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Zusammenfassung

Wasseraufbereitung und die Synthese von Brennstoffen unter Einsatz regenerativer
Energiequellen werden heutzutage als zwei Hauptanliegen fiir ein nachhaltiges Lebensumfeld
angesehen. Angesichts der wachsenden Nachfrage nach fortschrittlichen Techniken der
Umweltsanierung fiir verschmutztes Wasser und steigenden Kosten fiir fossile Brennstoffe hat
die Photokatalyse, in den letzten Jahren zunehmende Aufmerksamkeit erhalten. In der
vorliegenden  Arbeit werden modifizierte TiO, -Photokatalysatoren fiir beide
photokatalytischen Prozesse verwendet.

Anfanglich wird TiO, (P25) mit unterschiedlichen Massenverhaltnissen von selbst
hergestelltem Ag/Ag,0 unter Verwendung von zwei Synthesemethoden modifiziert. Nach der
Charakterisierung der sieben hergestellten Materialien, einschliefllich Ag/Ag,0, Ag/Ag,0/
TiO, Mischungen (TM) und Ag / Ag,0 / TiO, Verbundwerkstoffen (TC), wird die
photokatalytische Aktivitdt durch Bleichen von Methylenblau (MB) unter Bestrahlung mit
UV-vis und sichtbaren Licht bewertet. Die Ergebnisse zeigen, dass das lichtinduzierte Bleichen
von MB in Anwesenheit von TM und TC verbessert wird. Interessanterweise zeigt Ag/Ag,0
die beste photokatalytische Aktivitat. Es wurde jedoch festgestellt, dass das Photobleichen von
MB eher durch einen Grenzflachenelektronentransfer von dem photoangeregten MB, das an
der Oberflache von Ag,0 adsorbiert ist, zu seinem Leitungsband initiiert wird. Dariiber hinaus
bekraftigen XRD und XPS Daten, dass Ag,0 als Elektronenakzeptor bei der lichtinduzierten
Reaktion von MB wirkt und Ag* zu Ag(0) reduziert wird. Andererseits wird auch die
photokatalytische H, Erzeugung aus der Methanolreformierung unter Sonnenlicht, unter
Verwendung dieser Photokatalysatoren untersucht. Die Ergebnisse zeigen, dass Ag/Ag,0 kein
Elektron auf H* tibertragen kann, was auch durch die Messungen der Flachbandpotentiale
bestatigt wird. Mit zunehmendem Massenanteil von TiO, in den TC und TM wird jedoch
beobachtet, dass die entwickelten Mengen an H, zunehmen. Ag/Ag,0 ist damit kein
(photo)stabiles Material soweit dass die Photoreduktion von Ag* zu Ag fiihrt.

Anschlieffend wird der photokatalytische Abbau von Oxytetracyclinhydrochlorid
(OTC HCl) in Gegenwart von mit Kobalt dotierten TiO, (Co-TiO,) untersucht. Co-TiO, wurden
durch zwei Solvothermalverfahren synthetisiert, ndimlich Riickflusssynthese (Co-Ti0,-R) und
hydrothermale Synthese (Co-TiO,-HT). Die Charakterisierung mittels XRD und Raman-
Spektroskopie zeigt, dass Ti** in der TiO, Kristallstruktur durch Co?* substituiert wurde. Die
beobachteten Reaktionsgeschwindigkeiten des lichtinduzierten Abbaus von OTC HCI {iber
beide Co- TiO, bei UV-vis-Licht sind hoher als die von reinen Ti0, und dem kommerziellen
P25. Die Photolyse von OTC HCl kann jedoch am Gesamtmechanismus teilnehmen.

Aufierdem wird unter Verwendung der Co - TiO; -R und Co - TiO, -HT die
photokatalytische H, Bildung aus wassrigem Methanol unter Sonneneinstrahlung untersucht.
Die Ergebnisse zeigen, dass die Kobaltdotierung keinen zusatzlichen Vorteil bei der
photokatalytischen Aktivitit hat. EPR Untersuchungen bestdtigen die Rekombination
photoerzeugter Ladungstrager. Um die schnelle Rekombination zwischen photoerzeugten
Ladungstragern zu unterdriicken, wird die Oberfldche von Co-TiO, mit Pt modifiziert. Hohere
Bildungsraten von H, werden beobachtet. Dies scheint Pt die Abnahme der
photokatalytischen Aktivitat aufgrund der Co-Dotierung auszugleichen.

