelectron
spectroscopies (XPS), Ultraviolet Photoelectron spectroscopies (UPS) and UV-Visible
diffuse reflectance spectroscopy. The enhanced photocatalytic properties were rationalized in
terms of a better charge separation related due to band bending at the RuO,/TiO, or

RuO,/Zn0O interface.
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IV.2. Nanostructured RuQ,/TiO, heterojunction photocatalysts

IV.2.1. Preparation method review

Very few studies have been performed on the preparation and investigation of
photocatalytic performances of the RuO,/Ti0O, photocatalysts. The RuO,/TiO, photocatalysts
reported so far were mainly synthesized by sol—gel,22 hydrolysis,23 and impregnation24

techniques. Recently, Ismail et al?!

prepared hexagonal RuO,/TiO, mesoporous
nanocomposites through simple one-step sol-gel reactions of tetrabutyl orthotitanate (TBOT)
with ruthenium(IIl) acetylacetonate in the presence of a F127 triblock copolymer as a
structure-directing agent. Results showed that the composite contained rutile phase TiO, that
increased with increasing the RuO, content for the samples containing more than 1 wt%
RuO». The specific surface area of undoped TiO, of 180 m?/g decreased slightly after adding
10 %wt RuO, to 156 mZ/g, which suggested that high RuO, content blocked the TiO,
mesopore structures. In another study, Woragamon et al.® has synthesized mesoporous
RuO,/TiO, by a single-step sol-gel method. In a typical synthesis procedure, a 0.1 M solution
of laurylamine hydrochloride (LAHC) was added to a mixture of acetylacetone (ACA) and
tetraisopropyl orthotitanate (TIPT) in a 1:1 molar ration to obtain a molar ratio of
TIPT:LAHC = 4:1. Subsequently, ruthenium chloride hydrate (RuCls;.xH,0) was added to the
resulting yellow sol and aged for 2 days at 80 °C followed by calcination at different
temperature to get the final RuO,/TiO; nanocomposites. The resulting catalysts calcined at
400 °C for 4 h was anatase with crystallite size of 8.7 nm and specific surface area of 126
mz/g. Furthermore, Yae ef al.”® prepared TiO, sol by adding glacial acetic acid and ethanol
in water into a mixture of tetra-n-butyl titanate and ethanol with a molar ration of 0.185:1.2
followed by the addition of polyethylene glycol and acetylacetone in the above sol solution.
Subsequently, RuO,/TiO, sol was prepared by slowly adding (NH4),[Ru(H,O)Clg] solution
into TiO, sol. The resulting sol was used to make a film on float pearls followed by
calcination at 500 °C for 120 min. The result showed that the amorphous RuO, was highly

dispersed on the anatase TiO,.

On the other hand, RuO,/TiO, was prepared by homogeneous hydrolysis of ruthenium
chloride (RuCl3) and titanium oxosulphate (TiOSQO,) in the presence of urea at 100 °C for 8 h
maintaining a solution pH of 2 with sulfuric acid. > Then, the RuO,/TiO, powder was
obtained by washing, drying at 105 °C in a furnace followed by calcinations at 600 °C for 2
h. The resulting RuO,/TiO, powder contained both the anatase and rutile phase TiO,. The
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sizes of the crystallite of anatase, rutile TiO, and RuO, were about 21, 37, and 55 nm,
respectively. The particle size of anatase also decreased with increasing the RuO; content. In
contrast, BET surface area of RuO,/TiO, composites increased from 57.3 to 82.1 ng'l when

the RuO, content was increased from 0.019 to 2.878 mol%.

Finally, the simplest method appeared to be an impregnation method. Thus,
commercial TiO, was impregnated by aqueous solution of RuCls under vigorous stirring at

room temperature.”*> ¢ Then, elimination of solvent followed by calcination at different

temperature yielded the expected RuO,/TiO, nanoparticles.

IV.2.2. Results and discussions

IV.2.2.1. Synthesis and characterization of the nanocatalysts

First of all, TiO, nanoparticles were prepared by a sol-gel route involving the
hydrolysis condensation of titanium tetraisopropoxide followed by a hydrothermal post-
treatment. The resulting nanoparticulate powder was then impregnated with a solution of
different amounts of ruthenium (III)- 2, 4-pentanedionate followed by calcination at 400 °C
that allow for obtaining RuO,/Ti0, nanocomposites containing 0.5, 1, 2.5, 5, 10 and 20 wt%
RuO, and hereafter named as 0.5 wt% RuO,/Ti0,, 1 wt% RuO,/Ti0O,, 2.5 wt% RuO,/TiO,, 5
wt% RuO,/TiO,, 10 wt% RuO,/TiO, and 20 wt% RuO,/TiO..
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Figure IV-1: FTIR (A) and Raman (B) spectra of as-synthesized photocatalysts calcined at 400 °C
for 6h. (a) TiO,, (b) 1 wt% RuO,/TiO,, (c) 2.5 wt% RuO,/TiO,, and (d) 5 wt% RuO,/TiO.,.

Whatever the RuO; content, heterostructure RuO, nanoparticles showed the same
features by FTIR spectroscopy (Figure IV-1A) as the as-synthesized TiO,: (i) a broad band

centered at 3433 cm’' resulting from an overlapping of the stretching vibration bands (O-H)
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of surface hydroxyl groups or adsorbed water molecules;*® (i) a resonance at 1636 cm’
assigned to 6(OH) of water molecules;*’ (iii) a broad and prominent band centered at 700 cm
" attributed to Ti-O and Ti-O-Ti vibrations.”® It is worth mentioning that the existence of
surface hydroxyl groups is very essential for the photocatalytic reactions since they can react

with photoexcited holes generated on the catalyst surface and produce hydroxyl radicals.

Furthermore, both the anatase and rutile phases of TiO, can be sensitively identified
by Raman spectroscopy based on their Raman spectra. Thus, according to factor group
analysis, anatase has six Raman active modes (A, + 2By, + 3E,). According to the Raman
spectrum of an anatase single crystal, Arsov et al.*® have reported that the six allowed modes
appeared at 144 cm™ (Eg), 197 cm™ (Eg), 399 cm™ (By,), 516 cm™ (A1), 516 cm™ (By,), and
639 cm’! (Eg). RuO; has a rutile structure, which is tetragonal with two RuO, molecules per
primitive unit cell. According to the factor group analysis, there are 15 optical modes of
RuO,, among which four modes are Raman active with symmetries Ag, Big, Bog and Eg. >
The three major Raman features of a rutile single crystal RuO,, namely the Eg, Ajg, and By,
are located at 528, 646 and 716 cm’, respectively.’® Figure IV-1B displays the Raman
spectra of as-synthesized TiO, and heterostructure RuO,/TiO, nanoparticles containing
differenct percentages of RuQ; calcined at 400 °C with excitation lines at 514.5 nm. All the
spectra show the characteristic peaks of anatase TiO,. The Raman peaks observed at 143,
195, 397, 515 and 637 cm’ in Figure IV-1Ba are assigned as the E,, E,, Biy, Ajg + Big, and
E, modes of anatase TiO», respectively. These results are in good agreement with those
reported in literature.”" Figure IV-1B(b-d) shows the Raman spectra of heterostructure
RuO,/TiO, nanoparticles containing various percentages of RuO, The figures show an
increase background with increasing RuO, which might be due to surface plasmon absorption
related to RuO,. Comparing these spectra with the spectra of TiO,, it is clear that the Raman
bands at lower frequency for heterostructure RuO,/TiO; shifted towards higher wavenumber
and the bands broaden with increasing RuO, content. This Raman shift can be explained in
the following way: in spite of the stable rutile structure of RuQ,, the ionic radii of Ti** and
Ru" are very close and these ions are in sixfold coordination which resulted in an
incorporation of Ru** into the anatase structure of TiO, without any geometrical constraints.
The large Raman shift was due to the big difference in atomic weight of ruthenium and

titanium.>>

The crystalline phases in pure TiO, and heterostructure RuO,/TiO, nanoparticles

containing different wt % (0.5, 1.0, 2.5, and 5.0) of RuO, were investigated using XRD
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analysis (Figure IV-2). Regardless of the wt% of RuQO,, the main diffraction peaks could be
indexed as the (101), (004), (200), (105), (211) and (204) diffraction lines corresponding to
the anatase phase of TiO, (Figure IV-2A). Peaks corresponding to RuO, were not seen
clearly. In order to identify the crystalline phase of RuO, and the presence of other phases of
TiO,, the XRD patterns of all the samples were plotted with enhanced intensity in the region
20 from 26 to 66° as shown in Figure IV-2B. A small broad peak at 20 = 31.32° could be
ascribed to brookite TiO, traces, the presence of which having been previously reported in
the literature for TiO, particles prepared by a similar method.”® Figure IV-2B(b-e) also
showed the presence of two extra peaks of the RuO,/TiO, samples at 28.1° and 35.5° which
could be indexed to RuO; (110) and (101) planes, respectively. The intensities of these peaks
corresponding to RuO; increased with increasing RuO; contents. The crystallite sizes of TiO,
estimated from the line broadening of anatase (101) diffraction peak using the Scherrer
formula are presented in Table I'V-1. The crystallite size of the pure TiO, was about 18 nm
and that of the RuO; in RuO,/TiO, samples were 10 + 1 nm. In the case of RuO, loaded

TiO,, the crystallite sizes of TiO, remained almost unchanged, and were also of about 18 nm.
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Figure IV-2: XRD pattern of TiO, and RuO,/TiO, in the 26 region of 10-80 ° (A) and 26-66 ° (B). (a)
TiO,, (b) 0.5 wt% RuO,/TiO,, (c¢) 1 wt% RuO,/TiO,, (d) 2.5 wt% RuO,/TiO,, and (e) 5 wt%
RuO,/TiO,.

The particle size and the morphology were confirmed by TEM analysis. Figure
IV-3A shows the TEM micrograph of TiO, nanoparticle calcined at 400 °C for 6 h. The
shapes of the pure TiO, nanoparticles were cube and rhombohedra of uniform nanoscale size.
It is worth mentioning that the diameter of the pure TiO, was about 17 nm which was in good

agreement with the crystallite size deduced from the XRD patterns.
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Figure I'V-3: TEM micrograph of (A) TiO, and (B) and (C) 1 wt% RuO,/TiO, showing distribution
of RuO, by discrete contrast variation (D) SAED pattern of TiO, (E-G) EDX elemental mapping of 1
wt% RuO,/TiO,.

The formation of nanocrystallite of TiO, was confirmed by selected area electron diffraction

(SAED) pattern as shown in Figure IV-3D. The first ring associated with the diffraction
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arising from the (101) plane of anatase TiO, correspond to interplanar distance of 0.35 nm.
Figure IV-3(B, C) shows the distribution of RuO; in 1wt% RuO,/TiO, nanocomposites. As
shown in the Figure IV-3(B, C), the RuO; is inhomogenously distributed, visible by discrete
contrast variations as shown by arrows. The peaks corresponding to Ti, Ru and O were
observed in the EDX (Energy dispersive X-ray spectroscopy) pattern (Figure IV-3(E-G)),
revealing the formation of RuO,/TiO, composite. The spatial distribution of RuO, in
heterostructure was confirmed by the EDX elemental mapping as shown in Figure IV-4. The
EDX elemental mapping obviously showed the formation of RuO, particles on TiO,. The
crystallite size of TiO, and RuO, were observed in the range of 15-18 nm and 5-10 nm,
respectively Figure IV-3(B, C)) which were in good agreement with the values obtained by
XRD.

Figure IV-4: EDX mapping of 1 wt% RuO,/TiO, photocatalysts.

To confirm the deposition of RuO, on the surface of TiO,, scanning transmission
electron (STEM) bright field (BF) and high angle annular dark field (HAADF) experiments
were performed. First of all, the TEM image of RuO,/TiO, sample containing 5 wt% RuO,
was measured, It can be seen that the RuQ, is deposited as cluster on the surface of TiO,
nanoparticles (Figure IV-5A). The BF image (Figure IV-5B) shows the presence of RuO,
nanoparticles with a clear contrast in STEM-HAADF image (Figure IV-5C) indicating the
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deposition of RuO, on TiO; surface. Contrast variation was seen between RuO, and TiO,
nanoparticles, because the contrast variation in STEM images is Z-related and due to the
higher atomic number of Ru, those particles are brighter in HAADF images. EDX analysis
performed on the sample (Figure IV-SE) further confirmed the presence of RuO, deposited

on the surface of TiO,

TiO,

10 nm

.
L AL W

0 1 3 4 5 6
[keV]

o Ru

Figure IV-5: (A) TEM (B) STEM-BF (C) STEM-HAADF images and (D, E) EDX mapping of 5
wt% RuQ,/TiO, nanoparticles.

The N, adsorption—desorption measurement at liquid N, temperature was used to
study the mesoporosity and the textural properties of the TiO, and RuO,/TiO, catalysts.
Figure IV-6 shows the N, adsorption—desorption isotherm and pore size distribution of the
as-synthesized TiO, photocatalyst, compared with the isotherms of 1 wt% RuO,/TiO, The
isotherm of the synthesized TiO, in Figure IV-6A revealed a type IV sorption behavior
including a type H2 hysteresis loop which is typical of mesoporous materials according to the
IUPAC classification. The H2-hysteresis loop indicated the presence of pores of non-uniform
sizes and shapes that was characteristic of solids consisting of particles crossed by nearly
cylindrical channels or made by aggregates (consolidated) or agglomerates (unconsolidated)

of spheroidal paurticles.34 The 1 wt% RuO,/TiO, (Figure IV-6B) as well as all other TiO,
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samples containing different percentages of RuO, (Figures not shown) also exhibited this
IUPAC type IV sorption isotherms characteristic of mesoporous solids. The pore size
distributions for TiO,; and 1 wt% RuO,/TiO; nanoparticles (BJH model applied to the
adsorption branch of the sorption isotherm) were rather large, i. e. from 4 to 35 nm, with an

average pore diameter of 16.5 + 0.5 nm (inset, Figure IV-6).
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Figure IV-6: N, adsorption—desorption isotherm and mesopore size distribution (inset) of as-

synthesized TiO, (A) and 1wt% RuO,/TiO, (B) photocatalysts.

Table I'V-1: Crystallite size and textural properties of TiO, and RuO,/TiO, catalysts.

Samples Crystallite size BET Surface Mean pore Total pore
(nm) area (mz/g) diameter (nm) volume (cm3/g)

TiO, 18.0£0.5 68 £2 17.5+£0.5 0.31 £0.02

1% RuO,-TiO, 17.5+0.5 67+2 17.0£0.5 0.30 £0.02

2.5% Ru0,-TiO, 18.0+£0.5 69 +2 16.0 £0.5 0.28 +0.02

5% RuO,-TiO, 18.0+0.5 63+2 16.0 £0.5 0.26 +0.02

P25 - 47+ 1 11.5+£0.5 0.13+£0.02

The textural properties, namely BET surface area, mean pore diameter, and total pore
volume, of the as-synthesized mesoporous TiO,;, RuO, loaded TiO, and Degussa P-25

catalysts are given for comparison in Table IV-1. The mesoporous TiO, catalyst possesses
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BET surface area of 68 + 2 mz/g with mean pore diameter and total pore volume of 17.5 +
0.5 (within the mesopore region) and 0.31 + 0.02 cm3/g, respectively. When RuO, were
loaded onto the mesoporous TiO,, aiming at improving the catalytic performance, it was seen
that the BET surface area, the mean pore diameter, and the total pore volume remained
almost unchanged upon increasing the wt% of RuO, up to 5% (Table IV-1) Thus, the 5 wt%
RuO,/TiO, photocatalysts only showed a slight decrease in BET surface area, i. e. 63 £+ 2
m?/g to be compared with 67 + 2 m%/g for the 1 wt% RuO,/TiO, photocatalysts that could
stem from the blockage of the mesopores with deposited RuO, particles.” As a consequence,
the as-synthesized catalysts could be reliably considered as nanocrystalline mesoporous

material according to N, adsorption—desorption and XRD data.

3
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Figure IV-7: UV-Visible diffuse reflectance spectra of as-synthesized nanoparticles. (a) TiO,, (b) 1
wt% RuO,/TiO,, (c) 2.5 wt% RuO,/TiO; and (d) 5 wt% RuO,/TiO,.

The optical properties of the various samples prepared were then investigated by UV—
Visible diffuse reflectance (UV-Vis DR). The UV-Vis DR spectra of the as-synthesized
samples are shown in Figure IV-7. The as-synthesized pure TiO, sample exhibited the
characteristic spectrum of TiO, with its fundamental sharp edge around 385 nm. By contrast,
along with the absorption edge in the Near-UV region assigned to the TiO, nanoparticles, the
RuO,/TiO, nanocomposites exhibit a continuous absorption in the visible range, the intensity
of which increases with RuQO, content. As a result, the heterostructure RuQO,/TiO,
nanocomposites absorb light in the whole visible region, which might suggest that the
obtained phototocatalyst could be active in the visible light region. Absorption of the visible
light by this composite can be attributed to the surface plasmon resonance effect (SPR) that is
related to excitation of collective electron oscillations in the metallic RuO, nanoparticle by

the electric field of the electromagnetic wave.
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Figure IV-8: (A) (F(R) )" vs. hv plot and (B) (F(R) hv)’ vs. hv plot of as-synthesized
nanoparticles. (a) TiO,, (b) 1 wt% RuO,/TiO,, (c) 2.5 wt% RuO,/TiO, and (d) 5 wt% RuO,/TiO..

Based on their absorption spectra, the band gap energy (E,) of the as-synthesized

nanoparticles was calculated from the following equation, a (hv) = A(hv-E,)" where a, v, E ¢

and A are the absorption coefficient, light frequency, band gap energy, and a constant,
respectively.3 6 Among them, n is determined by the type of optical transition of a
semiconductor (n = 1/2 for direct transition and n = 2 for indirect transition). The energy of
the band gap was calculated by extrapolating a straight line to the abscissa axis, where a is
zero, for E, = hv.>" Tt is generally admitted that the absorption coefficient () can be replaced
by the remission function, F(R). The latter can be written in terms of reflectance (R)
according to the Kubelka-Munk theory: o/s = F(R) = (I-R)*/(2R), where s is the scattering
coefficients.”® The optical band gap energies (Egvalues) of the as-synthesized samples for
direct transition can thus be estimated from the plot of (F(R) hv)2 vs. hv and that for indirect

Y2 vs. hv, the intercepts of the tangents

transition can be estimated from the plot of (F(R) hv)
yielding the band gap energies of the as-synthesized samples. To establish the type of band-
to-band transition in these synthesized particles, the absorption data were fitted to equations

2 vs. hy

for both indirect and direct band gap transitions. Figure IV-8A presents (F(R) hv)
plot for the as-synthesized TiO, and RuO,/TiO, samples used to determine their band gap
energy associated with an indirect transition. The band gap of as-synthesized pure anatase
TiO, nanopowder as calculated from the extrapolation of the absorption edge onto the energy
axis was 3.23 eV which was consistent with the results of Figure IV-7. It can be observed
that the indirect band gap energy decreased gradually with increasing the RuO, amount. The
band gap energies decreased from 3.23 eV for pure TiO; to 3.19, 2.98 and 2.85 eV for 1 wt%

RuO,/TiO,, 2.5 wt% RuO,/TiO; and 5 wt% RuO,/TiO,, respectively. To evaluate the band
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gap energy of the nanoparticles associated to their direct transition, (F(R) hv)* vs. hv was
plotted for each sample (Figure IV-8B). The estimated band gap values are larger than those

associated with indirect transitions

1V.2.2.2. Interface analysis

To distinguish the existing form of ruthenium cations and the chemical composition
of the as-synthesized RuO,/TiO, nanoparticles, X-ray photoelectron spectroscopy (XPS)
studies were carried out. Apart from a C 1s peak located around 285 eV which might be
attributed to adventitious carbon-based contaminant, only titanium, oxygen and ruthenium
related emissions were detected in the survey spectrum of RuO,/TiO; nanoparticles after
calcination (Figure IV-9). The high resolution XPS spectra for Ti 2p showed two peaks in
the Ti 2p region, the first one centered at 459.37 eV assigned to the Ti 2ps; and the other one
centered at 465.11 eV corresponding to Ti 2p;, (Figure IV-10A). The peak separation
between Ti 2ps;, and Ti 2py, was 5.74 eV, which was consistent with the expected oxidation
state of Ti** in the as-synthesized RuO,/TiO, nanoparticles.”® No indication of a high

contribution of reduced Ti>* was found in the spectrum.
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Figure IV-9: XPS survey scan spectrum of heterostructure 1wt% RuO,/TiO, nanoparticles.

Figure IV-10B displayed the high resolution XPS emission line of Ru 3d. The binding
energy of Ru 3ds,; was unfortunately overlapped with that of C 1s, thus the Ru oxidation state
was evaluated from the Ru 3ds, emission line. The Ru 3ds, peak was located at 280.63 eV
which indicates the existence of Ru*" ruthenium cation, as expected for Ru02.39a’ 0 These

results further confirmed that the RuO,/TiO, nanoparticles contain RuO, and TiO,.
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Figure IV-10: (A) High resolution XPS spectra of Ti 2p for 1 wt% RuO,/TiO, nanoparticles (B) High
resolution XPS spectra of Ru 3d for (a) TiO, and (b) 1 wt% RuO,/TiO, nanoparticles after spectral
deconvolution.
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Figure IV-11: X-ray photoelectron survey spectra of (a) TiO, substrate and (b) RuO, thin film after a
number of successive deposition sequences on TiO, substrate.

To get an in depth understanding of the interface properties of the RuO,/TiO,
heterojunction, an in-situ interface experiment was carried out by successive deposition of a
RuO; thin layer on the TiO, substrate and consequently the band bending at the interface
between RuO; and TiO, was determined from the core level binding energy shifts. RuO,
films were formed step by step to a desired amount until the bulk property of RuO, was
obtained. Photoelectron spectra were recorded at each stage of the RuO, deposition. Figure
IV-11 shows the survey spectra of the TiO, substrate and stepwise deposited RuO, film after
the saturation of spectral changes has been attained. In the case of the TiO, film only
emissions from Ti and O were present. The absence of C 1s emission due to adsorbed

hydrocarbon expected at a binding energy of around 284.8 eV shows that the TiO; film
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surface was free of contaminations. The RuQO; film also showed the emission lines of only Ru
and O which also confirmed the absence of carbon contamination in the course of RuO,

deposition.