Schliisselwdrter: Photokatalyse, Titandioxid, Silber (I) -oxid, Co-TiO,, Pt-beladenes Kobalt-
dotiertes  Titandioxid, Methylenblau, Oxytetracyclinhydrochlorid, UV-vis Licht,
Wasseraufbereitung, H,-Produktion.



Abstract

Water treatment and solar fuel synthesis are nowadays considered to be the two major
concerns for achieving a sustainable living environment. With the growing demand for
advanced environmental remediation of polluted water and as the cost of fossil fuels increases,
photocatalysis has received increasing attention in recent years. In the present work, modified
TiO, photocatalysts are used for both photocatalytic processes.

Initially, TiO, (P25) is modified with different mass ratios of self-prepared Ag/Ag,0
employing two synthetic methods, namely, a mechanical mixture and a precipitation method.
After the characterization, the photocatalytic activity of the seven prepared materials
including Ag/Ag,0, Ag/Ag,0 /7 TiO, mixtures (TM), and Ag/Ag,0/ TiO, composites (TC) is
evaluated by methylene blue (MB) bleaching under UV-vis and only visible light illumination.
The results reveal that the light-induced bleaching of aqueous MB in the presence of TM and
TC under both UV-vis and visible illumination is enhanced. Interestingly, Ag/Ag,0 shows the
best photocatalytic activity under both illumination conditions. However, the observed
photobleaching of MB is found to be rather initiated by an interfacial electron transfer from the
photo-excited MB adsorbed at the surface of Ag,0 to the latter’s conduction band. Moreover,
XRD and XPS data confirm that Ag,0 performs as an electron acceptor in the light-induced
reaction of MB, and Ag™ is reduced to Ag(0). On the other hand, photocatalytic H, generation
from methanol reforming under solar light using all-synthesized photocatalysts is also
studied. The experimental results indicate that bare Ag/Ag,0 is not able to transfer an electron
to H*, which is also confirmed by the flatband potentials measurements. Nevertheless, with
increasing the mass fraction of TiO, in the TC and TM, the evolved amounts of H; are observed
to increase implying that the fraction of photons absorbed by Ag,0 being inactive decreases.
Hence, it is concluded that Ag/Ag,0 is not a (photo)stable material since the photoreduction of
Ag™ is experimentally confirmed to proceed yielding Ag.

Afterward, the photocatalytic degradation of oxytetracycline hydrochloride (OTC HCI)
is investigated in the presence of cobalt-doped TiO, (Co-TiO;,) photocatalysts. Co-TiO, were
synthesized by two different solvothermal methods, namely, reflux ( Co-TiO;-R) and
hydrothermal (Co-TiO,-HT) synthesis. The characterization of Co-TiO,-R and Co-TiO,-HT
samples by means of XRD and Raman spectroscopy reveals that Ti** was substituted by Co?*
in the TiO, crystal structure. The observed initial reaction rates of the light-induced
degradation of OTC HCI over both Co-doped TiO,upon UV-vis light are found to be higher
than those of pure TiO,, and the commercial P25. However, the photolysis of OTC HCl still can
take part in the overall mechanism.

Besides, the photocatalytic H, formation from aqueous methanol employing the Co-
TiO,-R and Co-TiO,-HT under solar irradiation is studied. The experimental results evince that
cobalt doping has no additional advantage regarding the photocatalytic activity since the
evolved amounts of H, are close to the detection limit. Mechanistic investigation using EPR
confirms the recombination of photo-generated charge carriers. In order to suppress the fast
charge carriers recombination, the surface of Co-TiO, is modified with Pt. Higher formation
rates of H, are observed due to the improved electrons and holes separation. Therefore, Pt
seems to compensate the decrease of the photocatalytic activity due to Co-doping.

Keywords: photocatalysis, titanium dioxide, silver (I) oxide, Co-TiO,, Pt-loaded cobalt-doped

titania, methylene blue, oxytetracycline hydrochloride, UV-vis light, water treatment, H,
evolution.
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Chapter 1. Background

Chapter 1. Background
1.1. Introduction

Water treatment and energy production are of great importance nowadays, due
to the increasing demands for clean water and the extensive consumption of fossil
fuels. In 2018, the worldwide energy demand grew by 2.3% which is almost twice the
average rate of growth since 2010. Demand for all fuels soared, and fossil fuels
represent almost 70% of the growth for the second year in a row. Consequently, carbon
dioxide (CO,) emissions rose by 1.7% and reached a new record [1]. In addition to the
increased energy demand, the world’s water need according to the United Nations
Educational, Scientific and Cultural Organization (UNESCO) is also expected to be
growing by about 1% per year until 2050 to reach 20 to 30% above the current level of
water use. Also, and as reported in the United Nation World Water Development
Report (WWDR) 2019, more than 2 billion people are living in countries of severe water
stress. Furthermore, about 4 billion people are experiencing a scarcity to access to
water at least one month a year. For instance, in sub-Saharan Africa, six out of ten
people lack access to a safe source of water and suffer from water contamination and
inadequate sanitation [2]. Moreover, the bacteriological quality of drinking water is
not imperiled just in urban or industrial areas, but also in developing countries.
Significant contaminations by bacteria have been reported [3]. As an example, the
recent epidemic outbreak of novel coronavirus pneumonia (COVID-19) caused by
SARS-CoV-2 infection which was found to remain infectious in water and sewage for
days to weeks [4, 5]. Conventional water treatment processes ought to inactivate the
COVID-19 virus [6, 7]. However, the viral ribonucleic acid (RNA) may still be found
in the treated wastewater [8].

Given these findings, approaches to the sustainable development of water
resources are critical for assuring water quality and safety, and the treatment of
wastewater is of worldwide concern since fresh water is indispensable for the existence
of all living organisms on earth. On the other hand, the development of innovative and

efficient processes to convert energy from a renewable resource is of huge importance.

1



Chapter 1. Background

Among various energy resources, hydrogen is of particular interest owing to its

capacity to convert chemical energy into electrical energy using fuel cells.

1.2. Water Treatment

1.2.1. Conventional Water Treatment

Water is an absolute necessity for the survival of all forms of life on our planet.
For humans, access to clean water is of major importance for maintaining acceptable
living conditions, since clean and safe water is crucial for drinking, sanitation, hygiene
services, along with other activities such as energy production and manufacturing
processes, etc. Therefore, one of the biggest challenges nowadays is to provide access
to affordable, clean, and safe water sources [2]. Due to the population growth together
with socio-economic development, the demand for fresh water is increasing. However,
water quality is affected by the discharge of large volumes of wastewater containing
harmful and persistent pollutants which pose a threat to human health even at low
concentrations [9].

Conventional wastewater treatment processes can be divided into mechanical,
physico-chemical treatment, biological treatment, and advanced oxidation processes

(AOD).

a) Mechanical Treatment
Screening is the preliminary unit operation used in wastewater treatment.
Through the screening, items such as rags, paper, plastics, coarse solids, grit, and
metals are removed to protect the downstream equipment, piping, and appurtenances
[10]. Particles with a diameter greater than one millimeter, such as gravel and sand,
are removed through the sedimentation process. Membrane filtration can also be used
as a technique to remove pollutants of different origins with reduced cost and

consumption of energy [11].
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b) Physico-chemical Treatment
Physico-chemical treatment methods usually utilized for wastewater treatment
include processes such as reverse osmosis, electrodialysis, and adsorption techniques
using organic and inorganic supports. Adsorption could be an economically efficient
separation method in case of using inexpensive sorbents. A widely consumed
adsorbent for the treatment of water and wastewater is activated carbon. However, its
high cost, as well as the difficulty of its regeneration, are the two major drawbacks of

using it at an industrial scale [12].

¢) Biological Treatment

The objective of the biological treatment is to convert the pollutants present in
wastewater to bio-converted compounds which can be further mineralized. The
biological process considered as the cheapest wastewater treatment method using
microorganisms such as fungi, algae, bacteria, and so on, necessitates a large land area
and is limited by the toxicity of the used chemicals, as well as it exhibits less flexibility
in the design and performance [13]. Although biological treatment may degrade many
organic compounds, non-bio-degradable molecules that have complex chemical
structures and which are toxic to the aquatic environment such as pharmaceuticals,

antibiotics, and pesticides are not converted.

d) Advanced Oxidation Processes (AOPs)