Figure IV-12 shows the evolution of Ti 2p, O 1s and Ru 3d emissions recorded in
the course of RuQO, deposition. During stepwise deposition of RuQO, the attenuation of
substrate emission of Ti as well as the growth of the Ru emission was observed with
increasing thickness of RuQO,. The shape of Ti 2p3;», emission line did not change with
increasing RuO, thickness, but that of Ti 2p;, emission line changed due to a growing Ru

3pi,2 emission line superimposing at a binding energy of ~464 eV.
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Figure IV-12: X-ray photoelectron core level spectra of TiO, recorded during stepwise deposition of
RuO, onto the TiO, film. Spectra at the bottom (at O s) refer to the uncovered TiO, film and the
spectra at the top (after 300 s) refer to the saturated RuO, film.

The form of the O emission changed gradually with increasing thickness of RuO, from a
symmetric line form to a shape with an asymmetry at higher binding energies. This change in
O 1s emission line shape is due to the metallic character of Rqu,41 It was found that both Ti
2p3 and O 1s lines were shifted towards the lower binding energy by 1.22 and 1.25 eV,
respectively, from their original values. The slightly higher shift observed from the O 1s line
than the Ti 2p3,, line may be due to an overlap of O 1s emission from both RuO, and TiO,.
We consider a rather parallel shift of both Ti 2ps, and O 1s emission lines ignoring this slight
difference in peak shift. The almost unchanged Ti 2ps, emission line shape as well as the
parallel shift of both Ti 2p3, and O 1s emissions in the course of RuO, deposition suggested
no interfacial decomposition reaction between RuO, and TiO,. The Ru 3ds,, emission line is

also shifted to lower binding energy by an amount of 0.65 eV and changes in its spectral

Thesis 2013 Page 135



Chapter IV: Metal/n-type semiconductor heterojunction photocatalysts

shape from a rather broad emission line at higher binding energy to a sharp line followed by a
shake-up satellite due to free electrons excitation as typically found for metallic transition

metal compounds which is due to bulk Rqu.42

UPS measurements of the clean TiO; film as well as the as-deposited RuO, film were
performed to determine the work-function. The work-functions of the films were calculated

using Eq. (1).

q):hV_Ecumﬁ (1)

where, hv (21.2 eV), and E_,. are incoming photon energy from He I source, and the

secondary electron cutoff energy, respectively.
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Figure IV-13: (A) Ultraviolet photolectron spectra and (B) X-ray photoelectron spectra of the TiO,
film (a) and RuO, film (b).

From Eq. 1 and the UPS spectra shown in Figure IV-13A, the work-functions of TiO; film
before deposition of the RuO; and that of RuO, film after being saturated were calculated.
The TiO, film showed a work-function value of 3.8 + 0.1 eV. This value of work function is
close to the work function of 3.9 eV of TiO, film on ITO substrate cited in the literature.**

1. showed that

The work-function of the RuO, film gives a value of 6.2 £ 0.1 eV. Yun ef a
the work function of RuQO, is changed with the crystallinity of RuO, when deposited on SiO;,
The improvement of crystallinity by annealing at high temperature decreased the defect or
lattice misfits of the RuO, film surface resulting in an increased electron density of RuO; film
at the surface region. As a result, the work function of the RuO; films annealed at 300 °C was
5.17 eV while the work function of the RuO; films decreased to 5.03 eV after the annealing

process at 500 °C. However, the work function of RuO, films deposited at room temperature
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was always found very close to 6.1+0.05 eV as measured by UPS."'® % Figure IV-13 shows
the UPS and XPS valence band region of the uncovered TiO, film and the saturated RuO,
film. As shown in Figure I'V-13A, the UPS valence band spectra of TiO; consisted of mainly
two peaks at ~6 and ~8 eV, corresponding to @ (non bonding) and ¢ (bonding) O 2p bands,
respectively.’” The valence band maximum (VBM) of TiO, was determined by linearly
extrapolating the low binding energy edge of the valence band intersecting with the
background. The VBM of TiO; is determined to be 3.1 £ 0.1 eV and 3.2 + 0.1 eV measured
by XPS and UPS, respectively. These numbers suggested that the TiO, was an n-type
semiconductor. A slightly higher binding energy position of valence band maximum deduced
from UPS could be related to the energy-dependence of the photoionization cross-section and
different surface sensitivity of UPS and XPS.*® Sample charging could also account for a
higher VBM position measured with UPS. The RuO, spectra show an intense line just below
the Fermi edge (Eg = 0) which belongs to the occupied Ru 4d-d” states just below the Fermi

level which are followed by the O 2p band emission.
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Figure IV-14: (A) XP valence band spectra during stepwise deposition of RuO, onto TiO, film (B)
evolution of the valence band position of TiO, determined from core level binding energy: (A) the
spectrum at bottom (at O s) refers to the uncovered TiO, film and the spectrum at the top (after 300 s)
refers to saturated RuO, film.

Figure IV-14A shows the evolution of the XP valence band spectra during the
stepwise deposition of RuO, onto TiO, film. The overall valence band spectra gradually shifts
toward lower binding energy with increasing amount of RuO, deposition. For a better
visibility of the shift of the valence band maximum of TiO, with respect to Fermi level due to
the superimposing of the valence of TiO, and RuO,, the valence band shift was determined
from the core level binding energy shift of Ti 2ps» during the interface experiment. As shown

in Figure IV-14B, the valence band position rapidly shifts to the lower binding energies, and
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then approached to a saturation value as the deposition proceeded. The valence band position

with respect to Fermi level, E, - E,,,, shifted from 3.1 eV for the uncovered TiO, film to

1.88 eV for the saturated RuO, film.

This energy shift of ~1.22 of the VBM of TiO; as determined by the Ti 2ps/, core level line
can be attributed to the band bending of TiO, developed at the interface of RuO,/TiO, due to
the initially different Fermi level position of RuO; and TiO, film. The overall work function
difference of 2.4 eV leads to a band bending of 1.22 eV in TiO; and to an additional dipole
potential drop of 1.18 eV at the interface of RuO,/TiO, A schematic band energy alignment

at the RuO,/Ti0; heterojunction as deduced from these results is shown in Figure IV-15.
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Figure I'V-15: Schematic band energy alignment at the interface of RuO, and TiO,. Ecg, Evg, Er, E,
are conduction band minimum, valence band maximum, Fermi level and energy gap, respectively.
eV,, refers to band bending at the interface of RuO, and TiO,.

Now we will return to the surface analysis of the RuO,/TiO, nanoparticles. The X-ray
photoelectron Ti 2p, O 1s and Ru 3d core level spectra of the heterostructure RuO,/TiO,
nanoparticles containing different wt% of RuO, are shown in Figure IV-16 . According to
this figure, the shift of the core level peaks observed for the nanoparticles is small when
compared to those of the bulk material as seen during the interface experiment. It is found
that both Ti 2ps3,, and O 1s peaks are only shifted towards lower binding energy by 0.2 £ 0.05

and 0.1 eV, respectively, from their original values.
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Figure IV-16: X-ray photoelectron core level spectra of heterostructure RuO,/TiO, nanoparticles
containing different wt% RuO,. (a) TiO,, (b) 1 wt% RuO,/TiO,, (c) 2.5 wt% RuO,/TiO, and 5 wt%
RllOz/TiOg.
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Figure IV-17: (A) UPS spectra of TiO, (B) XP valence band spectra of TiO, and RuO,/TiO, and (C)
Evolution of XP valence band spectra with different content of RuO,. (a) TiO,, (b) 1 wt% RuO,/TiO,,
(c) 2.5 wt% RuO,/TiO, and 5 wt% RuO,/TiO,.

The unparallel shift of both Ti 2ps, and O 1s can be related to interfacial reaction
between RuO; and TiO, forming Ti-O-Ru bond. Figure IV-17 show the UPS spectra and the
evolution of XP valence band spectra. The work function of pure TiO, determined by UPS
was 3.9 eV. The valence band maximum for pure TiO, nanoparticle was determined to be
3.15 eV and the position of the VBM shifted to lower binding energy with increasing content
of RuO,. The shift of the valence band position (0.2 + 0.05 eV) with respect to Fermi level,

E, — E,, Was determined by the core level shift of Ti 3ps3» and was attributed to band

bending at the interface of RuO,/TiO, nanoparticles which was small as compared to the
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planar semiconductor. The difference in the PES results in heterostructure alignment can be
related to two effects: 1) in the composite systems the barrier below the RuO, coverage in the
TiO, substrate is shielded from analysis; ii) for the formation of a complete space charge

layer the diameter of the TiO, particles must exceed the depletion layer width.
1V.2.2.3. Photocatalytic activity

1V.2.2.3.1 Photocatalytic degradation of organic dyes

To evidence the photocatalytic efficiency of the as-synthesized RuO,/TiO,

nanomaterials, experiments of the photocatalytic decomposition of methylene blue (MB) and

methyl orange (MO) were performed as a test reaction according to the literature.*®

1.8 1.0
1 (A B

16 (A) (B)

144 0.8+ —— 00 min

1.2 ] —— 10 min
[ 1 0 0.6 20 min
g 1.0 £ —— 30 min
—e 0.8 4 e 40 min
§ . § 0.4+ ——— 50 min
< 0.6 ] < I —— 60 min

0.4 0.2_\ ——— 80 min

0.2 N

0.0 T T = T T 0.0 T T

200 300 400 500 600 700 800 200 400 600
Wavelength (nm) Wavelength (nm)

Figure IV-18: Change of absorbance spectra of (A) MB and (B) MO solution after different
irradiation times in the presence of 1 wt% RuO,/TiO,.

As depicted in Figure I'V-18A, the maximum absorption peaks of MB at 664 nm diminished
gradually and disappeared completely under UV light irradiation for 60 min in the presence
of the RuO,/TiO, nanocatalyst. Meanwhile, the color of the solution changed gradually,
suggesting that the chromophoric structure of MB was decomposed. A similar trend was also
observed for the decomposition of MO (Figure IV-18B). Furthermore, blank experiments in
the presence of irradiation without the photocatalyst were carried out to rationalize the
photocatalytic activity of the as-synthesized RuO,/TiO, photocatalyst. The degradation
efficiency of the as-synthesized samples was defined as C/Cy, where Cy and C are the initial
concentration after equilibrium adsorption and the concentration of MB during the reaction
time, respectively. Blank experiment results showed that MB could not be decomposed

without the photocatalyst under UV irradiation.
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Figure IV-19: Kinetic of the degradation of MB (A) and MO (B); and plot of InC/Cy against ¢ for the
photocatalytic degradation of MB (C) and MO (D) with the as-synthesized nanoparticles.

In order to elucidate the effect of wt% of RuO, on the photocatalytic activity of
RuO,/TiO, photocatalyst, a set of parallel experiments were conducted with RuO,/TiO,
photocatalysts containing different wt% of RuO,. Figure IV-19A shows the effect of wt% of
RuO; on the photocatalytic degradation of MB. As seen in Figure IV-19, RuO,/TiO,
composite nanoparticles had a higher photocatalytic activity than pure TiO,. The
heterostructure RuO,/TiO, nanoparticle with 1 wt% RuO, was a superior catalyst with the
degradation efficiency of 94% after 10 min irradiation of UV light. By contrast, values of
about 62, 90 and 85% were found for the TiO,, 2.5 wt% RuO,/TiO, and 5 wt% RuO,/TiO,
samples, respectively. Similarly, 1 wt% RuO,/TiO, also showed higher photocatalytic
performance for the degradation of MO as compared to pure TiO, and commercial TiO,
(Degussa P25) (Figure IV-19B). As a result, the mesoporous RuO,/TiO, heterojunction
nanomaterials showed the faster decomposition rate of MB as well as that of MO that
validates the concept of improved minority charge carrier separation developed in this study.

For a better understanding of the photocatalytic efficiency of the as-synthesized samples, the
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kinetic analysis of MB and MO degradation was discussed. It is well accepted that the
photocatalytic decomposition of organic pollutants follows with a pseudo first-order kinetic.
A plot of In(C/Cy) against reaction time ¢ yields a straight line whose slope gives the apparent
reaction constant, k,,,. Figure IV-19C and D show the plots of In(C/Cy) against ¢ for
different as-synthesized photocatalysts for the degradation of MB and MO, respectively. The
apparent reaction rate constants, BET surface area (Spgr) of catalysts and the normalized rate
constant k., defined as kyopm = kapp/Sper for the degradation of MB and MO using different
as-synthesized photocatalysts are summarized in Table IV-2. As shown in Table IV-2, the
RuO,/TiO, nanocomposite had a higher photocatalytic activity than the pure TiO,
nanoparticles, as evidenced by the larger value of k,,. The RuO,/TiO, nanocomposite with 1
wt% RuO, showed the highest photocatalytic activity with an apparent degradation rate
constant reaching 0.239 and 0.062 min 'for the degradation of MB and MO, respectively,

values 2.4 and 2 times higher than those measured with commercial TiO, P25, respectively.

Table IV-2: Apparent reaction rate constant for the degradation of MB with as-synthesized
nanoparticles.

Photocatalysts Dye Kappr Mt Sper, m/8 Knopms /(m°.min) R
TiO, MB 0.101 67.5 1.49x 107 0.997
1 wt% RuO,-TiO, MB 0.239 67.2 3.56 x 107 0.99
2.5 wt %Ru0,-TiO, MB 0.192 69.6 2.75x 107 0.97
5 wt% RuO,-TiO, MB 0.165 62.8 2.63x 10 0.989
P25 MB 0.101 47 2.14x 107 0.998
TiO, MO 0.03 67.5 0.44 x 107 0.999
1 wt% RuO,-TiO, MO 0.062 67.2 0.92x 10 0.999
P25 MO 0.033 47 0.7x 10 0.999

In addition, this nanocatalyst can be recycled and reused several times without
significant loss of efficiency, which is a key requirement for a possible industrial application.

Thus, the photocatalytic efficiency of the RuO,/TiO, heterojunction photocatalyst for the 4
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cycling reuse were 99.6, 99.5, 99.2 and 99.4% after 30 min of reaction time, respectively

(Figure 1V-20).
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Figure IV-20: Cyclic runs in the photodegradation of MB employing 1 wt% RuO,/TiO, under UV
light.

As the photodegradation process is greatly affected by pH, the effect of pH on the
efficiency of photocatalytic degradation of MB was examined at the pH = 2, 7 and 10.2. The
photocatalytic degradation efficiency of MB solution as a function of pH is shown in Figure
IV-21. The results showed that the pH of the solution had a direct influence on the

heterogeneous photocatalysis process.
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Figure IV-21: The effect of pH on the photocatalytic degradation of heterostructure 1 wt%
RuO,/TiO, photocatalysts.

As observed in Figure IV-21, the efficiency was higher in alkaline solutions than that in
acidic solutions. This is indicative of the significant role of the surface properties of the

heterostructure RuO,/TiO, photocatalyst; the variation of solution pH changes the surface
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charge of the photocatalysts and shifts the potentials of catalytic reactions. As a result, the
adsorption of dye on the surface is altered thereby causing a change in the reaction rate.
Considering the positive charge of cationic MB dye in solution, the effect of pH on the
photocatalytic degradation of MB can be rationalized on the basis of an electrostatic
adsorption model where cations are more readily accumulated at the negative sites on the
heterostructure the RuO,/TiO,. This can be explained on the basis of the point of zero charge
(pHzpc) of RuO,/TiO; particle. At lower pH, the surface of the catalyst is positively charged,
but at higher pH it becomes negatively charged. Since MB is a cationic dye, high pH favors
adsorption on the catalyst surface which results in high degradation efficiency. On the other
hand, at lower pH the electrostatic repulsion between the MB cations and positively charged
oxide surface greatly reduces the adsorption of the MB dye resulting in a drastic decrease in

degradation rate.

Ht 0, ‘) ....................... H,0, OH, dye

OH, intermediates

TiO, >

Degradation products

Figure IV-22: Schematic diagram of photogenerated charge separation by internal electric field at
RuO,/TiO, heterojunction and its photocatalytic process.

The higher photocatalytic activity of heterostructure RuO,/TiO, nanoparticles is
related to the role of RuO; on the surface of TiO, nanoparticles. Figure I'V-22 shows in detail
the mechanism of photogenerated charge separation at the interface of heterojunction
RuO,/TiO, nanoparticles and its photocatalytic process. As we have seen from the surface
analysis the Fermi level of TiO, is higher than that of RuO,, hence, for contact formation the
electrons are transferred from the TiO, to RuO, until thermodynamic equilibrium is
established between the two when they come into contact to each other. As a consequence,
the Fermi level of the semiconductor and metal like RuO, at the interface is the same that
results in the formation of an electron depletion region and surface upward-bent band in the
semiconductor. This electron depletion region formed at these Schottky barrier leads to an
internal electric field at the interface of the heterojunction RuO,/TiO, nanoparticles at

thermal equilibrium. Under UV light irradiation, the electron in the VB of TiO, is excited to
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the CB by leaving a hole in the VB. The photogenerated electron-hole pairs can be separated
effectively by the internal electric field developed at RuO,/TiO; interface. The generated
electrons tend to move to the positive side of the internal electric field; the electrons are
transferred to the semiconductor side and take part in the reduction of dissolved oxygen
forming superoxide radical anions, O,", yielding hydroperoxy radicals HO," on protonation
and finally OH" radicals. At the same time, the photogenerated holes transferred to RuO,
particles oxidize the surface hydroxyl groups or physisorbed water molecules, forming
activated hydroxyl species OH', that activated hydroxyl species are strong oxidizing agent
well-known to decompose organic substrates as MB or MO dye. In addition a hole transfer to
the HOMO states of the dye which leads to a direct oxidation process of the dye can also not
be neglected. Thus, an internal electric field caused the vectorial charge transport and transfer
of electrons and holes into different directions and then retarded the photogenerated electron-

hole pairs recombination, resulting in a better photocatalytic activity.

1V.2.2.3.2 Photocatalytic hydrogen production

Photocatalytic activity of the as-synthesized heterostructured photocatalysts was also
quantified by photocatalytic hydrogen (H;) evolution from the suspension of the
photocatalysts with different RuO, content in an aqueous methanol solution under UV light
irradiation using 1.6 W Hg vapour light source. Experimental procedure for the production of
H, is described in detailed in the experiment section. Figure IV-23A shows photocatalytic H,
production in the absence of photocatalyst or sacrificial agent (methanol) and in the presence
of both the photocatalyst and methanol. The H; production under UV irradiation for 3 h was
only 20.4 mL with no photocatalyst adding into the photoreactor, while in the absence of
methanol but in the presence of catalysts, H, production was 24.5 mL. In contrast, the H,
production was increased more than 77 times in the present of photocatalyst (5 wt%
RuO,/TiO,) and methanol. These results indicated that both the photocatalysts and the
sacrificial agent are essential for photocatalytic H, production. Figure IV-23B shows the
time course of the photocatalytic gas evolution over TiO, and RuO,/TiO, containing different
amount of RuO,. The amount of the evolved gas almost linearly increased with increasing
irradiation time. The evolved gas was analyzed with gas chromatography. We identified CO,,
in an amount of 0.31 wt%, in the gas mixture. No O, and CH4 was detected in the evolved
gas mixture. Figure IV-23C shows the hydrogen production over the as-synthesized

photocatalysts. Irrespective of the amount of RuQO,, the yield of H, over heterostructure
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RuO,/TiO, photocatalysts was higher than that of pure TiO, and commercial TiO, P25.
Therefore, the presence of RuO; played an important role in photocatalytic H, production. It
was found that the 5 wt% RuO,/TiO, gave the highest rate of hydrogen production of 618
umol/h. In order to obtain efficient RuO,/TiO,, effect of RuO, loading on the photocatalytic
H; production were studied (shown in Figure I'V-23D).
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Figure I'V-23: (A) photocatalytic evolution of H, under different condition, photocatalytic evolution
of gas (B) and H, (C) over TiO, and RuO,/TiO, photocatalysts and (D) effect of RuO, loading on the
H, production. All the experiments were run for 3 h at identical condition.

It was seen that the rate of H, production increased initially with increasing RuO, content,
reached a maximum and then started to decrease once the RuO, content was increased
beyond a certain point. With an increase in RuO; content, from 1 wt% to 5 wt%, the rate of
H, increased from 441umol/h to 618 umol/h. In contrast, with further increase in RuO,
content from 5 wt% to 10 wt%, the H, production rate dropped rapidly from 618 pmol/h to
353 umol/h. The photocatalytic activity of RuO,/TiO, was influenced by the Schottky
barriers developed at the interface between RuO; and TiO,. When RuO, content was below 5

wt%, the number of Schottky barriers at RuO,/TiO, interface was enhanced with increment
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of RuO, loading, consequently resulting in an increase in photocatalytic activity. However,
when the RuO, loading was above the optimum loading, the active sites on the TiO, surface
that were available for absorption of light and electron donors were covered by excessive
RuO; particles. Another explanation is that, at higher metal loadings, the deposited metal
particles may act as recombination centres for photogenerated electrons and holes. As a
result, the photocatalytic activity of RuO,/TiO, was remarkably decreased due to inefficient

excitation.