Advanced oxidation processes are usually used to convert pollutants that are
not amenable to biological treatment. Conventional processes are not very efficient for
the treatment of persistent or emerging pollutants in water, since a large number of
these compounds have complex structures with many aromatic cycles and, therefore,
exhibit high chemical stability that inhibits their complete biological degradation.
Hence, the goal of the AOPs as clean technologies is the complete mineralization of
non-bio-convertible compounds to carbon dioxide and mineral acids or to transfer
non-biodegradable pollutants into biodegradable [14]. Contaminants of emerging

concerns (CEC), among all pollutants, come from a broad spectrum of sources such as
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but not limited to pharmaceuticals, antibiotics, phthalates, disinfectants, pesticides,
fragrances, etc, and their removal using conventional treatments methods is
ineffective [15]. Also, several EU directives such as 85/337/EEC, 91/ 271/EEC,
76/464/EEC, 2006/118/EC, and 2010/75/EU restrict the use of conventional processes
because of their effectiveness and incomplete biodegradation of the waste products. In
this context, several research studies have been devoted to developing more powerful
and promising processes of the so-called AOPs. These are clean techniques that
involve the hydroxyl radical (*OH) generation for the treatment of contaminated
waters with reaction rate constants of about 10° L mol~*s™! yielding carbon dioxide,
water, and inorganic ions as final products [16]. However, AOPs are highly energy

consuming, and therefore expensive.

1.2.2. Heterogeneous Photocatalysis as an AOP

The technology of semiconductor photocatalysis has seen growing interest by
researchers all over the world and has rapidly expanded within the last four decades
due to an assumed tremendous potential, particularly in the fields of water
purification and simultaneous contaminant destruction. Unlike the abovementioned
conventional AOPs, heterogeneous photocatalysis (as the term heterogeneous
indicates) consists of two active phases in which the contaminants are present in the
liquid phase and the semiconductor photocatalyst is in the solid phase.

Heterogeneous photocatalysis is based on the irradiation of a semiconductor
acting as the photocatalyst using UV and/or vis-light to produce highly reactive
species such as *OH which can initiate the complete decomposition of toxic organic and
inorganic pollutants at low levels [17, 18]. The main advantages of heterogeneous
photocatalysis beyond other conventional methods are that the oxidation is powerful
leading to the complete mineralization of most all-organic compounds. The process
can be operated under ambient conditions along with the possibility of using sunlight
as an irradiation source. The atmospheric oxygen is used as an oxidant and, therefore,

the process does not require the addition of any other strong oxidant.
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An ideal semiconductor photocatalyst should be easily available, inexpensive,
non-toxic, chemically stable in wastewater over a high range of pH values, biologically
and chemically inactive, and photostable [19]. However, the band edge positions of
the semiconductor are of great importance since they control its ability to initiate
photoinduced charge carrier transfer to the adsorbed species on its surface. From a
thermodynamic point of view, the conduction band (CB) potential of the
semiconductor has to be suitable to transfer an electron to molecular oxygen (0,) thus
yielding the superoxide radical anion 03~ (-0.33 V vs. NHE), and the valence band
(VB) potential of the semiconductor must be able to oxidize an adsorbed water
molecule or a hydroxide ion to a hydroxyl radical (H,0/°OH; 2.8 V vs. NHE, and
OH™/*0OH; 1.89 V vs. NHE) which is capable to initiate the complete oxidation of an

adsorbed organic pollutant yielding CO, [17, 20, 21].

1.3. Combining Water Treatment and Fuel Production

Energy production and environmental remediation are the world's major
concerns. Fossil fuels such as oil, natural gas, and coal play an important role to fulfill
the worldwide energy requirements for industry, agriculture, transportation, and
daily life. According to the BP Statistical Review of World Energy 2019, the energy
consumption of fossil energy in 2018 was almost 36.44 billion barrels of o0il, 3849 billion
cubic meters of natural gas, and 3772 million tons oil equivalent. As a result, global
challenges associated with rapid growth in CO, emissions are confronted by a rise of
2.0 % recognized as the highest rate for seven years reaching 33,891 billion tons [22].
In this regard, a new form of clean, renewable, safe, cheap, and sustainable energy
alternative to fossil fuels becomes mandatory. So far, diverse forms of sustainable
energy such as wind, hydroelectric, geothermal, and solar energy have been exploited
[23]. Solar energy as a primary energy source stands out as the solar energy radiation
arriving at the earth's surface is estimated to be about 173,000 terawatts [24].