In the absence of oxygen and presence of sacrificial species such as methanol, the
holes generated by the light (Eq. (2)) react with methanol (CH;0H) to produce "‘CH,OH
radical. The "CH,OH radical possesses sufficiently negative oxidation potential (-0.74 V) and
could further react to produce H*, electron and HCHO ((Eq. (4)).49 On the other hand,
electrons in the conduction band of the particle will simultaneously reduce water or protons
in the solution to form gaseous H, as shown by Eq. (5). These reactions proceed

competitively with the recombination of the photoinduced electrons and holes

On the basis of the above results, following photoreactions on the photocatalysts

could be proposed as

RuO,/TiO, + hv — ¢ (TiO,) + h* (RuOy) )
H* +CH;0H — "CH,OH + H* 3)
"CH,OH — HCHO + H" + & @)
2H,0 + 2¢" — H, + 20H (5)

The overall reaction is
CH,OH —22% s HCHO+H, (6)

The product, formaldehyde (HCHO), could be further oxidized to methanoic acid
HCOOH and subsequently to CO, together with hydrogen generation via eqs

HCHO + H,0 —2-< s HCOOH +H, (7)
HCOOH —-“4 5O, +H, (8)

So far an idealized mechanistic scheme of electron-hole pair separation of a well
defined planar metal-semiconductor contact has been described. However, it is evident from

the comparison of the model experiments to the analysis of predeposited nanostructured
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RuO,/TiO, heteroparticles changes in morphology and size dependent electronic properties
must also be taken into account. The observed band bending shift in the RuO,/TiO,
nanocatalysts is smaller than on the film heterointerface for two reasons. First of all the
smaller size of the TiO, and RuQO; particles does not allow to saturate the band bending as the
standard space charge layers thickness will exceed the size of the particles (an effect which
depend on doping). In addition, the RuO, at small concentration ratio has not completely
formed its bulk electronic structure (as is evident from the observed size dependent changes
in the spectral feature). Furthermore, the spatial distribution of the RuO, deposits on the TiO,
substrates are not yet optimized as is also suggested from TEM data. For optimization of
carrier separation a well defined anisotropy must be obtained in the synthesis of the

photocatalyst.
IV.3. Nanostructured RuQ,/ZnO heterojunction photocatalysts

IV.3.1.1. Synthesis and characterization of the nanocatalysts

As no preparation method of RuO,/ZnO nanocomposites was reported so far, a two-
step procedure was established to prepare them. At first, nanosized ZnO particles were
prepared by homogeneous precipitation method using zinc acetate and urea as the precursor
and precipitating agent, respectively. Precipitation of Zn(OH), was observed when a clear
solution of zinc acetate and urea was reacted at 90 °C in aqueous medium. The pH of the
solution increased gradually due to the progressive decomposition of urea into NH; and CO,,
leading to the nucleation and growth of uniformly nanosized particles which were calcined at
350 °C. Subsequently, the RuO,/ZnO systems containing 2, 4 and 6 wt% of RuO, were
prepared by impregnating the resulting ZnO nanoparticles with a solution containing the
desired amount of ruthenium (IIT) chloride hydrate (RuCl;. xH,O) followed by calcination at
350 °C in air. After annealing in air at high temperature, FTIR studies revealed the complete
elimination of the undesirable organics and the formation of metal oxide species (Figure
IV-24A). Irrespective of the RuO, content, each spectrum showed a broad absorption band
centered at 3434 cm™ due to the presence of OH groups. Furthermore, the band at 1631 cm’™
was due to bending vibration of molecular water, whereas the intense absorption band at 505

cm™ was assigned to the stretching vibration mode of ZnO bonds in zinc oxides.™

Furthermore, Raman scattering spectroscopy was used to extract nanostructural

information of the samples. The technique is capable of elucidating the photocatalyst
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structural complexity as peaks from each material are clearly separated in frequency, and

therefore the phases are easily distinguishable. Thermodynamically stable ZnO crystallite

possesses a wurtzite (hexagonal) structure and belongs to the space group of Cgv. Group

theory predicts that the materials with C;. space group are expected to have A; + 2B; + E; +

2F; optical phonon modes near the center of the Brillouin zone. Among these optical phonon
modes, A; and E; modes are both Raman and infra-red active. Moreover, these A; and E;
modes are polar which split into transverse optical (TO) and longitudinal optical (LO)
phonons. E; mode consists of two modes of low- and high-frequency phonons which are
Raman active only and B; modes are silent.”’ The bands in the Raman spectra can be entirely
explained on the basis of published data for c-ZnO: 1> 32 E, (low) at 101 cm'l, E, (high) at
437 cm™', A; (TO) at 380 cm™', E; (TO) at 407 cm ™', A; (LO) at 574 cm™', and E; (LO) at 583
cm™!. The rest of the vibrations are usually labeled as second order vibrations.>? RuO, has a
rutile structure, which is tetragonal with two RuO, molecules per primitive unit cell.
According to the factor group analysis, there are 15 optical modes of RuO, among which
four modes are Raman active with symmetries Ajg, By, B2 and Eg.54 The three major Raman
features of a rutile single crystal RuO,, namely the E,, Ajg, and By, are located at 528, 646

and 716 cm™', respectively.55
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Figure IV-24: (A) FTIR and (B) Raman spectra of as-synthesized photocatalysts. (a) ZnO, (b) 2 wt%
Ru0,/Zn0, (¢) 4 wt% RuO,/ZnO, and (d) 6 wt% RuO,/ZnO.

Figure 1IV-24B shows the Raman spectra of ZnO nanoparticles and RuO,-ZnO
nanocomposites. The main dominant sharp peak labeled as E, at 438 cm’ is known as Raman
active phonon mode, which was characteristic of the Wurtzite hexagonal phase of ZnO

(Figure IV-24Ba). A very weak shoulder at 410 cm™ in pure ZnO corresponded to the mode
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of E{(TO).”® The peaks that appeared at 205 cm™ and 335 cm™ could be assigned as second
order modes.”” The frequency of the first-order Raman peak at 585 cm™ could be ascribed to
the longitudinal optical (LO) phonons of E;. It is obvious for Figure 1V-24B(b-d) that the
intensity of Raman peaks for RuO,-ZnO nanocomposites was enhanced as compared to pure
ZnO with increasing the amount of RuO; on the surface of ZnO nanocatalysts. This
enhancement was predominant for the first order LO phonon mode. In addition, the red shift
of both E; mode and LO phonon could also be observed. The presence of an electric field can
enhance the scattering by Raman active optical phonons due to polarization by the field of the
excitonic states. This scattering is proportional to the electric field and goes through a
maximum. The transfer of electrons from ZnO to RuO, leads to the formation of interfacial
electric field between ZnO and RuO, due to different work functions. This local electric field
increases the electron-phonon coupling, which led to the enhancement of the Raman intensity
of ZnO. Otherwise, more phonon modes of ZnO have been activated in RuO;,-ZnO

nanocomposites compared to ZnO nanocatalysts.
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Figure IV-25: XRD pattern of RuO,/ZnO heterostructure recorded at different RuO, content in the 26
region of 10-80° (A) and 26-66° (B). (a) ZnO, (b) 2% RuO,/Zn0O, (c) 4% RuO,/ZnO, (d) 6%
RuO,/Zn0O.

The crystalline phases of the catalysts were further confirmed by using XRD analysis
(Figure IV-25). Irrespective of the RuO; content, all the diffraction peaks could be readily
indexed as hexagonal Wurtzite structure for ZnO for both pure ZnO and RuO,/Zn0O in well
agreement with the reported data (JCPDS File No. 36-1451). The peaks at 26 of 31.7°, 34.3°,
36.2°, 47.5° and 56.5°, corresponded to the crystal planes (100), (002), (101), (102), and
(110) of crystalline ZnO, respectively. Peaks corresponding to RuO, were not seen clearly. In

order to identify the crystalline phase of RuO,, the XRD pattern of all the samples were
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plotted with enhanced intensity in the region 26 from 20 to 30 as shown in Figure IV-25B. A
close view in the 26 range of 20-30° showed an extra peak at 20 of 28° that could be indexed
to RuO, (110).”® The intensity of RuO, peaks in the nanocomposite samples increased with
the increase in the amount of RuO, content indicating the formation of RuO; along with ZnO.
Moreover, the average crystal size of ZnO was estimated from line broadening of (101)
diffraction peak using the Scherrer formula as shown Table I'V-3. Compared to the average
crystal size of 25 nm for the pure ZnO, it seems that there was no appreciable change in the

average crystal size of as-synthesized RuO,/ZnO heterostructure containing different RuO,

content.

(C) Element wt%
7 Zn 77.33
@+ 3 Ru 2.85
T 0 19.83
= E
- \

Counts

OKa

CuKa

8 B)
1 i
P -
—T——Znkl—

§:4 Rull

gc RuL RuLb
3

g

<

=
[=
=

0.00 L50 3.00 450 600 150

Figure IV-26: (A) TEM image and (B) HRTEM image of 4 wt% RuO,/ZnO photocatalysts (C) EDX
spectrum from part (A).

In order to obtain detailed information about the microstructure and morphology of
the as-synthesized samples, TEM observations were carried out. Figure IV-26A, B show the

TEM images of the as-synthesized sample with a RuO; content of 4 wt%. A low magnified
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TEM image of this sample demonstrated the formation of nanocrystalline ZnO aggregates
composed of spherical nanoparticles. The observed ZnO particle size in the range of 25-30

nm agreed well with the crystallite size estimated from the XRD analysis.

100 nm InK

100 nm

Figure IV-27: (A) STEM secondary electron image (SEI) of 4 wt% Ru0,/ZnO and EDX maps of (B)
Ru, (C) Zn and (D) Overlay (Ru and Zn). EDX mapping was carried out by scanning a region
different from the region shown in (A).

In order to obtain the microstructure of the samples, high-resolution transmission electron
microscopy (HRTEM) observations were carried out, and the corresponding results are
shown in Figure IV-26B. The interplanar distance of 0.28 nm is consistent with the lattice
spacing of the (100) plane expected for the hexagonal wurtzite ZnO. The composition and the
presence of RuO, of the as-synthesized samples were confirmed by energy dispersive X-ray
(EDX) analysis and the results are shown in Figure IV-26C. All of the peaks in the curves
were ascribed to Zn, Ru, O, and Cu, and no peaks of other elements are observed. The copper
signal is from the sample holder. Therefore, it can be concluded that the as-synthesized
samples were composed of Zn, Ru and O, which was in good agreement with the above XRD
results. In addition, EDX analysis revealed the elemental compositions of the as-synthesized
samples (listed in Figure IV-26C) and the calculated weight percentage of RuO, was 3.75
wt% which was close to the theoretical value (4.0 wt %). EDX maps shown in Figure IV-27

further confirmed that RuO, was deposited on ZnO as cluster.

Thesis 2013 Page 152



Chapter IV: Metal/n-type semiconductor heterojunction photocatalysts

The textures of the as-synthesized photocatalysts were then analyzed by the N
adsorption isotherm technique. Figure IV-28 shows N, adsorption-desorption isotherms for
the pure ZnO and 4 wt% RuO,/ZnO samples. According to the TUPAC classification,” type-
IT sorption isotherms were found for both samples which are typical of materials including
large mesopores and/or macropores. The porosity detected, with average pore size diameter
between 14 and 23 nm, can be attributed to the intercrystallite space that can be observed as
evidenced by the TEM images (Figure IV-27). Indeed, the grains consist in a network of
aggregated nanoparticles, the voids between the nanoparticles accounting for the porosity

detected by N, sorption measurements.
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Figure IV-28: N, adsorption—desorption isotherm and of as-synthesized ZnO (A) and 4 wt%
RuO,/ZnO (B) photocatalysts.

The textural properties, namely BET surface area, mean pore diameter, and total pore
volume, of the as-synthesized mesoporous ZnO and RuO; loaded ZnO catalysts are given for
comparison in Table IV-3. The ZnO catalyst possessed BET surface area of 31 m2/g with
mean pore diameter and total pore volume of 22.9 (within mesopore region) and 0.18 cm’/ g,
respectively. When RuO, were loaded onto the ZnO, aiming to improve the catalytic
performance, it was seen that the BET surface area, mean pore diameter, and total pore
volume as shown in Table IV-3 were slightly decreased with increasing the wt% of RuO,,
The BET surface area, mean pore diameter, and total pore volume for 4 wt% RuO,/ZnO were
25 m%/g, 14 nm and 0.09 cm’/g, respectively. The decrease in BET surface area could result

from the blocking of mesopore dimension when RuO, particles were deposited.
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Table IV-3: Crystallite size and textural properties of ZnO and RuO,/ZnO photocatalysts.

Samples Crystallite size  BET Surface Mean pore Total pore
(nm) area (mz/ 2) diameter’ (nm)  volume (cm3 /g)

ZnO 25+1 31+1 23+£0.5 0.18 £0.02

2% Ru0,-ZnO 25+1 29+ 1 19+£0.5 0.14 £0.02

4% Ru0O,-ZnO 26+ 1 25+1 14+£0.5 0.09 £0.02

6% RuO,-Zn0O 25+1 22+1 15+£0.5 0.08 £0.02

“: Adsorption average pore diameter (4V/A by BET)
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Figure IV-29: UV-Vis diffused (A) absorption and (B) reflectance spectra of (a) ZnO, (b) 2 wt%
RuO,/ ZnO, (c) 4 wt% RuO,/ ZnO and (d) 6 wt% RuO,/ ZnO.

The optical property such as the band gap of the as-synthesized nanoparticles was
determineded by means of the optical absorption spectrum.60 Figure IV-29A shows the UV-
Vis diffuse absorption spectra of as-synthesized ZnO and RuO,/ZnO nanocomposite
photocatalysts containing different weight percentage of RuO,. For all the samples, a
significant increase in the absorption at wavelength shorter than 400 nm could be assigned to
the intrinsic band gap absorption of ZnO. The RuO; loading obviously influenced visible
light absorption of ZnO. Compared to pure ZnO (Figure IV-29Aa), the absorption spectra of
all RuO,/Zn0O samples (Figure IV-29A(b-d)) showed an enhanced absorption in the visible-

light region. In addition, the absorption increased with raising the RuO, content. The
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absorption in the visible region could be clarified in more detail from UV-Vis diffused
reflectance spectra as shown in Figure IV-29B. Pure ZnO reflected about 89 % visible light
and absorbed about 85 % UV light (Figure IV-29Ba). In contrast, the reflectance of
RuO,/Zn0O nanocomposites was lower than that of pure ZnO in all the wavelength range of
400-800 nm. However, in the UV region, it is not obvious because of the very high
absorption of UV light for pure ZnO. The enhancement of visible-light absorption was due to
the fact that the incident photon frequency was resonant with the collective excitations of the
conduction electrons of RuO, nanoparticles called localized surface plasmon resonance
(LSPR). To take into account that ZnO is a direct band gap semiconductor, the optical band
gap was calculated from the Kubelka-Munk relation by extrapolating the linear portion of the
plot of (F(R) hv)2 versus hv to F(R) = 0 (Figure IV-30). The calculated band gap energy for
pure ZnO was found to be 3.23 eV from the extrapolation of the corresponding plot. The
calculated band gap for ZnO was in good agreement with the literature.®" On the other hand,
the estimated band gap energies decreased from 3.23 eV for pure ZnO to 3.14 eV, for 6 wt%
RuO,/Zn0O.
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Figure IV-30: (F(R) hv)* versus hv plot for as-syntheized photocatalysts. (a) ZnO, (b) 2 wt% RuO,/
ZnO0, (¢) 4 wt% RuO,/ ZnO and (d) 6 wt% RuO,/ ZnO.

1V.3.1.2. Interface analysis

To clarify the elemental and chemical state of the as-synthesized samples, XPS
measurements were conducted on pure ZnO and RuO,/ZnO composites with different RuO,
contents. Apart from the C 1s peak located at 284.4 eV from hydrocarbon contaminants, all
of the peaks in the survey spectra of pure ZnO and 4 wt% RuO,/ZnO (Figure IV-31A) can
be ascribed to Zn, O and Ru without any further peak characteristic of other elements. Thus,

there was no Ru emission for pure ZnO (Figure IV-31Aa) and the RuO,/ZnO was formed by
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Zn, O and Ru. The results were in good agreement with the XRD and EDX results discussed

above.
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Figure IV-31: (A) XPS survey spectra of ZnO (a) and 4 wt% RuO,/ZnO (b). High-resolution spectra
of 4 wt% RuO,/Zn0O sample: (B) Zn 2p spectra, (C) Ru 3d spectra and (D) O 1s spectra.

The high-resolution spectra of Zn, Ru, and O species are shown in Figure IV-31(B-
D), respectively. The emission line appearing in Figure IV-31B is symmetric and centered at
1021.83 and 1044.92 eV, which were attributed to Zn 2ps;, and Zn 2p; ., respectively. Thus, it
could be confirmed that Zn mainly forms Zn** chemical state in the as-synthesized samples.®
Figure IV-31C provides high-resolution XPS spectra of Ru 3d in the 4 wt% RuO,/ZnO
sample. C s peaks overlap with Ru 3d3/, or the satellite peak, thus the later can not be clearly
recognized. The Ru 3d signal shows two different binding states of ruthenium atoms and
exhibit asymmetric lineshapes. The deconvoluted peaks were identified as Ru 3ds,, and 3d3,
at 280.45 eV and 284.60 eV, respectively, and were attributed to the Ru** chemical state of
Ru and it existed as RuO; in the as-synthesized samples. The deconvolution of the XPS

spectra revealed another additional feature with broader line width at 281.9 eV for the Ru
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3ds, line higher than the major peak by 1.45 eV. The origin of these satellite peaks which
was also observed on oxidized Ru metal surface is still controversial in the literature, where it
has been claimed to be related to excitation of the RuO, plasmon,63 the surface species of Ru

high bonding states,* or due to the final-state screening effect.®’

Figure 1V-31D shows the O 1s peaks for 4 wt% RuO,/ZnO sample. It can be seen
that the O Is emission line was asymmetric, suggesting that there were more than one kind of
species in the samples. The peak could be fitted into three symmetrical peaks centered at
529.03, 530.70, and 531.84 eV. The first peak at 529.03 eV was attributed to the lattice
oxygen in RuO,. The second peak at 530.70 eV was assigned to the lattice oxygen of Zn0.%
The higher binding energy at 531.8 eV was attributed to the oxygen of surface hydroxyl
group of RuO, and ZnO,®” which was fully consistent with the FTIR result. As suggested by
FTIR, the presence of surface hydroxyl group is confirmed, these groups play an important
role in the photocatalytic property of semiconductor by capturing photoinduced holes to

produce hydroxyl radical, leading to better photocatalytic property.Zb’ 68
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Figure IV-32: Evolution of photoemission core level spectra of the heterostructure RuO,/ZnO
nanoparticles with different contents of RuO,. (a) ZnO, (b) 2 wt% Ru0,/Zn0O, (c) 4 wt% RuO,/ZnO
and 6 wt% RuO,/ZnO.

Band bending developed at the interface of RuO,/ZnO was also determined by XPS
and UPS from the core level binding energy shifts. Figure IV-32 shows the evolution of the
core level spectra of RuO,/ZnO nanocomposites containing different amount of RuO, The
Zn 2ps; line shape did not change with increasing RuO; content as shown in Figure I'V-32A.
On the other hand, the O 1s emission was changed gradually to lower binding energies with
the RuO, content resulting from the metallic character of RuO,. The intensity of the Ru 3ds),

emission line increased with increasing RuO; content as shown in Figure IV-32C. However,
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it was found that both Zn 2ps;, and O 1s peaks were shifted to lower binding energies with
the increasing RuO, content. The binding energy shift for Zn 2ps, was estimated from the
difference between the values of pure ZnO and ZnO containing 6 wt% RuO,. The Zn 2ps),
and O 1s peaks were shifted to lower binding energies by 0.40 + 0.05 and 0.45 + 0.05 eV,
respectively, from their original values. A slightly higher shift observed from O 1s peak than
Zn 2p3p peak might be due to contribution from both ZnO and RuO, We consider a rather
parallel shift of both Ti 2ps, and O 1s emission lines ignoring this slight difference in peak
shift. The Ru 3ds;, emission line was also shifted to lower binding energy by an amount of
0.25 + 0.05 eV and changes its spectral shape from a rather broad emission line at higher
binding energy to a sharp line followed by a shake-up satellite due to free electrons excitation

as typically found for metallic transition metal compounds which is due to bulk RuO,
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Figure IV-33: (A) UP spectrum of pure ZnO (B) XP valence band spectra of ZnO and RuO,/ZnO
with different amount of RuO,. a) ZnO, (b) 2 wt% RuO,/Zn0O, (c) 4 wt% Ru0,/ZnO and 6 wt%

Ru0O,/Zn0.

The work function of ZnO was determined by ultraviolet photoelectron spectroscopy
(UPS). Figure I'V-33A shows the secondary electron cutoff recorded with UPS using Hel and
the work function for pure ZnO was calculated to be about 4.2 eV. This value agreed well
with the work function for n-type ZnO in the literature.” Figure IV-33B shows the evolution
of the valence band spectra of ZnO containing different amount of RuO,: the valence band
maximum (VBM) shifted toward lower binding energy with increasing RuO, content. The
VBM was deduced by linearly extrapolating the low binding energy edge of the valence band
intersecting with the background. The calculated VBMs were 2.90 + 0.05, 2.75 + 0.05, 2.60 +
0.05 and 2.5 £ 0.05 eV for ZnO, 2 wt% Ru0O,/Zn0O, 4 wt% RuO,/ZnO and 6 wt% Ru0,/Zn0O,

respectively. These values suggested that as-synthesized ZnO is a n-type semiconductor. The
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shift of the VBM was 0.4 + 0.05 eV, which was consistent with the shifts observed in Zn
2ps and O 1s core levels shown above. These shifts can be attributed to a minimum band
bending of ZnO at the interface. As a result, all these data allowed for proposing the energy
band diagram of RuO,/ZnO heterojunction showing the band bending at the interface

between RuO, and ZnO as presented in Figure 1V-34.
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Figure IV-34: Schematic band energy alignment at the interface of RuO, and ZnO. Ecg, Evg, Er, E,
are conduction band maximum, valence band maximum, Fermi level and energy gap, respectively.
eVy, refers to band bending at the interface of RuO, and ZnO.

1V.3.1.3. Photocatalytic activity

1V.3.1.3.1. Photocatalytic degradation of organic dyes

The photocatalytic performance of RuO,/ZnO was evaluated by using MB and MO as
representative organic pollutants. In the experiments, the commercial TiO, (Degussa P-25)
was used as a photocatalytic reference to qualitatively understanding the photocatalytic
activity of RuO,/ZnO catalysts. The evolution of the spectral changes with the
photodegradation of MB and MO over the fresh RuO,/ZnO nanocomposites is shown in
Figure IV-35. The MB and MO dyes initially showed major absorption band at 664 nm and
464 nm, respectively, while a gradual decrease in the absorption with a slight shift of the
band to shorter wavelength was observed with UV light irradiation through the aqueous
solution of MB and MO. The color of the MB solution eventually disappeared within 50 min
(Figure I'V-35A) which is consistent with the facile destruction of the chromophoric structure
of the MB, while it took more than 80 min to disappear the color of MO (Figure 1V-35B)
suggesting that the degradation rate of MB was higher than that of MO.
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Figure IV-35: UV-Visible spectra of (A) MB and (B) MO aqueous solutions as a function of reaction
time in the presence of 4 wt% RuO,/ZnO.
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Figure IV-36: Kinetic of the degradation of MB (A) and MO (B); plot of InC/C, against ¢ for the
photocatalytic degradation of MB (C) and MO (D) with as-synthesized nanoparticles.