Molecular hydrogen (H,) as an ideal clean fuel has received much more
attention in the past few decades. Nowadays, H, is predominantly produced from

fossil fuels by thermal methods such as steam methane reforming [25]. However, the
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process is complicated requiring several catalytic steps. Therefore, hydrogen
generation via the conversion of organic pollutants in wastewater, resulting mainly
from industries, into H, and valuable fuels with employing sunlight is a promising
alternative to produce clean hydrogen using solar energy. Hence, simultaneous H,
evolution and degradation of organic contaminants are achieved in one reaction
system supplying a clean environment and long-term solutions designed to meet the
global energy demand.

Photocatalytic water treatment and H, generation require photogeneration of
electron/hole pairs. Nevertheless, in photocatalytic water treatment, the valence band
holes (hyg) are the key elements that induce the decomposition of pollutants. In
photocatalytic H, generation, the conduction band electrons (ecg) play an important
role in reducing protons to hydrogen molecules. Hence, the CB level of the
semiconductor used must be more negative than the H, production level E(H*/H,).
However, when molecular oxygen or other electron acceptors of suitable potential are
available in the solution, the photo-generated electrons are transferred to the electron
acceptors and subsequently initiate redox reactions. Thus, protons will not be reduced.
These factors suggest that the conditions of photocatalytic water decontamination are
not applied to photocatalytic H, production as shown in Figure 1.1. The oxidation and
reduction reactions are the basic mechanisms of photocatalytic water purification and

photocatalytic hydrogen production, respectively.
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Photocatalysis

Water Treatment hv Fuel Synthesis

Organic
pollutant f~— Organic compound

H,O +CO, Oxidation product +H*

Photocatalyst
1

Figure 1-1. Schematic illustration comparing the photocatalytic reactions of water treatment and fuel

— AG’<0 (photocatalytic)
— Presence of O, required

— AG™>0 (photosynthetic)
— Absence of O, required

synthesis.

In photocatalytic water splitting for H, formation, the electronic structure of a
semiconductor plays a key role in semiconductor photocatalysis. Upon illumination
by photons with energy equal to or greater than the band gap energy of the
semiconductor photocatalyst, electrons and holes are generated in the CB and VB of
the semiconductor, respectively. These photo-generated charge carriers can either
recombine readily in the bulk or on the semiconductor surface releasing energy in the
form of heat, or they can migrate to the surface without recombination. The electrons
and holes that migrate to the semiconductor surface reduce and oxidize water
molecules to produce H, and 0,, respectively. However, for the H, production to
proceed, the CB potential of the semiconductor photocatalyst have to be more negative
than the potential of H, generation (H*/H,; 0.0 V vs NHE at pH 0) while the potential
of the VB must be more positive than the oxidation potential of water (0,/ H,0;1.23 V
vs NHE at pH 0) [26]. Additionally, the backward reaction of hydrogen and oxygen
recombination into water rapidly proceeds and ought to be inhibited, and the
semiconductor photocatalyst itself has to be stable in the reaction, because even if the
photogenerated electrons and holes have sufficient potential to split water, they may

not do that if the semiconductor photocatalyst surface lacks from active sites.



Chapter 1. Background

To deal with the abovementioned difficulties, continuous efforts have been
made for the promotion of photocatalytic hydrogen generation in the presence of
organic pollutants which were found to prohibit the backward reaction. Methanol
(CH30H) as an organic pollutant present in wastewater was found to be the most
widely studied to yield photocatalytic H, evolution [27-39]. The deposition of a co-
catalyst on the surface of the photocatalyst has been also reported to yield active sites

for the photocatalytic H, production [27, 40-42].

1.4. Titanium Dioxide as a Photocatalyst

TiO, exists mainly in three different crystalline forms (Figure 1-2): tetragonal
anatase, tetragonal rutile, and orthorhombic brookite [43]. Rutile is known to be
thermodynamically the most stable form, while anatase and brookite are metastable
and are consequently transformed to the rutile phase upon calcination at temperatures

above ~ 600 °C [44].

-
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Anatase Rutile Brookite
Figure 1-2. Crystal structures of TiO, polymorphs: anatase, rutile, and brookite forms (reprinted with

permission from ref. [45]).

Photocatalysis over TiO, is initiated by the absorption of a photon with energy
equivalent or superior to its band gap energy (ca. 3.2 eV for anatase). Thus electron-
hole pairs (e”/h") are produced and electrons are transferred from the VB to the empty
CB of the semiconductor particle forming an electron vacancy in the valence band
described as a valence band hole (hy) which acts as a strong oxidant with a redox
potential of 2.7 V vs. NHE [46] (Equation 1-1). The conduction band electron (ecg) can

recombine directly with the hyy releasing the absorbed light energy as heat in the



Chapter 1. Background

system without any chemical reaction (Equation 1-2). On the other hand, the ecg and
the CB trapped electrons (Ti**centers) react with surface absorbed species such as 0,
initiating a reduction reaction on the surface of the semiconductor yielding the
superoxide radical anion 03~ (—0.33 V vs. NHE) since the redox potential of the ecp in
Ti0, is negative enough (-0.52 V vs. NHE) [20] (Equation 1-3). 05~ combines with H*
to form hydrogen peroxide H,0, (0.89 V vs. NHE) (Equations 1-4 and 1-5).
Consequently, H,0, reacts with the ecg generating *‘OH (0.38 V vs. NHE) [47]
(Equation 1-6), which further converts the organic pollutant to mineralized products
(Equation 1-7). These reactions prevent the ecy from recombining with the hyg
resulting in an accumulation of *OH that participate in the degradation of the organic
pollutants present in the solution. In fact, the charges can react directly with adsorbed
contaminants, but reactions with water are predominant since water molecules are
more abundant at the semiconductor surface than pollutant molecules [48].
Consequently, the charge transfer from either the adsorbed water molecule (H,0) or
from hydroxide ion (OH™) to hiz describes an oxidation process forming *OH as a
powerful oxidant; (H,0/°0H; 2.8 V vs. NHE) (Equation 1-8) and (OH™/*OH; 1.89 V vs.
NHE) (Equation 1-9) as summarized in the following chemical equations [17, 21] and

described in Figure 1-3.

To, ———— e + hip (1-1)
ecg + hjg ————  heat (1-2)
ecg t 0 — 03 (1-3)
05 + HY¥  —— HO; (1-4)
05~ + HO; + H,O0 — 0, + H,0, + OH™ (1-5)
H,0, + ey ——— °*OH+ OH- (1-6)
*OH + organic pollutant ————— mineralized products (1-7)
h{g + H,LO ——— *OH + H* (1-8)
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Figure 1-3. Schematic illustration of the charge transfer across the TiO, interface.

Compared to other semiconductor photocatalysts, TiO, remains one of the most
promising materials for photocatalytic water treatment as it is non-corrosive, highly
photostable, cost-effective, abundant, chemically inert, and has a high oxidation
efficiency [19]. However, TiO, can be activated only under UV light due to its
relatively wide band gap, which is equal to 3.2, 3.0, and 3.4 eV for anatase, rutile, and
brookite phases, respectively [49, 50, 51]. UV photons constitute only about 5 % of the
solar flux incident at the earth’s surface which is of little practical use. They are
expensive to produce when using UV lamps. In the case of using solar light irradiation,
a huge light-harvesting area is required which is additionally expensive. Besides, the
photocatalytic activity is limited by the recombination of the charge carrier since over
90 % of the charge carrier in TiO, recombine in the first nanoseconds and are not
accessible for the photocatalytic reaction [52]. Furthermore, for the proton reduction
reaction as shown in Figure 1-3, the potential of the TiO, CB is known to be only about
equal or slightly above the potential of the redox couple H*/H,, which presents another
disadvantage responsible for the low energy conversion efficiency of TiO, [53, 54].

These major drawbacks limit the TiO, application for a large scale.

10
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1.5. Improving the Activity of TiO,

Recently, the design of new TiO, photocatalysts that can absorb visible light has
been widely studied. Coupling TiO, with a wide or narrow band gap semiconductor
[55, 56], doping it with metal ion/nonmetal ion [57, 58], using noble metal deposition
on the surface [59], or with dye-sensitized TiO, [60] with modifying the electronic band
structure result in higher photocatalytic reaction rates. The main goals of TiO,
modification are: (i) to increase its specific surface area which results in more
adsorption of organic compounds on the surface, (ii) to reduce its band gap so that it
allows for more solar light absorption, and (iii) to minimize the electron-hole

recombination.