The photocatalytic activities of the as-synthesized samples with different RuO, contents and

Degussa P-25 are shown in Figure IV-36. Cy and C in Figure IV-36 represent the initial

concentration after the adsorption—desorption equilibrium for 0.5 h and the real-time
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concentration of MB, respectively. As it can be seen, without any catalyst, no significant
decrease in the concentration of MB was observed under UV irradiation. The addition of
catalysts resulted in obvious degradation of MB, and all the RuO,/ZnO heterostructures
actually exhibited an enhanced photocatalytic activity in contrast with pure ZnO. In addition,
the RuO, content clearly defined the photocatalytic performance of RuO,/ZnO
heterostructure nanocomposites. Thus, the photocatalytic activities of RuO,/ZnO samples
first increased with increasing RuO, content up to 4 wt% RuO, and then decreased with
further increasing of RuO, to 6 wt% (Figure IV-36A). The photodegradation efficiency of
MB was about 65%, 73%, 88%, 71% and 87% for ZnO, 2 wt% RuO,/Zn0O, 4 wt%
RuO,/Zn0, 6 wt% RuO,/Zn0O and P25, respectively, when the reaction was performed under
UV light for 20 min. Therefore, 4% RuO, was found to be the optimum concentration, and

the higher content of RuO; could be unfavorable to photocatalytic efficiency.

Table IV-4: Apparent reaction rate constant for the degradation of MB with as-synthesized
nanoparticles.

Photocatalysts Dye kapp, min! SgET, mZ/g Koorm 8/ m*.min ) R’

ZnO MB 0.054 31 1.74x 107 0.995
2%Ru0,-Zn0O MB 0.071 29 2.44x 107 0.992
4% Ru0,-ZnO MB 0.106 25 424 x 107 0.998
6% RuO,-Zn0O MB 0.066 22 3.03x 107 0.981
TiO, (Degussa P25) MB 0.101 47 2.14x 107 0.998
Zn0O MO 0.024 31 0.77 x 107 0.998
4 wt% RuO,/ZnO MO 0.035 25 1.4x 107 0.999
P25 MO 0.033 47 0.7 x 10 0.997

Similarly, 4 wt% RuO,/ZnO nanocomposties also showed higher photocatalytic degradation
efficiency for the degradation of MO when compared with that of pure TiO, and commercial
P25 (Figure IV-36B). For a better and quantitative understanding of the photocatalytic

efficiency of the as-synthesized samples, the kinetic analysis of MB and MO degradation was

Thesis 2013 Page 161



Chapter IV: Metal/n-type semiconductor heterojunction photocatalysts

discussed. As shown in Figure IV-36C and D, the photodegradation of MB and MO by
Ru0O,/Zn0O nanocomposites followed a first-order rate law, In(C/Cy) = -kgypt, Where kg 18
apparent rate constant of the degradation. The apparent reaction rate constants, BET surface
area (Sper) of catalysts and the normalized rate constant k., defined as kyopm = Kapp/Sper for
the degradation of MB and MO using different as-synthesized photocatalysts are summarized
in Table IV-4. It is obvious from the table that the reaction rates of RuO,/ZnO
nanocomposite samples were much higher than that of as-synthesized ZnO. Especially, 4%
Ru0O,/Zn0O sample showed the highest catalytic activity with a rate constant k,,, = 0.106

min' for MB degradation that was about 2 times higher than that of pure ZnO (0.0054 min ')

and was comparable with that of commercial TiO, (Degussa P25) (0.101 min'l).

It is known that the activity of photocatalyst is related to many factors, such as the
size and the BET surface areas of materials. The BET surface areas for 2 wt% RuO,/ZnO, 4
wt% Ru0,/ZnO and 6 wt% RuO,/ZnO were 29, 25, and 22 m?/g, respectively. For pure ZnO
and Degussa P25, the BET surface area values were 31 and 47 mz/g, respectively. From these
results, we found that the pure ZnO and Degussa P25 had higher surface area than RuO,/ZnO
composites. It is indicated that the high BET surface area is favorable for the improvement of
the photocatalytic activity. Thus, in our study, the better performance of RuO,/ZnO
photocatalyst than that of P25 and ZnO particles was not due the BET factors, but was

contributed to the synergistic action of RuO, and ZnO particles.

On the other hand, it has been well-established that ZnO generally suffers from
photocorrosion for photocatalytic applications.70 Hence, it is of prime importance to probe the
photostability of the RuO,/ZnO heterostructures. To this end, cyclic photodegradation
experiments and XRD were combined to access the evaluation. Figure IV-37A displays
cycling experiments of the RuO,/ZnO nanostructure for photodegradation of MB under
irradiation of UV light. The results indicated that no noticeable change was observed even the
photocatalyst went through four successive recycles, suggesting the RuO,/ZnO
heterostructures were stable during the course of photodegradation. Moreover, XRD patterns
(Figure IV-37B) of the used and fresh samples revealed intact crystalline phase of the

RuO,/ZnO heterostructure after successive use.
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Figure IV-37: (A) Cycling photodegradation of MB aqueous solution over 4 wt% RuO,/ZnO (B)
XRD patterns of the 4 wt% RuO,/ZnO heterostructure before and after cycling photodegradation of
MB.

Organic compounds in wastewater differ greatly in several parameters, particularly in
their speciation behaviour, solubility in water and hydrophobicity. While some compounds
are uncharged at common pH conditions typical of natural water or wastewater, other
compounds exhibit a wide variation in speciation (or charge) and physico-chemical
properties. At pH below its pKa value, an organic compound exists as a neutral species.
Above this pKa value, organic compound attains a negative charge. Some compounds can
exist in positive, neutral, as well as negative forms in aquous solution. On the other hand, pH
also determines the surface charge of the photocatalyst and the size of aggregates it forms.
This variation can also significantly influence their photocatalytic degradation behaviour. The
surface charge of photocatalyst and ionization or speciation (pKa) of an organic pollutant can
be profoundly affected by the solution pH. Electrostatic interaction between semiconductor
surface, solvent molecules, substrate and charged radicals formed during photocatalytic
oxidation is strongly dependent on the pH of the solution. Therefore the pH of the solution
can play a key role in the adsorption and photocatalytic oxidation of pollutants. Primarily,
Zn0O becomes hydroxylated in the presence of water to form hydroxide layers (Zn-OH).”" The
zinc hydroxide surface (Zn-OH) can become charged by reacting with H" (acidic
environment) or OH™ (basic environment) ions due to surface amphoteric reactions (Eq. 1,

%
Zn-OH + H'— Zn-OH," (acidic environment) (1)

Zn—-OH+OH — Zn-0O"+H,0 (basic environment) 2)
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At low pH hydroxide surfaces adsorb protons to produce positively charged surfaces.
At high pH they lose protons to produce negatively charged surfaces [39]. The zero point
charge of ZnO (pHzpc) has been reported to be 7.5-9.8.7% Therefore, the surface functional
groups of ZnO can be ZnOH,", ZnOH, and ZnO™ at pH < pHzpc, pHzpc and pH > pHzpc,
respectively. On the other hand, MB dye (pKa = 3.8) at high pH (pH > pKa), exist as a cation
in aqueous solution. The effect of pH on the efficiency of photocatalytic degradation of MB
was examined at the pH = 2.5, 7.5 and 9.9 and the results are shown in Figure I'V-38. After
20 min irradiation, the percentages of MB degradation were 87, 79 and 60% at pH 9.9, 7.5
and 2.5, respectively. The enhanced photodegradation of MB at higher pH was attributed to
the favourable adsorption of the cationic MB dye on the negatively charged oxide surface. On
the other hand, at lower pH the electrostatic repulsion between the MB cations and positively

charged oxide surface greatly reduces the adsorption of the MB dye resulting in a drastic

decrease in degradation rate.
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Figure IV-38: Effect of solution pH on MB degradation.

It has also been reported that in a slightly alkaline solution (pH 8-9), hydroxyl radicals are
more easily generated by oxidizing the available OH on the photocatalyst surface.”* Thus,
generally, the photodegradation efficiency is expected to be enhanced with increasing pH due

to the ready availability of hydroxyl radicals for the reaction.

The enhanced photocatalytic activity of heterostructure RuO,/ZnO nanoparticles was
related to the role of RuO, on the surface of TiO, nanoparticles. The photogenerated charge
separation and the photocatalytic mechanism of the heterostructured RuO,/TiO,

nanocomposite system is represented in a schematic diagram as shown in Figure IV-39.
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OH’, intermediates

Zn0O

Degradation products

Figure IV-39: schematic diagram showing the photogenerated charge separation mechanism of
RuO,/Zn0O nanocomposites.

It is known that the work function of RuO, (6.2 eV) is larger than that of ZnO (4.2 eV). The
Fermi energy level of ZnO is higher than that of RuO, due to its smaller work function.
Accordingly, when the metallic RuO, are attached to ZnO nanoparticles, the electrons will
migrate from ZnO to RuQO; in order to achieve the Fermi level equilibration. Meanwhile, an
electrostatic field is built in the discontinuity interface of ZnO and RuO, because of electron
transfer, which could lead to an upward bending of the energy bands of ZnO. When the
heterostructure RuO,/ZnO nanocomposites are illuminated by UV light with photon energy
higher or equal to the band gap of ZnO, electrons in the valence band (VB) can be excited to
the CB with simultaneous generation of the same amount of holes in the VB. As the Fermi
energy level of RuO; is just above the valence band band maximum of ZnO, the holes in the
valence band of ZnO can transfer from ZnO nanoparticles to RuO, nanoparticles driven b y
the built in potential at the interface, suggesting that the photogenerated electrons and holes
were efficiently separated. The efficient charge separation can also increase the lifetime of
the charge carriers and enhance the efficiency of the interfacial charge transfer to adsorbed

substrates, and then account for the higher activity of the RuO,/ZnO nanocomposites.
The photocatalytic reaction process can be proposed as follows
RuO,/ZnO + hv — e (ZnO) +h* (RuO,)
e +0,— 0,
0," + H,0 —» HO,” + OH
HO,” + OH — H,0, + OH’
H,0, — 20H"

OH" — dyes — intermediates — degradation products
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h* + dyes — intermediates — degradation products

The electrons in the conduction band of ZnO react with molecular oxygen adsorbed on the
surface of ZnO to generate superoxide radials anion (O,"). The O, radicals further react with
H,O to produce OH’ radicals. On the other hand, holes migrated to RuO, react with surface-
bound hydroxyl groups (or H,O) to produce activated hydroxyl species (OH") which is an
extremely strong oxidant for the mineralization of organic substrates as dyes (MB or MO). In
addition, photogenerated holes transferred to RuQO, surface can also directly oxidize the

organic dyes through the formation of intermediates.

IV.4. Conclusion

In summary, mesoporous heterostructure RuO,/TiO, nanoparticles photocatalysts
have been successfully prepared by impregnation of TiO, nanoparticles, synthesized by the
sol-gel process, in a ruthenium acetylacetonate solution and, then, thermal annealing at 400
°C. The UV-Vis diffuse reflectance studies showed that the band gap energy of the
heterostructure RuO,/TiO, photocatalyst was red-shifted compared to that of TiO,. An
interface experiment to model the junction was carried out by stepwise deposition of RuO; on
the TiO, film by XPS and UPS and a shift of Ti 2ps, and O 1s core level spectra were
determined to be 1.22 and 1.25 eV, respectively which was ascribed to the band bending at
the interface of the heterojunction RuO,/TiO,. The heterojunction 1 wt% RuO,/TiO,
photocatalyst showed higher photocatalytic activity than the pure TiO, and reference
commercial TiO, P25 for the degradation of MB and MO dyes under UV light irradiation in
neutral and basic media. Furthermore, the heterostructure photocatalysts could be easily
recycled without significant change in the catalytic activity which evidenced the stability of
the catalysts and the reproducibility of the approach. The photocatalytic activity for the
production of H, was carried out under UV in the presence of methanol as a hole scavenger.
The 5 wt% RuO,/TiO, photocatalysts showed higher catalytic activity with average hydrogen
production rate of 618 umol h™'. Without RuO, the production rate decreased dramatically to

29 umol h™' that points out the key role of RuO, for efficient hydrogen production.

In addition, heterostructured RuO,/ZnO photocatalysts were prepared in two steps.
Nanosized ZnO particles were first prepared by homogeneous precipitation technique using
urea as precipitating agent followed by calcination, and, then, RuO,/ZnO systems were
prepared by impregnating the ZnO in ruthenium (III) chloride hydrate (RuCls;.xH,0O) solution

followed by calcination in air. UV-Vis diffuse reflectance studies showed enhanced light
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absorption in the visible region due to surface plasmon resonance. An energy band diagram
of Ru0,/ZnO nanocomposites was also determined by XPS and UPS from the shift of Zn
2p3n and O 1s core level spectra. A shift of Zn 2p3, and O 1s core level spectra were
determined to be at least 0.40 = 0.05 and 0.45 £ 0.05 eV, respectively, which was ascribed to
the band bending at interface of heterojunction RuO,/ZnO nanoparticles. The investigation of
photocatalytic ability indicated that the RuO,/ZnO nanocomposites possessed a higher
photocatalytic activity than the pure ZnO for the degradation of MB and MO dyes under UV
light irradiation. Furthermore, like RuO,/TiO, heterojunction photocatalyst, the RuO,/ZnO
nanocomposites could also be easily recycled without decrease of photocatalytic activity

confirming the stability of the as-synthesized RuO,/ZnO photocatalysts.

This higher photocatalytic activity for degrading organic dyes and producing H, was
related to the higher charge probability resulting from the internal electric field developed at
the interface of RuO,/TiO, or RuO,/ZnO heterojunctions. Therefore, the semiconducting
heterojunction photocatalysts might be promising alternatives in the future for environmental

remediation and for production of clean and renewable energy source as Hj.
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V.1. Introduction

As pointed out in chapters I and IV, although TiO, has been widely used as a
photocatalyst due to its biological and chemical stability, low cost and non-toxic nature, the
fast recombination of photogenerated electron-hole pairs is still an obstacle for practical
applications. Therefore, improving photocatalytic activity by modification has become a hot
topic among researchers in the last decade. Many studies, especially noble metal deposition
and forming composite photocatalysts from different semiconductors, have been devoted to
the improvement of the TiO, photocatalytic activity by retarding the recombination of

photogenerated electron-hole pairs.

It is known that the n-n type composite photocatalysts, such as ZnO/TiO,,'
SnOg/ZnO,2 SnOleiOz,3 or WOg/TiOz,4 have been investigated extensively. The results
showed that almost all the n—n junction composite semiconductors had higher photocatalytic
activity than single ones. In the meantime, another novel and promising concept of
establishing a p-n junction at the interfacial contact between an n-type TiO, semiconductor
and a p-type semiconductor has been proposed as an effective way to suppress the electron—
hole pair recombination and prolong the electron’s lifetime.” Theoretically, the p-n junction is
formed at the interface as a space charge region when p-type (hole-rich) and n-type (electron-
rich) semiconductors are contacted. Electron and hole carriers are transferred to the p-type
and n-type semiconductor, respectively, in forming electronic equilibrium. The inner electric
field is established at equilibrium and then acts as a potential barrier to prevent the
recombination of electron and hole. The potential related to the electric field enhances the
movement of free electrons from p-type to n-type semiconductors and the movement of free
holes from n-type to p-type semiconductors. Therefore, the photogenerated electron—hole
pairs excited by UV irradiation are efficiently separated by the inner electric field to

minimize the recombination.

Nickel oxide (NiO) is a p-type semiconductor frequently used as a cocatalyst loaded
with various n-type semiconductors because of its high p-type concentration, high hole
mobility, and cost effectiveness.’ Thus, NiO can be efficiently employed to form a p-n
junction with the n-type TiO, semiconductor. A few research groups have investigated the
photocatalytic performances of the p-n junction NiO/TiO, photocatalysts.sa’ 7 Most of the
work reported in the literature mainly focused on the photocatalytic oxidation of organics. To

our knowledge, there is little information regarding photocatalytic hydrogen production using
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NiO/TiO, nanocomposites.8 In addition, no actual determination of the band bending at the
NiO/TiO; interface has been achieved so far allowing for rationalizing the enhanced charge
separation concept mentioned above. This prompted us to synthesize and to investigate the
photocatalytic performance of NiO/TiO, nanocomposites for the photocatalytic degradation

of organic dyes and production of hydrogen.

Herein, the p-n junction NiO/TiO, photocatalyst was synthesized by a simple, easy
and one pot sol-gel route using titanium butoxide, n-butanol and nickel nitrate as starting
materials. The p-n junction NiO/TiO, photocatalyst was then characterized by FTIR, X-ray
powder diffraction (XRD), Raman, UV-vis diffuse reflection spectroscopy, N, adsorption-
desorption isotherm, transmission electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS). The band energy alignment at the NiO/TiO, interface was determined by
X-ray Photoelectron spectroscopies (XPS) and Ultraviolet Photoelectron spectroscopy (UPS).
The photocatalytic activity of the photocatalysts was evaluated by photocatalytic oxidation of
methylene blue (MB), methyl orange (MO) and photocatalytic production of hydrogen. The
possible mechanisms of p-n junction formation and separation of photogenerated electron and

hole were also discussed.

V.2. Preparation method review

So far, Several methods have been applied to synthesize NiO/TiO, p-n junction

5b, 7d-e, 8a, 9 a-c
1,

heterostructures, such as sol-ge incipient wetness impregnation,’** electroless
plating,'’ chemical-solution-deposition-decomposition” or evaporation-induced method."'
Among the various methods available for the synthesis of photocatalytic nanocomposites,
sol-gel is considered to be the most successful one in creating nanoparticulate systems with
controlled pore structure. Thus, Ahmed’® synthesized mesoporous NiO/TiO, nanoparticles by
the sol-gel route using titanium chloride and nickel acetylacetonate as precursors and
cetyltrimethylammonium bromide as controlling template to tune the porous structure. In a
typical procedure, cetyltrimethylammonium bromide surfactant dissolved in ethanol was
added at a level just below its critical micelle concentration to a solution of titanium chloride
and nickel acetylacetonate dissolved in ethanol followed by dropwise addition of an aqueous
solution of ammonia. After aging for 48 h, the resultant sol was filtered, washed and dried at
100 °C followed by calcination at 800 °C to obtain the final product. XRD studies showed

that TiO, in NiO/TiO, nanocomposites containing up to 5 mol% NiO was anatase, where as

pure TiO, calcined at 800 °C was a mixture of anatase and rutile phase, indicating that the
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NiO stabilized the metastable anatase phase and impeded its transformation to rutile. The
NiO/TiO, nanocomposites were highly porous and the specific surface area of the NiO/TiO,
nanocomposites containing 5 mol% NiO was 138 m?/g. Sreethawong er al.** also prepared
NiO/TiO, photocatalyst via a combined sol-gel route involving a surfactant-assisted
templating mechanism, where a 0.1 M solution of laurylamine hydrochloride (LAHC) of pH
4 was added to an equimolar solution of acetylacetone and tetraisopropyl orthotitanate (TIPT)
to obtain a molar ratio of TIPT to LAHC 4. After stirring at 40 °C for 10 h, nickel
methoxypropylate was added to the resulting yellow sol and aged for 5 days at 40 °C
followed by drying at 80 °C and calcination at 500 °C to obtain the desired photocatalyst. The
crystallite size of the resulting 1.5 wt% NiO/TiO, photocatalyst was 10.5 nm and the specific
surface area was about 80 mZ/g. In another study, a colloidal solution of NiO/TiO, with
different Ni/Ti molar ratio was prepared by adding dropwise a solution of nickel nitrate
hydrate (Ni(NOs3),.6H,0) in ethanol and dilute nitric acid to a solution of tetrabutyl titanate
dissolved in n-butanol.”® The NiO/TiO, powder was obtained by drying the colloid followed
by calcination in air at different temperatures between 400 and 700 °C. The average diameter
of anatase particle in the 0.5 mol% NiO/TiO, catalyst was 14 nm and the NiO loading
inhibited the crystal growth of TiO».

Sim et al.” prepared p-n junction NiO/TiO, nanotubes by the incipient wetness
impregnation method. In a typical procedure, titanium nanotubes (TNTs) synthesized by an
anodization method were immersed overnight in nickel nitrate solution with various molar
concentrations followed by calcination at 450 °C. The crystallite size of the resulting
NiO/TNTs was around 34 nm. Similarly, Chen et al.”® have prepared NiO/TiO, photocatalyst
by adding dropwise the desired amount of nickel nitrate dissolved in a minimum amount of
deionized water into the desired amount of TiO, powder prepared by sol-gel route followed
by calcination at 350 °C. The as-synthesized titania mainly contained anatase phase with

traces of rutile phase.

Guo et al.” synthesized NiO/TiO; junction electrode by electroless plating. At first,
self-organized TiO, nanotube arrays were prepared by anodizing, in which a pure Ti sheet
served as the anodic electrode and graphite plate as the cathode and an aqueous solution of 1
M NaH,PO, and 0.5 wt% HF as electrolyte. Subsequently, the NiO/TiO; junction electrode
was prepared by putting the TiO;, nanotube arrays into a solution of NaCsHs07.2H,0, NH4Cl,
NiSO4.6H,0 and NaH,PO; at a pH of 9 adjusting by NH4OH followed by annealing at 600

°C. The inner pore diameter of the resulting TiO, nanotube arrays was 60—-90 nm with a wall
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thickness approximately of 15 nm and a length of 600 nm while the particle size of NiO on
TiO, was 20-40 nm.