1.5.1. Co-catalyst Deposition on TiO,

The fast recombination of the photogenerated charge carriers in a photocatalytic
reaction is one of the major limitations in the photocatalytic H, generation. The role of
a co-catalyst is to act as an electron sink and to host active sites for photocatalytic H,
generation improving the photocatalytic activity. Noble metals including Pt, Au, Pd,
Rh, Ni, Cu, and Ag, have been reported to be highly effective for the improvement of
TiO, photocatalysis [27, 61-68]. Among these, Pt is well known as the best co-catalyst
for the reduction of protons to generate H, [28, 69-74]. In addition, noble metal
particles that absorb visible light via surface plasmon resonance (SPR) by the resonant
oscillation of their conduction band electrons under visible light illumination can also
accelerate the transfer of photogenerated electrons from plasmonic metal (e.g., Au, Ag)
to the conduction band of TiO, and thus the photogenerated charge carriers are
efficiently separated [75].

When a noble metal is loaded on a semiconductor surface, two types of
metal/semiconductor contact can be formed (the Shottky barrier contact and the ohmic
contact) depending only on the work function of the metal and the electron affinity of
the semiconductor. An ideal ohmic contact is created if the barrier formed by the
metal/semiconductor junction is zero, thus the electrons can easily flow in both

directions between the metal and the semiconductor. For a metal/n-type
11
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semiconductor heterojunction, an ohmic contact is created when the work function of
the metal (®,) is smaller than that of the semiconductor (®s), whereas a Schottky
barrier contact is formed when @, is larger than @ [76]. This Schottky barrier hinders
the undesirable back oxidation of hydrogen [77-79]. Under these conditions, Pt
nanoparticles (NPs) reveal more efficient electron-acceptor properties due to their high
work function (®p; = 5.65 eV, @y, =5.1, Ppg = 5.12 eV, Dgy, = 4.98 eV, ® o= 4.26) [80].
Indeed, noble metals have usually lower Fermi level (E¢) positions than the CB energy
of the semiconductor material (i.e; TiO,). Thus, photo-promoted electrons migrate
from the TiO, CB situated at more negative values to the relatively more positive CB
of Pt. The two Fermi levels (E¢) are then equal, and the metal surface gets saturated
with electrons whereas the ecg of the TiO, decreased. Due to the electron's excess at
the Pt/TiO, interface, the bands of TiO, bend upwards toward the surface establishing
a Schottky barrier with a barrier height that equals the energy difference between the
work function of Pt and the electron affinity of TiO, as shown in Figure 1-4 [81, 82].
Under illumination, the photogenerated ecg continuously transfer across the Pt/TiO,
interface to Pt, and the photogenerated hyg remains at the surface of TiO,. Finally, the
recombination of the electron-hole pairs is effectively suppressed, and the carrier

transfer is enhanced leading to improved photocatalytic activity [64].

X

CB Schottky barrier

VB

Figure 1-4. Formation of a Schottky barrier at the metal/semiconductor interface in the equilibrium.
Er = Fermi level of Pt, @, is the Pt work function and X is the electron affinity of TiO,. Reproduced with

permission from ref. [75].
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Previous investigations have examined the influence of noble metals loading on
TiO, for the degradation of wastewater pollutants and H, production. In water
treatment application, Sakthivel et al. [62] investigated the photo-oxidation of acid
green 16 in aqueous solution using Pt, Au, and Pd-deposited on TiO,. The highest
photonic efficiency was observed with metal deposition of less than 1 wt%. Loadings
of Pt and Au were more efficient than the loading of Pd due to their suitable electron
affinity and work function. Mogyorsi et al. have compared the photocatalytic activity
of Pt, Au, and Ag deposited on TiO, for the photocatalytic H, generation using
different electron donors. The order of the photocatalytic activity was found to
decrease in the following order Pt/TiO, > Au/TiO,> Ag/TiO, > P25 [68]. In an earlier
study, Eastman et al. have also studied the effect of Pt, Au, and Ag loaded on the TiO,
surface. Pt was the most active co-catalyst followed by Au then Ag because of its higher
work function (i.e; @p; =5.65 eV, @5, =5.10 eV, and @, = 4.00 eV) [67]. Bamwenda et
al. have compared the photocatalytic H2 evolution from aqueous ethanol upon Pt-
loaded TiO, and Au-loaded TiO,. Pt was found to be the best cocatalyst with optimum
loading amounts of 0.3 - 1 wt% and the activity was found to decrease with a higher
loading amount of the co-catalyst. This was explained by the fact that the metal
particles might block the photo-absorption by TiO, decreasing the photogeneration of
electron-holes pairs, or that the loaded metal particles may act as recombination
centers. Furthermore, they have investigated the effect of the deposition methods on
the activity using different metal particle deposition methods including deposition-
precipitation, impregnation, and photodeposition. Au / TiO, synthesized by
photodeposition was found to be the most active, while Pt/TiO, was less sensitive to
the synthesis methods [63].