In another study, NiO/TiO, nanoparticles were prepared by an evaporation-induced
synthetic method, in which a coating of the Ni(NH3)62Jr complex cation over TiO, was
obtained in-situ by adding ammonia to TiO, P25, suspended in the required volume of
millimolar Ni>* solution under vigorous stirring, to reach a pH of 141 Then, the ammonia
was evaporated to convert the ammonia complex to hydroxide and eventually, NiO/TiO,
nanoparticles were obtained by annealing the later at 450 °C. The sample contained both
anatase and rutile phases of TiO, with average crystallite size of about 23 nm and a BET

specific surface area of 65 m’ gl

In the present study, p-n junction NiO/TiO, nanocomposites were synthesized by the

sol-gel route as this method allows for preparing more easily pure anatase TiO,.
V.3. Results and discussions

V.3.1. Synthesis and characterization of nanocomposites

Pure TiO, and heterostructure NiO/TiO, photocatalysts were synthesized by the sol-
gel process using titanium butoxide (Ti(OC4Ho)4) as the TiO, source. In a typical procedure, a
colloidal solution of TiO, was prepared by adding n-butanol and acetic acid to titanium
butoxide followed by the addition of water under vigorous stirring. The predetermined
amount of nickel nitrate hexahydrate Ni(NO3),-6H,0O was added into the TiO, sol followed
by stirring, drying and calcination at 500 °C in air to obtain NiO/TiO, nanocomposites with
different content of NiO (0.1, 0.25, 0.5, 1, 2, 4 wt% NiO). Most of the organic carbon coming
from the precursors was removed after calcination which as confirmed by thermogravimetric
(TG) analysis (Figure V-1). A total mass loss of only 1.6% for pure TiO; and 0.28 % for 1
wt% NiO/TiO; indicated that the organic precursors were completely decomposed by high
temperature sintering. The negligible mass loss could be attributed to the loss of water
adsorbed from environment. To confirm the complete removal of the organics during the
thermolysis, the experiments were carried out under argon and the species evolved were
analyzed by mass spectrometry (MS). No fragment peaks were observed by mass
spectrometry (MS) evidencing the complete removal of the organics. This was further

confirmed by FTIR.
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Figure V-1: TG curves of (a) TiO, and (b) 1 wt% NiO/TiO,.
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Figure V-2: (A) FTIR spectra of (a) TiO, (b) 1 wt% NiO/TiO, dried at 150 °C and (b) FTIR spectra
of (a) TiO, (b) 0.1 wt% NiO/TiO, (c) 0.25 wt% NiO/TiO, (d) 0.5 wt% NiO/TiO, and (e) 1 wt%
NiO/TiO, calcined at 500 °C.

FTIR spectra recorded for the TiO, and NiO/TiO, dried at 150 °C and calcined at 500
°C are shown in Figure V-2. The FTIR spectrum of the powder TiO, and 1 wt% NiO/TiO,
samples dried at 150°C shows absorption bands at about 3400, 1630, 1530, 1430, 817, and
620 cm-1 (Figure V-2A). The spectrum displayed two characteristics broad band centered at
3400 and 1630 cm™ which were ascribed to the stretching and bending modes of vibrations of
physisorbed water or owing to the existence of surface hydroxyl groups (Ti-OH)."? The bands
at 1530 cm™ were assigned to the asymmetric stretching vibration of COO (acetate) groups
bonded to titanium."> The band at 1430 cm™ was ascribed to the bending modes of C-H
bonds which come from the residual butyl group in the as-synthesized TiO,.'* The low-
frequency region of the spectrum (below 900 cm™) was attributed to stretching vibrations

involving metal-oxygen bands (e.g., Ti-O, Ti-O-Ti and, Ti-O-Bu) suggesting the formation of
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TiO, at low temperature. After calcination of the samples, all the peaks resulting from the
organic groups have disappeared (Figure V-2B). The remaining very broad peak between
450-900 cm™ centered at 720 cm™ could be assigned to the Ti-O lattice vibration, which
indicated that TiO, grains had grown after calcination of TiO, prepared by sol-gel route.'

These peaks for NiO/TiO, samples were shifted to lower wavenumber with increasing the

NiO amount.
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Figure V-3: XRD of TiO, and 1 wt% NiO/TiO, dried at 150 °C for 2 h.
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Figure V-4: (A) XRD pattern of the as-synthesized NiO/TiO, nanocomposites with different content
of NiO and (B) XRD pattern of the as-synthesized NiO/TiO, nanocomposites in the 26 region
between 40 and 46° to show the peak of NiO (200).

To characterize the crystal structure of the as-synthesized samples, XRD
measurements were carried out on TiO, nanoparticles and NiO/TiO, nanocomposites with
various NiO contents. The XRD patterns of TiO, and 1 wt% NiO/TiO, dried at 150 °C shown
in Figure V-3 revealed clear peaks which can be indexed to pure anatase TiO,. The

crystallite size for dried TiO; and 1 wt% NiO/TiO, was 7.5 and 7.3 nm, respectively. This
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clearly confirmed that anatase phase TiO, was developed during the synthetic procedure at
room temperature followed by drying at 150 °C. The XRD patterns of the as-synthesized
NiO/TiO; nanocomposites calcined at 500 °C are shown in Figure V-4. The pure TiO,
showed several dominant peaks at 20 of 25.2°, 37.7°, 48°, 53.8°, 55.1° and 62.6° which could
be indexed as (101), (004), (200), (105), (211) and (204) planes of pure anatase phase of TiO,
(JCPDS 78-2486), respectively. It is also worth mentioning that no other diffraction peaks
corresponding to other phase of TiO, (i.e. rutile and brookite) or any crystalline impurity
were observed from the XRD pattern. The predominant existence of pure anatase phase TiO,
implied the successful role of sol-gel route for the efficient synthesis of TiO, photocatalyst
modified by NiO. The absence of the rutile phase was beneficial to the photocatalytic activity
of the composite catalysts, owing to higher photocatalytic activity of anatase than that of
rutile.'® Moreover, the route employed in this chapter, that involved the hydrolysis-
condensation of Ti(OBu), followed by calcination in air, appeared to be more efficient to get
pure anatase than the process developed in the previous chapter (based on hydrolysis-
condensation of Ti(O' Pr), followed by hydrothermal treatment) that always gave small
amount of brookite TiOz.17 Furthermore, as seen in Figure V-4A, all NiO/TiO, samples
exhibited quite similar XRD diffractograms. Thus, in all cases, the diffraction peaks of NiO
were not clearly identified, illustrating that NiO was highly dispersed in the bulk phase of the

catalysts.

(200)
3 (111)
=
S
‘A
g (220)
=
(311)
—__J (222
T T T
20 40 60 80

26

Figure V-5: XRD pattern of the as-synthesized NiO nanoparticle.
Another reason of the missing NiO signal might be the combination of its low content and its
small particle size, being less than 5 nm due the low sensitivity of the XRD analysis.

However, we plotted the XRD pattern in the 20 region between 40 and 46° (Figure V-4B) to
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examine the appearance of any peak corresponding to NiO, as the most intense peak of NiO
is seen at 20 of 43.3°. As seen, a fairly weak peak was observed which could be assigned to
the (200) plane of NiO. In addition, for the composite catalysts, there was no observation of
new diffraction peaks other than TiO,, especially NiTiO3 phase, indicating the absence of
crystalline mixed oxides. The possibly formed phase of NiO was examined by using XRD of
pure NiO prepared by the similar procedure described above but without titanium precursor
(Figure V-5). The peaks positions appearing at 20 of 37.24°, 43.30 °, 62.83°, 75.40 ° and
79.35° can be readily indexed as (111), (200), (220), (311), and (222) crystal planes of NiO,
respectively. All these diffraction peaks can be perfectly indexed to the face-centered cubic
(FCC) crystalline structure of NiO, which was in accordance with that of the standard
spectrum (JCPDS, No. 04-0835). The average crystallite size of TiO, in the as-synthesized
photocatalysts estimated from the line broadening of the anatase (101) diffraction peak using
the Scherrer formula is shown in Table V-1. The calculated crystallite size of TiO, prepared
by the sol-gel method was in the range of 13-16 nm and the crystallite size of TiO; slightly

decreased with increasing the NiO content which was also supported by Raman results.

The crystalline phase and the size of crystallite of as-synthesized photocatalysts were
further confirmed by Raman investigation. Raman spectroscopy is a powerful method to
investigate the structural properties of nanoparticles, monitoring the unusual band broadening
and shifts of Raman bands associated with particle size. Thus, it is possible to determine the
size of the nanoparticles from a measurement of the maximum of the low frequency Raman

band.'®
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Figure V-6: (A) Raman spectra of as-synthesized photocatalysts (B) enlarged region of Raman shift
range 110-200 cm™. (a) TiO, (b) 0.1 wt% NiO/TiO, (c) 0.25 wt% NiO/TiO, (d) 0.5 wt% NiO/TiO; (e)
1 wt% NiO/TiO,.
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The Raman spectra of the as-synthesized photocatalysts are depicted in Figure V-6A.
According to the group theory, anatase has six Raman-active modes (Ajs + 2By + 3Ey)."
Ohsaka reported the Raman spectrum of an anatase single crystal where six allowed modes
appeared at 144 (Ey), 197 (Ey), 399 (B1,), 513 (Ay,), 519 (Byy), and 639 cm™ (E,).” From the
Raman spectra, it seems evident that both the pure and NiO-modified TiO; only included the
anatase phase. There was no apparent impurity-related mode in the Raman spectra of
heterostructure NiO/TiO, samples, which is in agreement with the above discussed XRD
results. For pure TiO,, the high intensity lower frequency E, mode was observed at 143 cm’,
which was well in agreement with the values reported in the literature.”' In order to highlight
the difference between the spectra, the position of the E, mode near 143 cm’ is presented in
Figure V-6B in the enlarged region of range 110-200 cm™ in which the intensity of the
Raman spectra was normalized. With increasing the NiO amount, the position of the Raman
bands, in particular the E; mode shifted towards higher wavenumbers. This observation could
be attributed to the reduction of the particle size of TiO, with increasing the NiO content.
When the grain size decreases to a nanometer scale, the vibrational properties of materials are
greatly influenced. Mainly, a volume contraction occurs within the nanoparticles due to size-
induced radial pressure, which lead to an increase in the force constants because of the
decrease in the interatomic distances. In vibrational transitions, the wavenumber varies
approximately in proportion to the square root of force constant. Consequently, the Raman
bands shift towards a higher wavenumber due to the increasing force constants. The
crystallite size of the as-synthesized photocatalyst were determined from the shift of low
frequency E, mode and the calculated crystallite size is presented in Table V-1. The average

size of the crystallites was well agreed with that determined by XRD.

Table V-1: Mean particle size (in nm) of anatase TiO, determined by XRD and Raman shift.

Sample E, mode position,  Crystallite size (XRD), Crystallite size

(cm™) (nm) (Raman)®, (nm)
TiO, 143.0 16.0£0.5 17.0£0.5
0.1 wt% NiO-TiO, 144.3 155+£0.5 155+0.5
0.25 wt% NiO-TiO, 144.6 142 +£0.5 16.0£0.5
0.5 wt% NiO-TiO, 145.5 14.0£0.5 13.6£0.5
1 wt% NiO-TiO, 146.0 13.0£0.5 13.0£0.5

* Crystallite size was determined by the Raman shift of E, mode of anatase TiO, according to the

model (shown in appendix, Figure A-1) proposed by Balaji et al.**
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Transmission electron microscopy (TEM) was used to further examine the

crystallite/particle size, the crystallinity and the morphology of the as-synthesized samples
derived by the sol-gel route. Figure V-7 shows the TEM and HRTEM images of the 1 wt%

NiO/TiO; nanocomposite.

Figure V-7: (A) TEM and (B) HRTEM images (inset shows the SEAD pattern and enlarged view of
HRTEM) of 1 wt% NiO/TiO, nanocomposites.

100 nm

100 nm

Figure V-8: EDX elemental mapping of 1 wt% NiO/TiO, nanocomposite.
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It was found that the as-synthesized NiO/TiO, sample (Figure V-7A) was porous in nature
and the average size of the primary particles was around 15 nm, which was in good
agreement with the average crystallite values determined by XRD and Raman spectroscopy.
Moreover, as shown in the inset of Figure V-7B, the lattice fringe observed corresponds to
distances of 0.35 nm which agreed well with the distance of the (101) lattice plane of TiO,.
The selected area diffraction pattern (SAED) shown in the inset of Figure V-7B also
confirmed the crystalline anatase phase, in agreement with the X-ray diffraction data. In order
to confirm the presence of NiO in the nanocomposites, the elemental mapping using energy
dispersive X-ray (EDX) analysis was carried out on samples of the NiO/TiO, coupled
photocatalysts. As shown in Figure V-8, the elemental mapping of titanium and nickel in the
1 wt% NiO/TiO, sample showed that nickel was uniformly dispersed throughout the coupled
catalyst indicating the presence of very small NiO particles. The uniform dispersion of NiO
in the nanocomposites was further comfirmed by EDX analyses of NiO/TiO, materials

containing higher weight percentage of NiO (4 wt%) as shown in Figure V-9.

100 nm Ni K

100 nm

Figure V-9: EDX elemental mapping of 4 wt% NiO/TiO, nanocomposite.

Then, the texture of the as-synthesized photocatalysts was analyzed by nitrogen

sorption measurements. N, adsorption-desorption isotherms of the as-synthesized TiO,
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nanoparticles (Figure V-10A) and NiO/TiO; nanocomposites (Figure V-10B) containing 1
wt% NiO exhibited a typical IV-type sorption behavior with hysteresis loop, which was a
marked characteristic of mesoporous materials, according to the [IUPAC classification.”® The
well-defined hysteresis loop with a sloping adsorption branch and a relatively steep
desorption branch belonged to the H2 type. The abrupt increase in adsorbed N, volume at
high pressure can be attributed to the capillary condensation of N; inside the mesopores. The
H2-type hysteresis loop is generally attributed to a difference in mechanisms between
condensation and evaporation processes of gaseous N, molecules occurring either in narrow-
neck and wide-body pores (often referred to as ink-bottle pores) or in the inter nanoparticle
void space that can be observed in the TEM images. The pore size distributions of mesopores
in the as-synthesized samples were analyzed by BJH methods and the results are illustrated in
the inset of Figure V-10. A narrow monomodal pore size distribution, centered at a pore

diameter of 8.5 £ 0.5 nm, implied relative uniform channels in the mesoporous region.
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Figure V-10: N, adsorption-desorption isotherm of calcined (A) TiO, and (B) 1 wt% NiO/TiO..

The textural properties, i.e. Brunauer-Emmett-Teller (BET) specific surface areas,
mean mesopore diameter and pore volumes of the as-synthesized photocatalysts are
summarized in Error! Not a valid bookmark self-reference.. The BET surface areas of
pure TiO, calculated from the linear part of the Brunauer—Emmett—Teller (BET) plot was 72
m’ g'l. The surface area of the NiO/TiO, nanocomposites significantly decreased from 70 to
43 m* ¢! with increasing the amount of NiO loading from 0.1 up to 4 wt%. As the change in
density of the NiO/TiO, nanocomposites is negligible in the 0.1-4 wt% NiO range, the

decrease in Sggr could be related to pore blocking due to NiO deposition.
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Table V-2: Nitrogen Sorption Porosimetry Studies of the as-synthesized TiO, and NiO/TiO,
nanoparticles.

Sample Crystallite size SBET Pore volume Pore size
M @l (em'gh (nm)

TiO; (dry) 7.5+0.5 250 +2 0.27 £0.02 43+0.5
1 wt% NiO/TiO; (dry) 7.3+0.5 2512 0.27 £0.02 43+0.5
TiO, 16.0£0.5 72+£2 0.16 £0.02 9.0+0.5
0.1 wt% NiO/TiO, 155+£0.5 70£2 0.13£0.02 75+0.5
0.5 wt% NiO/TiO, 142 +£0.5 67 £2 0.14 £0.02 9.0+0.5
1 wt% NiO/TiO, 14.0£0.5 65 +2 0.13£0.02 75+0.5
4 wt% NiO/TiO, 13.0£0.5 43 +£2 0.09 +£0.02 85+0.5

In order to estimate the energy band gap of the catalyst particles, the optical property
of the as-synthesized nanoparticles was studied by UV-Vis diffuse reflectance spectra as
shown in Figure V-11. Pure TiO, exhibited a steep absorption edge located at ca. 385 nm
(Figure V-11Aa) indicating the excitation of electrons from valence band (O 2p states) to
conduction band (Ti 3d states). The absorption edges of composite photocatalysts were found
to shift towards visible region with the presence of NiO. Moreover, the extended red-shift
absorption edge revealed the good contact between NiO and TiO, as consequence of the
inter-dispersion of the two oxides. A possible explanation is that the valence band of TiO; is
mainly formed by overlapping oxygen 2p orbitals (O pr states), whereas its conduction band
is mainly constituted by 3d orbitals (t,, bands) of the Ti** cation.”* In the junction region, the
electronic contact between NiO and TiO, may lead to a charge transfer transition fron the
NiO valence band to the conduction band of TiO, to enable visible light to be absorbed.?* %
Bokhimi et al*® also reported that the UV—vis diffuse reflectance spectra of CuO/TiO,
exhibited an extension of absorption edge to the visible region related to a transition from the
valence band of the nanocrystalline CuO to the conduction band of nanocrystalline TiO,

because of a good contact between CuO and TiO; crystals.

As mentioned in different reports and evidenced in chapter IV, anatase TiO, can be
considered as an indirect semiconductor.?’ Figure V-12 shows the plots of (F(R) hv)'?
versus hv for as-synthesized phtocatlaysts, where F(R) is the Kubelka-Munk function and hv
is the photon energy. The indirect energy band gap of pure TiO, estimated from the
extrapolation of the tangent to the abscissa was 3.1 eV. This obtained band gap value of pure

TiO; is in good agreement with the reported values.?® On the other hand, the reported optical
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energy band-gap of NiO ranges from 3.4 eV¥ t0 4.0 eV, depending on how the location of
the band edge is defined: by the location of the first absorption feature, midpoint of the first
rise, or where the maximum slope of absorption extrapolates to zero.”® However, some strong
absorption in the visible range occurred (Figure V-11B), which could be assigned to intra-3d
transitions of Ni** in the cubic crystal field of NiO.*! As NiO is a direct band gap
semiconductor,”” the band gap energy of the NiO was estimated from a plot of (F(R) hv)?
versus hv. The band gap of NiO was estimated to be of 3.4 eV (Figure V-11B, inset), in

rather good agreement with literature values.™
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Figure V-11: UV-Vis diffuse absorption spectra of (A) as-synthesized photocatalysts; (a) TiO, (b) 0.1
wt% NiO/TiO, (c) 0.25 wt% NiO/TiO, (d) 0.5 wt% NiO/TiO, and (e) 1 wt% NiO/TiO, and (B) NiO

(inset: (F(R) hv)"* vs hv plot of NiO).

(FR) hv)"”

Figure V-12: (F(R) hv)"? versus hv for as-synthesized photocatalysts. (a) TiO, (b) 0.1 wt% NiO/TiO,
() 0.25 wt% NiO/TiO, (d) 0.5 wt% NiO/TiO, and (e) 1 wt% NiO/TiO,.

In contrast, a significant decrease of the band gap energies for the NiO/TiO,

nanocomposites was observed with a gap value shifting from 3.0 eV to 2.65 eV when the
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NiO content was increased from 0.1 to 1 wt% (Figure V-12(b-e)). As mentioned above, the
electronic interaction of the conduction band of the Ti 3d orbitals of titanium oxide and the
Ni 3d orbitals of NiO might explain the decrease in energy gap between the Ti d and O p

orbitals of TiO,. Such a phenomenon would lead visible light absorption.

V.3.2. Interface analysis

To further illuminate the surface composition and chemical state of the elements
existing in NiO/TiO, samples, X-ray photoelectron spectroscopy (XPS) analysis was
performed on the as-synthesized samples. As shown in Figure V-13A, the survey spectra of 1
wt% NiO/TiO, confirmed the presence of Ti, Ni, and O and no peak of any other elements
was detected. In contrast, the survey scan of pure TiO, only shows the presence of Ti and O
elements. Hence, the XPS spectra confirmed that TiO, was composed of only two elements,
Ti, O, and NiO/TiO, was formed by Ti, O and Ni. The results were in good agreement with
the XRD and EDX results discussed above.
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Figure V-13: A) XPS survey spectra of as-synthesized sample. High-resolution spectra of 1 wt%
NiO/TiO, sample: (B) Ti 2p spectra, (C) Ni 2p spectra and (D) O 1s spectra. (a) TiO, and (b) 1 wt%
NiO/TiO,.
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Figure V-13B shows the high resolution XPS spectra of the Ti 2p core level of the
NiO/TiO, sample containing 1 wt% NiO. Peak fitting to the spectra was applied using
Gaussian-Lorentzian peak shape after subtraction of Shirley background. The Ti 2p spectrum
shows two symmetric peaks, the peak centered at 458.8 eV corresponded to the Ti 2ps, and
another one centered at 464.5 eV was assigned to Ti 2p;». The typical binding energy of Ti
2psp, was reported to be in the range of 458.5-459.7 eV.* The symmetric peak of Ti 2p3;, at
458.8 eV indicated the formal oxidation state of Ti*" in the as-synthesized NiO/TiO,
nanocomposites.35 Furthermore, the Ni 2ps, photoemission line for the 1 wt% NiO/TiO,
sample was located at 854.4 eV (Figure V-13C) which indicated the existence of nickel
cation as Ni**, as expected for NiO.*® These data therefore definitely evidenced the presence

of NiO species in the 1 wt% NiO/TiO, photocatalyst.

As illustrated in Figure V-13D, the O 1s XPS spectrum of 1 wt% NiO/TiO, was wide
and asymmetric at higher binding energy, showing that there were at least two forms of O
binding states. The O 1s spectrum was deconvoluted into two main components. The
emission line at 530.4 eV was attributed to the O lattice of TiO, (O 1s-Ti states, TiO,) while
the peak at 531.9 eV was ascribed to the hydroxyl group in the water molecules adsorbed on
the particle surface. The O 1s peak for NiO was reported to be 529.3 eV, thus the O 1s peak
related to NiO overlaps with O 1s of TiO,.
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Figure V-14: Evolution of core level spectra (A) Ti 2p (B) O 1s (C) Ni 2psp. (a) TiO, (b) 0.1 wt%
NiO/TiO; (¢) 0.25 wt% NiO/TiO, (d) 0.5 wt% NiO/TiO, (e) 1 wt% NiO/TiO; (f) 4 wt% NiO/TiO, (g)
25 wt% NiO/TiO, (h) 50 wt% NiO/TiO; (i) NiO.

In order to investigate the electronic properties, we determined the band energy
alignment at the interfaces of NiO/TiO; nanocomposites by XPS and UPS from the core level
binding energy shifts. Figure V-14A shows the evolution of the core level spectra of Ti 2p of
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NiO/TiO, nanocomposites containing different amount of NiO. Starting with the pure TiO,,
the Ti 2ps;, spectrum shows a peak at a binding energy of 459.1 eV. The spectral line shape
and the peak position of the Ti 2ps/, core level for the pure TiO, were in good agreement with
the earlier studies of anatase TiO,.”” The emission lines were shifted to lower binding energy
(BE) with increasing NiO content. This shift in BE of TiO, core levels with the increase in
NiO loading may indicate the formation of a space charge layer (band bending) at the
interface of NiO/TiO, nanocomposite.38 The Ti 2p3/; line for NiO/TiO; nanocomposite with
4 wt% NiO was at a binding energy of 458.7 eV, a shift to lower BE of 0.4 £ 0.1 eV, which
can be ascribed to the down ward shift of Eg possibly induced by band bending in the TiO,
particles. Core level photoemission can also distinguish the bonding environment of surface
and near-surface atoms and changes induced by the adsorption of molecules on the surface.
The formation of covalent or ionic bonds due to surface reactions should result in chemically
shifted components.” Apart from a slight broadening of all peaks, there were no significant
changes in the spectral line shape of the TiO, core level (Figure V-14A) feature following
NiO loading which implied that no chemical interface reaction occurs between TiO;

nanoparticles and NiO entities.

Figure V-14B shows the evolution of the core level O 1s emission lines of NiO/TiO,
nanocomposites with different content of NiO. The form of the O emission line was
symmetric and there was no significant change in the line shape when the NiO content was
lower than 0.5 wt%. Above 0.5 wt% content, the form of the O spectra was changed
gradually with increasing NiO content from a symmetric line form to a shape with an
asymmetry at higher binding energies. This change of O 1s emission line most probably
results from the contribution of adsorbed OH species.40 The O 1s peak was also shifted to the

low binding energy by 0.35 £ 0.1 eV.

Turning to the Ni 2ps/, core level photoemission spectra shown in Figure V-14C, we
observed an increase in the intensity of Ni 2ps;, core level signal. The Ni 2ps3, signals were
shifted to lower binding energy with increasing the NiO content. The Ni 2ps3,; emission lines
were found at binding energies of 854.5, 854.35, and 853.75 eV for 1 wt% NiO/TiO,, 4 wt%
NiO/TiO; and NiO, respectively. The shift of the Ni 2p3, emission line for 1 wt% NiO/TiO,
was ~0.6 £0.1 eV.

Then, as previously done for the other heterostructures (e. g. RuO»/TiO; in Chapter

IV) studied in this thesis, the work function ¢ of the NiO or the TiO, sample was determined
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from the secondary electron cutoff observed in the ultraviolet photoelectron spectrum (UPS)
recorded using He-I excitation (Figure V-15). The secondary electron onset on the left side
of the spectrum was determined to be 17.05 and 15.8 eV for TiO; and NiO, respectively. The
work function was then calculated to be 4.15 + 0.1 and 5.4 + 0.1 eV for TiO, and NiO,

respectively, by subtracting the secondary electron onset position of the UPS spectrum from

the excitation energy (21.2 eV).
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Figure V-15: Ultraviolet photoelectron spectra (Hel) of TiO, and NiO.
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Figure V-16: (A) Valence band spectra of TiO, and NiO (B) evolution of valence band position. (a)

TiO; (b) 0.1 wt% NiO/TiO; (c) 0.25 wt% NiO/TiO, (d) 0.5 wt% NiO/TiO; (e) 1 wt% NiO/TiO, (f) 4
wt% NiO/TiOs.

Figure V-16A shows the valence band spectrum of TiO; and NiO, respectively. The
valence band maximum (VBM) was determined by linearly extrapolating the low binding
energy edge of the valence band intersecting with the background. The calculated value of
2.9 £ 0.1 eV was obtained as the VBM energy position for the TiO,, while a value of 0.4 +
0.1 eV was obtained for NiO, which indicated that the as-synthesized TiO, and NiO were n-
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type and p-type semiconductors, respectively. Figure V-16B shows the evolution of VB
spectra of NiO/TiO, nanocomposites containing different amount of NiO. It is obvious that
the VBM shifted toward lower binding energy with increasing NiO loading. The valence
band was shifted by ~ 0.43 + 0.1 eV, which was consistent with the Ti 2ps/, core level shift.
Photoemission spectra from a heterojunction interface may be used to extract the band

energy profile at the interface. The valence band offset (AE);") and the conduction band

offset (AE/%") at the interface are calculated from:
AEN" = (Ep — Ep)™ —(LE), % 1+1 EN° 1) (1) and

AE?;er — AE‘i/r;er + (E;HO _ ETiOZ) (2)

4

Here, inter and bulk designate interface and bulk, respectively. A value of
(Epy> — Ep>)™ could be determined by calculating the difference of VBM between pure
TiO, and NiO. The quantities, E;,io? andEbl\f,iO, referring to the band bending in n-type

semiconductor (TiO;) and p-type semiconductor (NiO), respectively, were estimated by the

core level shifts, these numbers were obtained above. For example the valence band offset is
calculated, AEé‘,‘;er: 29+0.1-04+0.1)-(1£0.1) = 1.5 £ 0.1 eV based on the VBM values

of TiO, and NiO determined previously.
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Figure V-17: Band energy alignment at the heterojunction interface of n-type (TiO,) and p-type
(NiO) semiconductor.

The band gap energies determined by UV-Vis diffuse spectroscopy for TiO, and NiO were

inter

3.1 and 3.4 eV, respectively. According to Eq. (2) the conduction band offset (AE;," ) was
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thus obtained to be 1.8 + 0.1 eV. As a consequence, the resulting band energy alignment at

the interface for a heterojunction NiO/TiO, nanocomposite is shown in Figure V-17
V.3.3. Photocatalytic activity

V.3.3.1. Photocatalytic degradation of organic dyes

The photocatalytic activity of the pure TiO, and as-synthesized NiO/TiO,
nanocomposites were investigated by decomposing methylene blue (MB) and methyl orange
(MO) after checking that there was no degradation with photocatalysts in the absence of light
irradiation or under UV irradiation in the absence of photocatalyst. By contrast, both MB and
MO can be decolorized efficiently in aqueous NiO/TiO, dispersions by UV light irradiation.
The change in the absorbance spectra of the MB and MO solutions during the reaction was
monitored with initial 10 mg/L dye concentration and 1 g/L catalyst loading and the results

are shown in Figure V-18.
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Figure V-18: Typical absorbance spectra of (A) MB and (B) MO solution during the course of
photodegradation.

The MB shows a maximum absorption peak at 664 nm and the decolorization efficiency was
recorded with respect to the change in intensity of the absorption peak at 664 nm. As shown
in Figure V-18A, the intensity of the characteristic absorption peak has been found to
decrease gradually with increasing the exposure time indicating the photocatalytic
degradation of the dye in the presence of NiO/TiO, nanocomposites. On the other hand, the
decrease in the absorbance under 300 nm was also a strong indication of the degradation of
dye. After UV light irradiation for 1 h, the maximum absorption peaks around 664 nm has
completely disappeared. The absorbance of MO was similarly decreased with increasing

irradiation time (Figure V-18B).
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The photocatalytic activity of NiO/TiO, nanocomposites with different NiO contents
for the degradation of MB and MO is reported in Figure V-19. It can be seen that NiO/TiO,
nanocomposite containing 0.1 and 0.25 wt% NiO displayed higher photocatalytic activity for
the degradation of MB compared to TiO, (Figure V-19A). The NiO/TiO, heterostructure
catalysts with NiO content of 0.1 wt% showed the highest photocatalytic activity. However,
when the NiO content exceeded 0.1 wt%, the photocatalytic activity of the NiO/TiO,
heterostructure decreased with an increase in the NiO content. A similar trend was obtained
for the degradation of MO over the as-synthesized NiO/TiO, photocatalysts resulting in
higher degradation efficiency with the 0.1 wt% NiO/TiO; photocatalyst (Figure V-19B). The
above results indicated that the optimum NiO content in NiO/TiO, mixtures as obtained in

the experiments for the degradation of organic dyes was about 0.1 wt%.
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Figure V-19: Kinetic of photodegradation of (A) MB (B) MO and pseudo-first order kinetic for the
photodegradation of (C) MB and (D) MO.

To quantitatively understand the reaction kinetics of the MB and the MO degradation
in our experiments, a pseudo-first order model expressed by the equation In(C/Cyp) = -kyppt

was used, which can be generally admitted for photocatalytic degradation if the initial
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concentration of the pollutant is low. Cy and C are the concentrations of dye in the solution at
time O and ¢, respectively, and k,p, 1s the pseudo-first order apparent rate constant. Plotting
In(C/Cy) versus ¢ gives the apparent rate constant (k,,,) for the degradation of dyes, from the
slope of the curve fitting line and the intercept is equal to zero. Figure V-19C and D show
that the photodegradation of MB and MO by the heterostructure NiO/TiO, nanocomposites
obeyed the pseudo-first order reaction kinetics. The apparent rate constants obtained from the
slope of the plot of In(C/Cy) vs ¢ and the normalized rate constant (k) defined as ko =
kapp!/Sper for the degradation of MB and MO are shown in Table V-3. A good correlation
with pseudo-first order reaction kinetics (R* > 0.99) was found. The reaction rate constant,
kap, was found to be 0.117, 0.149, 0.129, 0.022, 0.007 and 0.101 min’! for TiO,, 0.1 wt%
NiO/TiO,, 0.25 wt% NiO/TiO,, 0.5 wt% NiO/TiO,, 1 wt% NiO/TiO, and P25, respectively,
for the degradation of MB. It is clear that the reaction rate of 0.1 wt% NiO/TiO,
nanocomposite samples was higher than that of as-synthesized TiO,. Especially, the
nanocomposite photocatalytic activity of the heterostructure 0.1 wt% NiO/TiO,
nanocomposite was even higher than that of commercial P25. Similarly, the rate constant of
0.1 wt% NiO/TiO, (0.048 min™") was about 2.3 times higher than that of the as-synthesized
TiO, (0.021 min™) for the degradation of MO. Finally, regardless of the photocatalysts
studied, the degradation rate of MB was faster than that of MO.

Table V-3: Apparent rate constant for the degradation of MB and MO with the as-synthesized
photocatalysts.

Photocatalysts Dye  kupp, min"  Sper, m/g Korm> &/(m’.min) R’

TiO, MB 0.117 72 1.63x 10 0.999
0.1 wt% NiO/TiO, MB 0.149 70 2.14x 107 0.999
0.25 wt% NiO/TiO,  MB 0.129 69 1.87x 107 0.992
0.5 wt% NiO/TiO, MB 0.022 67 0.32x 107 0.995
1 wt% NiO/TiO, MB 0.007 65 0.11x 107 995

TiO, (Degussa P25) MB 0.101 47 2.12x 107 0.999
TiO, MO 0.021 72 0.29 x 10” 0.998
0.1 wt% NiO/TiO, MO 0.048 70 0.65 x 10~ 0.993
TiO, (Degussa P25) MO 0.033 47 0.70x 10™ 0.995
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One of today’s main industrial wastewater treatment strategies is focused on the
development of green technologies and management practices for environmental benefit.
Then, the recycling of used photocatalysts can be foreseen as a good practice for sustainable
wastewater treatment. Consequently, it is necessary to demonstrate whether, after a
photocatalytic treatment, the catalyst can be reused. The NiO/TiO, catalyst with 0.1 wt% NiO
content was used and recycled for consecutive reuse on MB degradation; the process was
repeated up to four times. The recyclability of the NiO/TiO, nanocomposites with 0.1 wt%
NiO content was investigated by performing recycling experiments and the efficiency of the
photodegradation process was evaluated and compared between the reuse cycles. Figure
V-20 shows the performance of a recycled NiO/TiO, sample measured under identical
conditions over four recycle tests. There was no noticeable change in the photocatalytic
activity of the recycled catalyst after four cycles under UV light irradiation, which indicated
that the as-synthesized photocatalysts displayed a high stability, recyclability and an efficient

photoactivity for degradation of the organic pollutants under UV light irradiation.
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Figure V-20: Recyclability of 0.1 wt% NiO/TiO, photocatalysts for the degradation of MB.

In order to investigate the effect of solution pH on the photocatalytic degradation of
MB, experiments were carried out at pH 2.5, 7.2 and 10.1. The results are depicted in Figure
V-21. It can be seen that the best photocatalytic activity was obtained in alkaline medium.
The photocatalytic degradation efficiencies were 94%, 81% and 3% at pH 10.1, 7.2 and 2.5,
respectively, after 10 min of irradiation. In fact, the dye was completely mineralized within
30 min at a pH above 7. On the other hand, only 12% of dyes were decomposed in acidic
medium even after 80 min. As the NiO content in the NiO/TiO, composite was low, we could

explain the higher photocatalytic activity of the as-synthesized photocatalysts by the
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amphoteric behaviour of semiconducting titanium dioxide and the change of the surface
charge properties of TiO, with the changes of pH around its point of zero charge (pHpzc)

according to the following reaction:
TiOH + H* ~ TIOH2+ pH < pHPZC (3)
TiOH + OH < TiO + Hzo pH > pHPZC (4)

pH changes can thus influence the adsorption of dye molecules onto the catalysts surface, an
important step for the photocatalytic oxidation to take place. Ku e al.*' found that the pHpyc
of NiO/Ti0O, nanocomposites containing NiO in the range of 0.1 to 5% to be of 5.6-6.7. On
the other hand, MB in aqueous solution of pH higher than 3.8 exists as cation as the pKa
value of MB is 3.8 already mentioned in Chapter IV. The surface of NiO/TiO, would be
negatively charged in the alkaline media (pH > 6.7) and adsorb cationic MB easily as a result
of electrostatic attraction of the negatively charged NiO/TiO, with the cationic MB dye.
Under acidic conditions, it is difficult for cationic MB dye to adsorb onto the positively

charged catalyst surface

Time (min)

Figure V-21: Effect of initial solution pH on the photocatalytic degradation of MB over 0.1 wt%
NiO/TiO,.

The enhanced photocatalytic activity of heterostructure NiO/TiO, nanocomposites
was related to the role of NiO on the surface of TiO, nanoparticles. The photogenerated
charge separation and the photocatalytic mechanism of the heterostructured NiO/TiO,

nanocomposite system are depicted in the schematic diagrams as shown in Figure V-17 and

Figure V-22.
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We have found that that the works function of NiO (5.4 eV) is larger than that of TiO,
(4.15 eV). The Fermi energy level of TiO; is higher than that of NiO due to its smaller work
function. When the p-type NiO and n-type TiO, formed the p-n heterojunction, the electron
transfer occurred from TiO, to NiO while the hole transfer occurred from NiO to TiO, until
the system attained equilibration due to the carrier transfer between the NiO and TiO,.
Meanwhile, an inner electric field was built up at the interface between NiO and TiO,
because of electron and hole transfer. When the p-type NiO and n-type TiO; heterojunction
was excited by UV light with a photon energy higher or equal to the band gaps of NiO and
TiO,, the electrons in the VB could be excited to the CB with simultaneous generation of the
same amount of holes in the VB. From the energy band structure diagram of the p-type NiO
and n-type TiO; heterojunction (Figure V-22), it can be inferred that the photogenerated
electron transfer occurred from the CB of NiO to the CB of TiO, and, conversely, the
photogenerated hole transfer could take place from the VB of TiO; to the VB of NiO,
suggesting that the photogenerated electrons and holes were efficiently separated.
Alternatively also an electron (of TiO;)/hole (of NiO) recombination may take place at the
heterojunction interface (Z-scheme). The efficient charge separation could increase the
lifetime of the charge carriers and enhance the efficiency of the interfacial charge transfer to
adsorbed substrates and then account for the higher activity of the p-type NiO and n-type

TiO; heterojunction nanocomposites.

o,
Ecg
304—04—0/
H*+ 02. _' Ei: .................................... EVB
S v & H,0, OH’, dye
HO* .
_ OH’, intermediates
Eyg )

Degradation products

Figure V-22: Schematic representation of the photogenerated charge separation mechanism of
NiO/TiO, nanocomposites.

As a consequence, the following photocatalytic reaction process can be proposed
which is similar to those described in the previous chapters for RuO,/TiO, and RuO,/ZnO

systems.
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NiO/TiO, + hv — € (Ti0,) + h* (NiO)

e +0,— 0

0," + H,0 —» HO,” + OH

HO,” + OH — H,0, + OH’

H,0, — 20H"

OH’ + dyes — intermediates — degradation products
h* + dyes — intermediates — degradation products

Under UV light irradiation, the photogenerated electrons moved to the TiO, side;
meanwhile, the photogenerated holes moved to the NiO side. Subsequently, the electrons in
the conduction band of TiO, react with molecular oxygen adsorbed on the surface of TiO; to
generate superoxide radials anion (O,"). The O, radicals further react with H,O to produce
OH’ radicals, which was a strong oxidizing agent for decomposing the organic dye. In
contrast, holes on the NiO surface take part in the oxidation reaction with susface adsorbed

dye molecules leading to the final degradation products.

V.3.3.2. Photocatalytic hydrogen production

The photocatalytic activity of the as-synthesized NiO/TiO, heterojunction
photocatalysts was also investigated by the photocatalytic hydrogen production from the
suspension of the photocatalysts containing different amount of NiO (0.25-4 wt%) in a
deaerated aqueous methanol solution (v:v 1:1) under UV light irradiation for 6 h using 1.6 W
Hg vapour light source. Blank experiment revealed that there was no significant production
of hydrogen (H;) in the absence of catalyst or methanol as shown in Figure V-23A.
Moreover, water alone did not show any evidence of H: evolution upon the irradiation.
However, the irradiation of NiO/Ti0O, suspensions containing methanol led to the observable
evolution of H; gas (Figure V-23A) indicating that both the photocatalysts and the sacrificial

agent are essential for photocatalytic H, production.

Typical representations of the photocatalytic evolution of gas as a function of time for
the NiO/TiO, samples with various NiO loading are shown in Figure V-23B. It was found
that the amount of evolved gas was increased linearly over the experimental irradiation time
of 6 h indicating that the as-synthesized photocatalyst was stable. This finding was fully

consistent with the good recycling of this photocatalyst evidenced for the photocatalytic
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degradation of MB. In addition, the evolved gas was analyzed by gas chromatography to
know the composition of the obtained gas. The results showed negligible amount of CO,, CO
and CHy4 in the evolved gas and most of the product was H, The calculated amount of H,
production after subtracting the gas evolved in the blank experiment are shown in Figure
V-23C. Regardless of the amount of NiO loading, the NiO/TiO, photocatalysts showed
higher photocatalytic production of H, compared to pure TiO, or commercial TiO, (Degussa
P25).

1000
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Figure V-23: Photocatalytic evolution of H, under different condition (A) photocatalytic evolution of
gas (B) and H, (C) over TiO, and NiO/TiO, photocatalysts and effect of NiO loading on the H,
production (D). All the experiments were run for 6 h at identical condition (photocatalyst, 0.05 g;
water, 5 mL; methanol, 5 mL).

After 6 h irradiation, the H, production in the presence of pure TiO, was 106.5 pmol, while it
was 808 umol when 1 wt% NiO/TiO, was used as catalyst. To get a deeper understanding in
the process involved, the H, evolution rate was plotted as a function of the NiO loading

(Figure V-23D). It was seen that the activity towards H, production increased with
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increasing NiO content up to about 1 wt% NiO and then decreased thereafter. A similar trend
was observed for RuO,/Ti0O, system discussed in chapter IV. With an increase in NiO content
from 0.25 wt% to 1 wt%, the H, production rate gradually increased from 1812 pmol h''g™ to
2693 umol h'lg'l. In contrast, with further increase in NiO content from 1 wt% to 4 wt%, the
H, production rate dropped from 2693 pmol h™'g™” to 1888 umol h™'g”. This suggested that
the optimum loading of NiO was about 1 wt%. It can be proposed that, when the NiO content
was lower than its optimum value, the trapping sites of carriers increased with the increase of
the amount of NiO, which prolonged the lifetime of carriers, thus improving the
photocatalytic activity. Therefore, the photoreduction activity increased. But when the
amount of NiO was higher than its optimum value, the decrease in the photocatalytic activity
might be attributed to the excess of NiO nanoparticles on the photosensitive TiO, surface,
which caused the decrease in the light absorption capability and accordingly lower the
photogenerated electrons. In addition, when the loading of NiO was higher than the optimum
value, the depth of penetration of the light to the TiO, became extremely small, scattering

was much increased, and a detrimental effect on the reaction rate was developed.

The as-synthesised NiO/TiO, nanocomposites prepared by sol-gel process in this
study showed a higher photocatalytic activity for the production of hydrogen than that
reported in the literature. Recently, Elouali et al® reported the H, production rate of
platinized commercial TiO, (Inorganic PC50) in suspension to be 263.3 umol h'lg'1 which
was almost identical to an equal weight of a PC50 ceramic wafer coated one side with Pt.
However, loading of NiO as co-catalyst lowered the hydrogen production rate to 85.5 umol h*
1g'1 and increased the oxygen production rate. In another study, Shreethawong et al ®
investigated the sacrificial hydrogen production of mesoporous TiO, supported NiO

photocatalyst from an aqueous methanol solution using 300 W high pressure Hg lamp as UV

light source. The highest H, production rate obtained was 811 pumol h'lg'l, which is much
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lower than the maximum H, production rate reached in the present study, i. e. 2693 pmol h™

g

On the basis of the above results and as proposed for the RuO,/TiO, system in chapter

IV, the possible photoreactions on the photocatalysts are the following

NiO/TiO, + hv — € (TiO,) + h" (NiO) (5)
H" +CH;0H — "CH,OH + H * (6)
‘CH,OH — HCHO + H' + ¢ (7)
2H,0 + 2¢" — H, + 20H" (8)

The overall reaction is
CH,OH —2=9% s HCHO+H, 9)

The product, formaldehyde (HCHO), could be further oxidized to methanoic acid
HCOOH and subsequently to CO, together with hydrogen generation via eqs

HCHO + H,0 —2<“™ s HCOOH +H, (10)
HCOOH —2-<“ 5 CO, +H, (11)

In the absence of oxygen, the photogenerated holes react with sacrificial agent
methanol (CH;0H) to produce "CH,OH radical (Eq. (6)). The "CH,OH radical possesses
sufficiently negative oxidation potential (-0.74 V) and could further react to produce HY,
electron and HCHO ((Eq. (7)).** On the other hand, electrons in the conduction band of the
particle will simultaneously reduce water or protons in the solution to form gaseous H, as
shown by Eq. (8). These reactions proceed competitively with the recombination of the

photoinduced electrons and holes

V.4. Conclusions

Mesoporous heterostructure NiO/TiO, nanoparticles photocatalysts have been
successfully prepared by a single-step sol-gel route using titanium n-butoxide and nickel
nitrate as precursors followed by calcination at 500 °C. XRD analysis showed that the as-
synthesized TiO, was completely anatase phase with no trace of any other phase, which was
confirmed by Raman spectroscopy. The UV-Vis diffuse reflectance studies showed that the

band gap energy of the heterostructure NiO/TiO, photocatalyst was red-shifted compared to
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that of TiO,. XPS and UPS have been used to determine the energy level line up at the
interface of p-n NiO/TiO, heterojunction nanoparticle from the shift of Ti 2p3, and Ni 2p3;,
core level spectra. A shift of Ti 2ps; and Ni 2ps3); core level spectra were observed to be 0.4 +
0.1 and 0.6 + 0.1 eV, respectively, which were ascribed to band bending at the interface of
heterojunction NiO/TiO, nanoparticles. The investigation of the photocatalytic ability
indicated that the p-n NiO/TiO, heterojunction nanoparticles containing 0.1 wt% NiO
possessed higher photocatalytic activity than the pure TiO, and commercial TiO, P25 for the
degradation of MB and MO dyes under UV light irradiation due to the enhanced separation
efficiency of photogenerated electron-hole pairs from the p-n heterojunctions. In addition, the
heterostructure photocatalysts could be easily recycled without any significant change in the
catalytic activity which evidenced the stability of the catalysts and the reproducibility of the
approach. The photocatalytic activity of the as-synthesized NiO/TiO, heterojunction
nanoparticles was also investigated by the production of H, in an aqueous solution of
methanol at ambient temperature under UV irradiation. The greater photocatalytic activity for
H, evolution was obtained for the entire investigated range of NiO loading. The optimum
level of NiO was found at 1 wt% with average H, production rate of 2693 umol h'! g'l. To the
best of our knowledge, the sol-gel 1 wt% NiO/TiO, nanocomposite developed in this work is
the most efficient NiO/TiO, system ever reported to generate hydrogen. This higher
photocatalytic activity for degrading organic dye and producing H, was related to the higher
charge separation resulting from internal electric field developed at the interface of the
NiO/TiO; heterojunction. Thus, the enhanced photocatalytic activities of heterojunction
photocatalysts resulting from reduced charge recombination will allow us to use these
systems in various applications such as photocatalytic water/air purification and

photocatalytic hydrogen production.
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It is now well-established that energy production and environmental challenges
constitute paramount issues for the 21" century. Thus, limited fossil fuel resources and strict
environmental regulations motivate the search for sustainable, efficient and environmentally
friendly energy sources. For instance, hydrogen produced from renewable sources has great
potential as a future energy carrier. On the other hand, acute problems related to hazardous
organic waste remediation have emerged as an international priority. In this context,
photocatalytic processes over semiconducting oxide surfaces have attracted significant
attention in recent years as potentially efficient, environmentally friendly, and low cost
methods for water/air purification as well as for renewable hydrogen production. However,
the recombination of photogenerated electron-hole pairs that result in low photocatalytic
efficiency has hampered the industrialization of this technology. To elaborate new
perspectives in this field, this work deals with the improvement of the efficiency of the
photocatalytic process by reducing the recombination via vectorial charge transfer. In this
aim, new heterostucture photocatalysts were developed by depositing metallic oxide on the
surface of semiconductors or by coupling two semiconductors with suitable band edge

position.

First of all, the theory and background necessary to understand semiconductor
photocatalysis were detailed, with a peculiar emphasis laid on the electronic and optical
properties of the bulk and nanoparticulate semiconducting materials. This was followed by
the discussion of the basic principles of semiconductor photocatalysis and the
thermodynamics that governs the photocatalytic performance. In the second chapter,
heterostructure photocatalyst systems based on titanium dioxide (Ti0O;), zinc oxide (ZnO) and
tin dioxide (SnO;) were reviewed with a particular focus on the strategies to improve the
photocatalytic activity. Electronic modification of the catalyst by deposition of metal particles
or other semiconductor particles showed a strong effect on the photoactivity of the system
resulting from the efficient electron-hole pair separation and the dynamics of interfacial
charge transfer. However, a systematic study of the effect of various parameters such as
specific surface area, porosity and energy band alignment in such systems was still largely

unexplored.

To draw new prospects in this field, three different kinds of heterostructure system
such as n-type/n-type semiconductor (SnO,/Zn0O), metal/n-type semiconductor (RuO,/TiO,
and RuO,/Zn0O) and p-type/n-type semiconductor(NiO/TiO,) heterojunction photocatalysts

were synthesized, characterized and their photocatalytic activities were investigated for the
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degradation of organic dyes and the production of hydrogen. These catalysts are individually
discussed below with highlight to the charge separation mechanism at the interface of the
heterostucture that resulted in enhanced photocatalytic efficiency for the degradation of
methylene blue (MB), methyl orange (MO) and the production of hydrogen. For each system,
we described a powerful tool based on a combination of XPS/UPS studies with UV-Visible
absorption data to determine accurately the energy band alignment allowing for the

rationalization of the photocatalytic properties.

In a first step, the SnO,/ZnO system was studied as a model heterostructure n-type/n-
type semiconductor heterojunction photocatalyst in order to establish the general scientific
methodology followed in this work. Mesoporous SnO,/ZnO heterojunction photocatalyst was
successfully prepared using a two-step solution route involving the synthesis of nanosized
SnO; particles by the homogeneous precipitation combined with an hydrothermal treatment
that were further reacted with zinc acetate followed by calcination. The UV-Visible diffuse
reflectance (DRS) studies showed that the band gap energy of the heterostructure SnO,/ZnO
photocatalyst was red shifted compared to pure SnO, and ZnO. Special emphasis was given
on the determination of band alignment at the interface of SnO,/ZnO heterojunction. XPS
was used as a direct method to measure the VBO of the heterostructure SnO,/ZnO
photocatalyst. A type-II band alignment with valence band offset (VBO) of 4Ey = 0.7 £ 0.05
eV and conduction band offset (CBO) of 4E- = 0.2 + 0.05 eV was obtained. The
heterostructure Sn0,/ZnO photocatalyst showed higher photocatalytic activity than pure
SnO; and ZnO for the degradation of MB dye under UV light irradiation. The degradation
rate constant normalized with respect to BET specific surface area for heterostructure
Sn0,/ZnO nanocomposite was 1.7 times higher than that of SnO, and was around 1.4 times
higher than that of ZnO. The enhanced degradation rate was attributed to vectorial transfer of
photogenerated electrons and holes resulting from the band discontinuity at the interface of
the SnO,/ZnO nanocomposites confirmed from band alignment. Furthermore, the
heterostructure photocatalysts could be easily recycled without any significant change in the
catalytic activity which indicated the stability and reproducibility of the catalysts. In addition,
the high pH favoured the adsorption of cationic MB dye on the catalyst surface which
resulted in high degradation efficiency. Finally, a mechanism was proposed for the

photocatalytic degradation of MB.

In the next step, we focused our attention on developing heterostructure metal/n-type

semiconductor RuO,/TiO, photocatalysts, the ruthenium oxide being expected to act as a
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quasi-metallic material. The target heterostructure was prepared by impregnation of TiO,
nanoparticles, synthesized by the sol-gel process, in a ruthenium (III) acetylacetonate solution
followed by annealing at 400 °C. Regardless of the RuO, amount, the as-synthesized
nanocatalyst was made of a mesoporous network of aggregated TiO, anatase nanoparticles
modified with RuO; according to N, sorption and transmission electron microscopy (TEM)
studies. DRS showed that the heterostructure RuO,/TiO; nanocomposites absorb light in the
whole visible range which was attributed to surface plasmon resonance effect (SPR)
suggesting that the obtained photocatalyst could be active in the visible region. In order to
clarify the charge separation at the interface of the RuO,/TiO; heterojunction, an energy band
alignment was determined by XPS and UPS. At first, a model interface experiment was
carried out by stepwise deposition of RuO, on the TiO, film. In-situ XPS measurement
showed a shift of Ti 2p3, core level spectra toward lower binding energy of 1.22 eV which
was ascribed to upward band bending at the interface of the RuO,/TiO; heterojunction. The
evident band bending for the heterostructure RuO,/TiO, nanocomposites was determined to
be 0.2 + 0.05 eV. The photocatalytic decomposition of MB and MO in solution under UV
light irradiation revealed that the heterostructure 1 wt% RuO,/TiO, catalyst led to higher
activities than pure anatase TiO, and reference commercial TiO, P25 nanoparticles. The
degradation rate constant normalized with respect to BET specific surface area was 1.7 and
1.3 times higher than that of P25 for the degradation of MB and MO, respectively. In
addition, recycling of the as-synthesized photocatalysts with no appreciable change in
degradation rate constant confirmed the stability of the catalysts. Furthermore, the production
of H, under UV irradiation in the presence of methanol as a hole scavenger was also achieved
with this system. Irrespective of RuO, content, the hydrogen production rate over RuO,/TiO,
photocatalysts was higher than that of pure sol-gel TiO, and commercial P25 TiO,. The 5
wt% RuO,/TiO, photocatalysts showed higher catalytic activity with average hydrogen
production rate of 618 pumol/h. This higher photocatalytic activity for the decomposition of
organic dyes and producing H, was related to the higher charge separation efficiency
resulting from the built-in potential developed at the interface of the RuO,/TiO,

heterojunction.

As the band gap energy and the photocatalytic mechanism of ZnO is similar to that of
TiO,, we have also developed an original heterostructure including both ZnO and RuO, by
using a two-step procedure similar to that described for the RuO,/TiO, nanocomposite:

preparation of ZnO by homogenous precipitation method and subsequently RuO,/ZnO by
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impregnating ZnO in ruthenium (III) chloride hydrate solution followed by annealing. As for
the RuO,/TiO; system, the RuO,/ZnO nanocomposite also showed light absorption in the
visible region. An energy band diagram of RuO,/ZnO nanocomposites was determined by
XPS and UPS from the shift of the core level spectra. A shift of Zn 2ps/, core level spectra
was determined to be 0.42 + 0.05 eV which was assigned to band bending at the interface of
heterojunction RuO,/ZnO nanoparticles. 4 wt% RuO,/ZnO showed higher photocatalytic
performance under UV illumination for the decomposition of MB and MO when compared
with the pure ZnO and commercial TiO, P25. The degradation rate constants normalized with
BET surface area of 4 wt% Ru0O,/ZnO nanocomposite for the degradation of MB were 2.4
and 2 times higher than that of pure ZnO and P25, respectively, suggesting that the better
photocatalytic performance of heterostructure RuO,/ZnO nanocomposite was not due to
surface area, but contributed to the synergistic action of RuO, and ZnO. A similar trend was
also observed for the degradation of MO. The upward band bending of ZnO toward the
interface facilitated to transfer the photogenerated electron to ZnO and hole to RuO; allowing
vectorial charge separation that resulted in higher photocatalytic efficiency. Furthermore, the
RuO,/ZnO nanocomposites could also be easily recycled without any decrease of the
photocatalytic activity evidencing the stability of the as-synthesized RuO,/ZnO
photocatalysts. To the best of our knowledge, this work constitutes the first evidence of the

potentialities of RuO,/ZnO nanocomposites in photocatalysis.

Finally, heterostructure p-type/n-type semiconductor NiO/TiO, photocatalyst was
successfully prepared at room temperature by a single-step sol-gel route using titanium n-
butoxide as the precursor followed by calcination at 500 °C. XRD analysis showed that the
as-synthesized TiO, was completely anatase phase and no other phase was observed which
was confirmed by the Raman spectroscopy. XRD analysis also revealed a crystallite size of
TiO, dried at 150 °C of about 7.5 nm suggesting that the anatase TiO, nanoparticle was
developed during synthesis at low temperature. The UV-Vis DRS studies revealed that the
absorption edge of the coupled NiO/TiO, photocatalyst was shifted towards the visible region
due to the introduction of NiO. The energy level line up at the p-n NiO/TiO, heterointerface
was determined by XPS and UPS from the core level energy shift. A shift of Ti 2ps,» and Ni
2ps2 core level spectra were observed to be 0.4 £ 0.1 and 0.6 + 0.1 eV, respectively, which

were ascribed to band bending at the interface of heterojunction NiO/TiO; nanoparticles. The
valence band offset (AE[;") and the conduction band offset (AE.") at the interface were

calculated to be of 1.5 = 0.1 and 1.8 + 0.1 eV, respectively. The band alignment at the
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interface could explain the charge transfer at the NiO/TiO; heterojunction. It was found that
the p-n NiO/TiO; heterojunction containing 0.1 wt% NiO possessed higher photocatalytic
activity for the degradation of MB and MO than pure TiO, and P25. The photocatalytic
activity of the as-synthesized NiO/TiO; heterojunction nanoparticles was also investigated by
the production of H; in an aqueous solution of methanol at ambient temperature under UV
irradiation. A greater photocatalytic activity for H, evolution was obtained for the entire
investigated range of NiO loading. The optimum level of NiO was found at 1 wt% with
average H, production rate of 135 umol/h. This higher photocatalytic activity for degrading
organic dye and producing H, was related to the higher charge separation efficiency resulting

from the internal electric field developed at the interface of the NiO/TiO, heterojunction.

In summary, the concept of semiconducting heterojunction nanocatalysts with high
photocatalytic activity has been rationalized in terms of energy band alignment. As a
consequence, this technology should find industrial application in the future to remove

undesirable organics from the environment and to produce renewable Ho.

The potential levels of the valence band and the conduction band edges play a vital
role in predicting the type of reactions that can occur at the surface of the semiconductor
photocatalysts. To achieve H, production, the conduction band potential of the semiconductor
must be more negative than proton reduction potential of 0.0 V vs NHE at pH =0 (-0.41 V at
pH = 7). Meanwhile, the potential of valence band edge must be more positive than the
oxidation potential of water of +1.23 V vs NHE at pH = 0 (+0.82 V at pH = 7)." As the
conduction band position of ZnO is thermodynamically favourable to reduce water to
hydrogen, the photocatalytic activity of RuO,/ZnO nanocomposites for the production of

hydrogen should be investigated in the future.

Furthermore, the main role of RuO, in RuO,/ZnO or RuO,/Ti0O; nanocomposites was
to accept the holes from the valence band of the TiO, or ZnO and subsequently to accelerate
the transfer of the holes to the electron donors. On the other hand, the photogenerated
electrons take part in reduction reactions at the surface of TiO, or ZnO nanocrystallites. The
photocatalytic efficiency can be increased by trapping the photogenerated electrons in the
conduction band of semiconductor. In addition, providing active centres for the activation and
reduction of H,O to H; can also increase the catalytic efficiency for the production of
hydrogen. One of the possible ways would consist in depositing noble metal cocatalysts

which not only accept the electron but also provide active centres for the activation and
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reduction of H,O to H,. Thus, it is well known that Pt nanoparticles show very fast electron
take-up from semiconductor conduction band electrons upon light excitation. It also provides
favourable adsorption sites for the reactants allowing the reduction reaction with the electrons
easy and fast. Noble metal Pt particles deposited on the ZnO or TiO; surface of RuO,/ZnO or
RuO,/TiO, nanocomposites could therefore behave as a short-circuited micro
photoelectrochemical cell in which Pt would be the cathode and RuO; the anode. This system
could increase the photocatalytic efficiency for the decomposition of organic pollutant and
hydrogen production even further. Band gap excitation produces an electron-hole pairs in the
Zn0O or TiO, particles. The electrons would subsequently be channelled to Pt sites where
hydrogen evolution would occur or electrons would react with oxygen in case of organic
decomposition. On the other hand, holes produced in the valence band of the photocatalysts
would transfer to the RuO, and oxidize electron donors or water to oxygen. Thus,
modification of ZnO or TiO, particles with Pt and RuO, could increase in the efficient charge
separation and improved photocatalytic activity. Particularly, the presence of Pt and RuO,
significantly reduces the overpotential for H, and O, production, respectively. Among
various methods available for platinum deposition, photoplatinization should be an effective

method to deposit Pt selectively on ZnO or TiO, surfaces.

Finally, methanol was used as an electron donor in this study, the role of which was to
react irreversibly with the photogenerated holes and/or oxygen thereby suppressing the
electron/hole recombination and/or the reverse reaction between H, and O, and thus
increasing the rate of hydrogen production. Organic pollutants can perform the role of
electron donors, thereby can reduce the hydrogen production costs while at the same time can
serve the dual role of hydrogen production as well as organic degradation. The chosen
sacrificial agent should be inexpensive compared to the hydrogen produced to make the
process a feasible one. Wastewater containing organic pollutants such as azo dyes can be
considered as suitable electron donor for this purpose. The proof of such a concept could

have a huge impact for industrial purpose.

" Osterloh, F.E. Chem. Mater, 2008, 20, 35
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VI.1. Chemicals used

Anhydrous tin tetrachloride (Acros Organic), sodium bicarbonate (Alfa Aesar),
ruthenium (II) 2, 4-pentanedionate (Alfa Aesar), ruthenium chloride hydrate (Sigma
Aldrich), nickel nitrated hexahydrate (Alfa Aesar), titanium (IV) isopropoxide (Sigma
Aldrich), titanium (IV) butoxide (Sigma Aldrich), zinc acetate dihydrate (Alfa aesar), urea
(Sigma Aldrich), propan-2-ol (Acros organics), ethanol (Aldrich), 1-butanol (Sigma Aldrich),
acetic acid (Acros Organics), tetrahydrofuran (Sigma Aldrich), sodium hydroxide (Acros
Organics), hydrochloric acid(Sigma Aldrich), methylene blue (MB) (Alfa Aesar), methyl
orange (MO) (Alfa Aesar). All chemicals were used as received. P25 TiO, nanoparticles were
provided by Degussa. Deionised water purified by a Millipore (Milli-Q) water purification

system was used in all experiments.
VI.2. Synthesis of nanophotocatalysts

VI.2.1. Preparation of SnO»/ZnO heterojunction photocatalysts

Anhydrous tin tetrachloride, zinc acetate dihydrate, sodium bicarbonate and urea of
analytical grade were used without further purification. Nanocrystalline SnO, colloids were
first prepared by homogeneous precipitation using a procedure adapted from the literature.' In
a typical experiment, 2.08 g (0.04 M) of anhydrous SnCls and 14.4 g (1.2 M) of urea, used as
the precipitant, were mixed in 200 mL of deionized water. The solution was then heated at 90
°C for 4 h. The resulting precipitates were filtered and washed with distilled water. The solids
obtained were then dispersed in 100 mL aqueous solution of acetic acid (pH 2) and subjected
to hydrothermal treatment in an autoclave at 240 °C for 16 h. The resulting suspension was
then condensed to a final SnO, concentration of 10-15 wt% by a rotary evaporator. The latter
suspension was then divided into two parts. The first one was dried at 90 °C overnight and
then calcined in air at 500 °C for 2 h. To prepare the SnO,/ZnO heterostructure with a 1:1
molar ratio, 0.437 g of Zn(CH3COO),.2H,0 was added to 5 g of the 12 wt% SnO, aqueous
suspension. After stirring for 12 h, the resulting mixture was dried at 90 °C overnight and
then annealed in air at 500 °C for 2 h to yield the herehafter named SnO,/ZnO photocatalyst.
Finally, ZnO was prepared by precipitation method:* to a solution of 5.5 g of
Zn(CH3COO0),.2H,0 in distilled water (100 mL), and under continuous stirring, was added
an aqueous solution of sodium bicarbonate until reaching a neutral pH. After filtration of the

precipitate, the latter was dried at 110°C overnight and subsequently calcined at 500°C in air
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for 2h to give the herafter named ZnO photocatalyst. The different powders prepared were
crushed with pestle and mortar before further characterization and photocatalytic

experiments.

VI1.2.2. Preparation of RuQO,/TiO; heterojunction photocatalysts

The heterostructure RuQO,/TiO, photocatalyst was prepared in two steps. First, TiO,
was prepared by a sol-gel process according to a procedure described elsewhere.® A solution
of 19 g of tetra(propan-2- oxy)titanium in 20 mL of propan-2-ol was progressively added to
91 mg of glacial acetic acid in 26.8 mL deionized water under strong stirring (pH 3). The
solution was stirred for 15 h at room temperature, and then the volatiles (acetic acid and
propan-2-ol) were eliminated by heating at 120 °C. The resulting powder was then mixed
with about 20 mL of deionized water and heated at 250 °C in an autoclave for 13 h. The
resulting powder was dried at 300 °C for 30 min and then bleached under UV irradiation for
3 h to yield 5.3 g of titanium dioxide as a white powder. Heterostructure RuO,/TiO, was
prepared in the second step by impregnation method. In a typical procedure, a desired amount
of ruthenium (III) 2, 4-pentanedionate was dissolved into 50 mL tetrahydrofuran. TiO;
powder (0.3 g) was then dispersed into the solution. After the solutions were stirred
vigorously for 4 h at room temperature, the solvents were evaporated at 80 °C. Subsequently,
the loaded TiO, was dried in an oven at 70 °C overnight and finally calcined at 400 °C in air
for 6 h to achieve the desired RuO,/Ti0; catalyst. The content of RuO, in RuO,/TiO, powder
was controlled by changing the concentration of the ruthenium (III) 2, 4-pentanedionate
solution. The heterostructure RuO,/TiO, nanocomposites containing 1, 2.5, 5, 10, and 20
wt% of RuO, were obtained by adding 0.91 x 107, 2.30 x 107, 4.70 x 107, 9.98 x 10 and
22.45x 107 g of ruthenium (III) 2, 4-pentanedionate, respectively, to tetrahydrofuran.

VI1.2.3. Preparation of RuQO,/ZnO heterojunction photocatalysts

Zn0O nanoparticle was first prepared by homogeneous precipitation method from a
solutions of zinc acetate dihydrate, Zn(CH3COOQ),. 2H,0 using urea as a precipitant. In a
typical procedure, 1.62 g (0.037 M) of zinc acetate dehydrate was dissolved in 200 mL of
deionized water containing 6 g (0.5 M) of urea. The solution was magnetically stirred at room
temperature in a round bottomed flask until a homogeneous solution was obtained. The
solution was then heated at a temperature of 90 °C for 4 h. Upon completion of the reaction, a
white precipitate obtained was centrifuged at 5000 rpm for 10 min and washed with

deionized water till it was neutral. The resulting precipitate was then dried at 110 °C
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overnight followed by calcination at 350 °C in air for 2 h to obtain ZnO nanoparticle powder.
Heterostructure RuO,/ZnO was prepared by impregnation method already discussed for the
preparation of heterostructure RuO,/TiO, photocatalyst. In a typical procedure, a desired
amount of ruthenium (IIT) chloride hydrate was dissolved into 50 mL deionized water. ZnO
nanopowder (0.3 g) was then dispersed into the solution and was vigorously stirred for 8 h.
The amounts of ruthenium (IIT) chloride hydrate dissolved into water to obtain RuO,/ZnO
catalysts containing 2, 4 and 6 wt% RuO, were 1.83 x 107, 3.74 x 107 and 5.73 x 107 g,
respectively. The solvent was then removed by evaporation followed by drying at 110 °C
overnight. Subsequently, the loaded ZnO was finally calcined at 350 °C in air for 2 h to
achieve the desired RuO,/ZnO photocatalysts.

VI1.2.4. Preparation of NiO/TiO, heterojunction photocatalysts

The heterostructure NiO/Ti0O, photocatalyst was prepared at room temperature by the
sol-gel route. Titanium butoxide was used as the precursor for TiO,. A mixture of 4.3 mL n-
butanol and 2.6 mL acetic acid was added into 4 mL of titanium butoxide. Subsequently, a
colloid solution of TiO, was obtained by adding dropwise 4 mL of water to the above
solution and stirred vigorously for 8 h. For the preparation of heterostructure NiO/TiO,
photocatalyst, nickel nitrate hexahydrate (Ni(NOs),. 6H,0O) was used as the precursor for
NiO. Predetermined amount of nickel nitrate hexahydrate was added to the colloid of TiO,
and stirred vigorously overnight. The amounts of nickel nitrate hexahydrate to obtain
NiO/TiO, photocatalysts containing 0.1, 0.25, 0.5, 1, 2, 4 and 25 wt% of NiO were 0.35 x 10°
,0.89 x 1072, 1.79 x 107, 3.61 x 107, 7.31 x 107, 14.92 x 10~ and 1.19 g, respectively. The
colloidal solution obtained was then dried at 150 °C for 2 h, and the resulting powder was
annealed in air at 500 °C for 2 h. The pure TiO, was prepared under the same conditions used
for the NiO/TiO, samples. The calcined NiO/TiO, or TiO, samples were ground into fine

particles prior to characterization and further application for photocatalysis.
VI.3. Characterization methods

VI1.3.1. Fourier transform infrared (FTIR)

Infrared radiation interacts with chemical bonds to cause stretches, bends and various
other atomic vibrations. For a vibration to give rise to absorption of infrared radiation, it must
cause a change in the dipole moment of the molecule. The larger this change the more intense

the absorption band will be.
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In this dissertation, all IR spectra were recorded using a Perkin-Elmer spectrum 100
FTIR spectrophotometer. Samples were recorded as a KBr disc with 2 wt% sample, using 16

scans per sample over the range 4000-450 cm™.

VI.3.2. Raman spectroscopy

Raman spectroscopy is used in condensed matter physics and chemistry to study
vibrational, rotational, and other low-frequency modes in a system. It relies on inelastic
scattering, or Raman scattering of monochromatic light, usually from a laser used to polarize
electrons in molecular bonds. The polarization process can result in a loss of energy (Raman
effect) that is characteristic of the energy of a probed molecular bond. The amount of the
polarizability change will determine the Raman scattering intensity, whereas the Raman shift
is equal to the vibrational level that is involved. Raman spectroscopy is commonly used in
chemistry, since vibrational information is very specific for the chemical bonds in molecules.
Therefore, Raman spectroscopy as a powerful method can be used to investigate the
structural properties of nanoparticles because the vibration in Raman spectra with decrease in
particle size can be easily detected.* It is also possible to determine the size of nanoparticles
by using phonon confinement effect.” The technique is complimentary to IR spectroscopy,

because only molecular vibrations that are polarizable produce Raman shifted photons.

In this study, all Raman scatterings were measured at room temperature using Horiba
Jobin Yvon (Labram HR 800) spectrometer with Ar" laser as excitation source operating at
514.5 nm. Typically, a small amount of powdered sample was mounted on a glass slide using
a spatula tip. Using the attached microscope and camera, the instrument was focused on the
powder sample through the objective lens. One scan was recorded with a detector exposure

time of 2 sec.

VI1.3.3. X-ray powder diffraction (XRD)

Powder XRD is one of the primary non-destructive techniques used to characterize
solid-state materials. It can provide valuable information about the crystalline phase because
each crystalline solid has a unique XRD pattern. The structure of a crystal is analyzed by the
X-ray diffraction patterns. When X-ray light with a wavelength A is incident on a crystal, a

diffraction peak occurs if the Bragg condition is satisfied:

nA = 2d sind (D
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where d is the lattice spacing of the crystal and @ is the angle of incidence. The Cu Ka
emission (1 = 1.5418 A) from a copper target is the most common X-ray source for the
diffraction measurement. Furthermore, a powder XRD pattern is also used to determine the
average crystallite size of the nanoparticles. From the resulting diffractogram the crystallite

size (D, nm) can be estimated using the Scherrer equaltion.6

D 0.91 )
Pcosb

where D is the average nanocrystallite size (nm), 4 is the X-ray wavelength (1.542 A), p is the
full-width at half-maximum (FWHM) intensity (in radians), and @ is the Bragg angle of the

peak of interest.

In our study, the X-ray diffraction (XRD) measurement was carried out by X-ray
diffractometer (Bruker AXS, D2 PHASER A26-X1-A2B0D3A) using Cu Kea radiation. A
continuous scan mode was used to collect 26 data from 10-80° with a 0.1 sampling pitch and
a 2° min” scan rate. Fine powdered samples were spread onto a quartz glass sample holder

for measuring XRD.

VI1.3.4. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is utilized to obtain high (atomic)
resolution images of materials. TEM transmits a focused, high-energy electron beam through
a sample. The electrons scatter off the nuclei of atoms in the sample and are projected onto a
fluorescent screen. Through this process, atomic scale images can be collected. In addition, a
selected area electron diffraction (SAED) pattern can be obtained from single nanostructures,
to analyze the orientation of crystallographic planes. By combining the information gained
from atomic scale imaging and diffraction patterns, the surface crystallographic planes of a
material can be identified. Scanning Transmission Electron Microscopy (STEM) can be
combined with the high-angle annular dark field (HAADF) imaging technique to provide Z-
contrast images which can distinguish particles of different atomic number. The image
brightness is approximately dependent on the square of the atomic number (Z%) of the atoms
present and very useful for particles with a great difference in atomic mass and not so useful

for particles with similar atomic masses.

The elemental composition of a sample can be determined by Energy-Dispersive X-

ray Spectroscopy (EDX). EDX is the more commonly used technique and involves ionization
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of the sample from the X-rays of the microscope. The X-ray emissions from this ionization
event are then analyzed with a solid-state energy dispersive detector. Each element gives out
a unique pattern of X-ray lines from the K, L, and M shells which allows for straightforward
analysis. This technique is also useful for constructing elemental maps to characterize the
microstructural composition and elemental distribution of multicomponent catalysts on the

nanometer scale.

In this study, TEM was performed using a Jeol JEM 2100F (Jeol, Tokyo, Japan)
operating at an acceleration voltage of 200 kV (wavelength A = 2.51 pm) equipped with a
Schottky-type FEG and an EDX system (Oxford, Wiesbaden, Germany). For transmission

electron microscopy (TEM) sample preparation, the photocatalysts were dispersed in ethanol

using an ultrasonic bath (high purity methanol 99.8%, Sigma—Aldrich Co.) and a small

droplet of the suspension was placed on holey carbon (Cu) grid. Upon drying, the samples

were lightly coated with carbon to avoid charging under the electron beam.

VI1.3.5. Thermogravimetric analysis (TGA)

TGA 1is an important thermal technique and is widely used for the characterization of
solid materials including polymer, organic, inorganic and composite materials. TGA can
determine: (1) moisture/liquid content and the presence of volatile species, (2) decomposition
temperatures, and (3) the rate of degradation. In this dissertation, TGA-MS studies were
performed on a Netzsch STA409 simultaneous analyzer coupled with a Thermostar GSD
300T3 Balzers Instruments mass spectrometer. Thermogravimetry (TG) curves were recorded

in the 30-1000 °C temperature range with a heating rate of 5 °C min™' under an air flow.

VI1.3.6. Nitrogen sorption measurement

The textural characterization, such as surface area, pore volume and the pore size
distribution of the as-synthesized photocatalysts were obtained by N2 sorption isotherm
measurement using an ASAP2010 micrometric equipment. Samples were outgassed at 150
°C in vacuum for a time interval long enough to reach a constant pressure (<10 gm Hg). The
nitrogen adsorption-desorption isotherms were measured at liquid nitrogen temperature (77
K) taken P/P, from 0 to 0.99. The specific surface areas were calculated by the BET method
(Sger) between 0.1 and 0.3 relative pressure. Pore size distributions were evaluated by the

Barrett-Joyner-Halenda (BJH) method for mesopores.’
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V1.3.7. UV-Visible diffuse reflectance spectrometry (UV-Vis DRS)

Electronic excitations of electrons from filled bands to empty bands are typically
induced by electromagnetic radiation in the UV and visible light range (UV-Vis
spectroscopy). Wavelengths of these types of radiation are on the order of 200 to 800 nm.
With the Planck constant / and the speed of light ¢, the wavelength 4 can be converted into

excitation energy according to the following equation:

_he
)

E 3)

Depending on the energy gap between valence band maximum (VBM) and
conduction band minimum (CBM) photons with wavelengths too long to excite an electron
into the empty bands will pass through, while photons with sufficient amounts of energy will
be absorbed and based on the electronic selection rules create an electron in the excited state.
UV-Vis spectroscopy is therefore suitable to determine important information about the

electronic structure and can be used to estimate band gap values.

The optical properties of all the as-synthesized nanoparticles were investigated by
diffuse reflectance spectra. Diffuse reflectance spectra of the powder photocatalysts were
measured by placing the samples in 1 mm quartz cell using an UV-Vis-NIR spectrometer
(Lambda 900) at room temperature in the wavelength range of 200-800 nm. Pure powdered

BaSO, was used as a reference sample.

The original coordinates of the spectra, reflectance (R) vs. wavelength (1), were
transformed to Kubelka-Munk function F(R) vs. photon energy (hv). The reflectance data
were converted to the absorption coefficient F(R) values according to the Kubelka—Munk

equation (Eq. (4)), i.e.:

(1-R)*

F(R)= R

“)

where F(R) is equivalent to the absorption coefficient. The band gap energy (E;) of as-
synthesized nanoparticles was calculated from the following equation, a/(hv)= A(hv — Eg )"

where a, v, E,, and A are the absorption coefficient, light frequency, band gap energy, and a
constant, respectively.® Among them, n is determined by the type of optical transition of a

semiconductor (n = 1/2 for direct transition and n = 2 for indirect transition). For a

1/n

semiconductor material, a plot of (ahv)”" against hv should show a linear region just above
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the optical absorption edge. The band gap energy was calculated by extrapolating a straight
line to the abscissa axis, where a is zero, for E, = .’ According to the Kubelka-Munk theory

the diffuse reflectance is related to the absorption coefficient as

&)

where s is the scattering coefficient. The optical energy band gap (E, values) for direct

transition can thus be estimated from a plot of (F(R) hv)2 vs. hv and that for indirect transition

12

can be estimated from the plot of(F(R) hv) ™~ vs. hv, the intercepts of the tangents to the

abscissa axis yielding the band gap energies of the semiconductors.

VI1.3.8. X-ray Photoelectron spectroscopy (XPS)

XPS is a quantitative spectroscopic technique that measures the elemental
composition, and the chemical and electronic states of the elements that exist within a
material. X-ray photoelectron spectroscopy (XPS) utilizes a monochromatic X-ray source to
excite electrons from core levels of the atoms near the surface (~1-10 nm) of a solid sample
into vacuum. The electrons ejected from the sample are collected by a hemispherical electron
energy analyzer which measures the kinetic energy of the ejected electrons. The kinetic
energy measured can then be used to determine the binding energy (BE) of the electron from

the following equation:
Epe=hv - Ein— ¢ (6)

Where 4 is Planck’s constant, v is the frequency of the exciting energy source, and ¢
is the work function of the spectrometer.10 Each ejected electron from an element has a
characteristic binding energy and the position of this binding energy is used to identify the
element and core level of the electron that can be found by consulting binding energy
tables.'" The peak intensities can be used to quantitatively determine the elemental
composition and the peak positions can be used to determine oxidation states for the
elements. In this disseration, XPS was used to analyze the chemical state of as-synthesized
photocatalysts. In addition, the band alignment at the interface of the heterostructure

photocatalysts was also determined by XPS technique.

The interface experiments for the model were performed at the Darmstadt Integrated
System for Material research (DAISY-MAT), which combines a Physical Electronics PHI

5700 multitechnique surface analysis system with several deposition chambers via an
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ultrahigh vacuum sample transfer. X-ray photoelectron (XP) spectra were recorded using
monochromatic Al Ko (1486.6 eV) radiation with an energy resolution of = 0.4 eV as
determined from the broadening of the Fermi edge of a sputter cleaned Ag sample.
Ultraviolet photoelectron (UP) spectra were measured in normal emission with Hel
excitation. RuO, was deposited by reactive direct current magnetron sputtering from a
metallic Ru target. The substrates were held at room temperature during deposition. A
pressure of 1 Pa, a substrate to target distance of 10 cm and an Ar/O, ratio of 92.5/7.5 were
used. The deposition conditions were chosen to guarantee the formation of fully oxidized

Rqu.
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Load-lock

O O IPES

Electrochemistry
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Electrochemistry

Ar sputter source
cell ll

AAAAY UHV-STM/AFM
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Figure VI-1: Schematic drawing of Darmstadt Integrated System for Fundamental research (DAISY-
FUN).

The interface experiment for heterostructure RuO,/TiO, nanoparticles was performed
at Darmstadt Integrated System for Fundamental research (DAISY-FUN) (Figure VI-1), the
XPS spectra were recorded using a PHOIBOS 225 (Specs GmbH) spectrometer.
Monochromatized X-ray (Ka: 1486.6 eV) from an Al anode was used for excitation. The
charge effect was evaluated using the main component of the C 1s peak, associated with
adventitious hydrocarbons with a binding energy of 284.8 eV as reference for calibration.

The base pressure in the sample during the measurements was less that 3x10™ mbar.

Thesis 2013 Page 224



Chapter VI: Experimental section

VI1.4. Photocatalytic Experiment

VI1.4.1. Photocatalytic degradation of organic dyes

Photocatalytic activities of as-synthesized samples were evaluated by the degradation
of methylene blue (MB) and methyl orange (MO) dyes. All the experiments were conducted
at room temperature open to air. In each experiment, 0.1 g photocatalyst was dispersed in 100
mL of MB or MO solution (10 mg/L) to obtain the concentration of the catalyst at 1.0 g/L.
The experiments were carried out in a pyrex beaker illuminated with a 125 W high pressure
mercury lamp (Philips, HPL-N 125 W/542 E27), emitting UV light. The UV lamp was
positioned above the solution beaker. Prior to irradiation, the suspension was stirred in the
dark for 30 min to reach adsorption/desorption equilibrium. The solutions were continuously
stirred during the experiments. At given irradiation time intervals, 4 mL of the suspensions
were collected, and then centrifuged (4000 rpm, 10 min) to separate the photocatalyst
particles. The concentrations of MB and MO were measured by UV-Vis Spectrophotometer
(Shimadzu, UV-1650 pc) scanning from 200 nm to 800 nm monitoring the absorption at Amax
= 664 and 464 nm, respectively. A calibration plot based on Beer—Lambert’s law was
established by relating the absorbance to the concentration. In each case, blank experiments
were also conducted with the catalysts in the absence of light and without the catalysts when
the solution containing the dissolved dye was illuminated. In some cases, repetitive
photodegradation of MB during four consecutive cycles was performed with 1.0 g/ L of
catalyst at 10 mg/ L dye concentration in order to investigate the stability of the
photocatalysts. After each cycle, the catalyst was washed with distilled water and a fresh

solution of MB was added before each photocatalytic run.

VI1.4.2. Photocatalytic hydrogen production

The catalytic experiments were carried out in an argon atmosphere and under
exclusion of air. Solvents were distilled under an argon atmosphere, or degassed via standard
procedures prior to use and stored under argon. The used UV light source of wavelength in
the range of 320 to 400 nm was Hg vapor light source (LUMATEC SUPERLITE 400). The

input power of the light source was 1.6 W.

Thesis 2013 Page 225



Chapter VI: Experimental section

Gas sample to GC

|

Automatic
gas burette
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Figure VI-2: Experiment set up for the photocatalytic production of hydrogen. (a) Waste (b)
Ar/vacuum (c) thermostat outlet (d) thermostat inlet (e) thermostatically controlled reaction vessel (f)
thermostat (g) pressure sensor.

Figure VI-2 shows the experimental set up for the photocatalytic production of
hydrogen at LIKAT, Rostock, Germany. The photocatalytic experiments were conducted in a
double walled thermostatically controlled reaction vessel (under a constant temperature of
25.0°C) which was connected via a condenser to an automatic gas burette. In a typical
reaction, the double-walled reaction vessel connected to the automatic gas burette was
evacuated and flushed with argon three times to remove any other gases. The photocatalysts
were introduced as a powder and the mixture of methanol/H,O (1:1, 10 mL) was added, and
the temperature was maintained at 25°C by a thermostat. The mixture was stirred (300 rpm)
for 5 min to reach thermal equilibrium. The photocatalytic reaction was started by irradiating
the reaction vessel with light. The volumes of the evolved gases were determined by an
automatic gas burette. The gas burette was equipped with to a pressure sensor. Evolving gas
during the reaction causes a pressure increase in the closed system, which is compensated by
volume increase of the burette syringe by an automatic controlling unit. The gas evolution
curves are collected by a PC. After each reaction a gas sample was taken and quantitatively
analyzed by gas chromatography (HP6890N, carboxen 1000, thermal conductivity detector
(TCD) and methanizer/flame ionization detector (FID), external calibration). The variance of

the volumes for reproduction of experiments was between 1-15%.
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Appendix: Chemical structure of some organics

Chemical structure of some organics
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Determination of crystallite size by Raman shift

Peak Shift (o)

4 6 8 10 12 14 16 18 20 22
Crystallite size (nm)

Figure A-1: Peak shift of Raman line shape of anatase TiO, as a function of particle size.
Dashed and dotted curves show the peak position vs crystallite size. Balaji et al. J. Raman

Spectrosc. 2006, 37, 141

Thesis 2013 Page 232



Curriculum vitae
Md. Tamez Uddin

Education

10/2010-9/2013 PhD (Dr. Rer. Nat.) thesis entitled ‘Metal oxide heterostructures for
efficient photocatalysts’
Under the umbrella of Erasmus Mundus Phd Program IDS-FunMate

Technical University of Darmstadt, Germany and
University of Bordeaux 1, France
10/2008-9/2010 M. Sc. Engg
In Functional Advanced Materials and Engineering (FAME) under the
umbrella of Erasmus Mundus Scholarship
University of Augsburg, Germany and
University of Bordeaux 1, France

Title of the thesis: Low temperature preparation routes of nanoporous
semi-conducting films for flexible optoeletronic devices.

10/2008-9/2010 B. Sc. Engg
Chemical Engineering and Polymer Science
Shahjalal University of Science and Technology, Sylhet-3114,
Bangladesh
Thesis title: Removal of phenol from wastewater by adsorption

process using water hyacinth Ash and rice husk ash as Adsorbents.

Professional Experience
02/2004-09/2008 Join as a researcher

Department of Chemical Engineering and Polymer Science
Shahjalal University of Science and Technology
Sylhet-3114, Bangladesh

List of publication

1. M. T. Uddin, Y. Nicolas, C. Olivier, T. Toupance, L. Servant, M. M. Miiller, H. J.
Kleebe, K. Rachut, J. Ziegler, A. Klein W. Jaegermann. J. Phys. Chem. C, 117( 2013),
22098-22110.

2. M. T. Uddin, Y. Nicolas, C. Olivier, T. Toupance, L. Servant, M. M. Miiller, H. J.
Kleebe, J. Ziegler, W. Jaegermann. Inorg. Chem. 51(2012) 7764-7773.

Thesis 2013 Page 233



3.

4,

5.

Z. Tebby, M. T. Uddin, Y. Nicolas, C. Olivier, T. Toupance, C. Labrugere, L. Hirsch,
ACS Appl. Mater. Interfaces 3(2011) 1485-1491.

M. Morshed, K. Ferdous, M. R. Khan, M. S. I. Mazumder, M. A. Islam, M. T. Uddin,
Fuel, 90(2011) 2981-2986

A. Figoli, A. Cassano, A. Criscuoli, M. S. . Mozumder, M. T. Uddin, M. A. Islam, E.
Drioli, Water Res. 44 (2010) 97-104.

M. T. Uddin, M. A. Islam, M. S. Mahmud, M. Rukanuzzaman, J. Hazard. Mater. 164
(2009) 53-60.

M. T. Uddin, M. Rukanuzzaman, M. M. R. Khan, M. A. Islam, J. Environ. Manag. 90
(2009) 3443-3450.

. M. T. Uddin, M. S. I. Mozuder, M. A. Islam, S. A. Deowan, J. Hoinkis, Chem. Eng.

Technol. 30(2007) 1248-1254.

Thesis 2013 Page 234