Since Pt is an expensive noble metal, low-cost metals suitable to improve the
photocatalytic activity of a semiconductor are of great use. For instance, Wu and Lee
deposited Cu particles on the surface of TiO, using methanol as a hole scavenger. They
observed that the activity shows up to 10-fold enhancement at the optimum loading

of about 1.2 wt% Cu [27]. Montoya and Gillan demonstrated an in-situ metal surface
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deposition on TiO, NPs using 3d transition metals (Co, Ni, Cu) to improve
photocatalytic H, evolution. The results have shown significant improvement (~ 5
times — 15 times) for UV photocatalytic H, generation in comparison with TiO, [30].
Other low-cost metals, such as Ag were also found to be efficient for the improvement
of the photocatalytic hydrogen evolution activity enhancing the efficiency of the
TiO, by a factor of 5 for the photooxidation of oxalic acid [83], and 3.3 times as that of
pure TiO, [84]. In another study, Chen and co-workers have published a report
comparing expensive metal (Au) and low-cost metallic nickel (Ni) NPs loaded on TiO,
for the photocatalytic H, generation. They have found that the 0.5 wt.% Ni/TiO,
photocatalyst exhibited higher photocatalytic activity than the 2 wt.% Au/TiO, which
was associated with the high dispersion of Ni particles on the surface of TiO,, and
therefore can be efficiently used as a promising alternative to noble metal co-catalysts

e. g, Pt, Au, or Pd. [85].

1.5.2. Coupling TiO, with Other Semiconductor Photocatalysts

Coupling TiO, with another semiconductor that has a different band gap
energy is an effective approach to promote better charge carrier separation and to
improve the photostability of the materials [86-91]. According to the band positions of
the two coupled semiconductors and the charge carrier transfer, the created
heterostructure can be classified into three main types: straddling gap (type-I),
staggered gap (type-II), and Z-scheme heterojunction [92, 93], as shown in Figure 1-5.
Considering a type I heterojunction, the CB of semiconductor B is higher than the CB
of semiconductor A and the VB of semiconductor B is lower than the VB of
semiconductor A. Thus, the photoexcited electrons are transferred from the CB of the
semiconductor with higher band edge (B) to the CB of the semiconductor with lower
band edge (A), and the holes are transferred in the same direction. Therefore, charge
carriers are accumulated on semiconductor A, yielding no enhancement for charge
carrier separation, and subsequently no improvement in the photocatalytic activity. In
type II heterojunction, the mechanism of the charge separation of the heterostructure
photocatalysts is improved owing to the ideal band positions of the two

14
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semiconductors. Upon irradiation, photoexcited electrons are injected from the CB of
B to the CB of A. In turn, holes are transferred from VB of A to the VB of B increasing
the rate of charge carrier separation and reducing the recombination of the electron-
hole pairs [91]. Z-scheme heterojunction has the same band structure as type II
heterojunction but a different charge carrier transfer mechanism as illustrated in
Figure 1-5. In this type of heterojunction, electrons with lower reduction capacities of
semiconductor A recombine with the holes with lower oxidation abilities of
semiconductor B. Consequently, electrons with strong reduction potential in
semiconductor B and holes with elevated oxidation efficiency in semiconductor A are
maintained. Thus, not only an efficient separation of photogenerated carriers is

achieved, but also their strong photoredox properties are preserved [93].

type | type Il Z-scheme
Figure 1-5. Schematic energy band diagram of different types of semiconductor heterojunctions.

In coupled semiconductors, M,0,,/TiO, and M,S,/TiO, systems are the most
broadly studied in photocatalytic water treatment [54, 94]. When TiO, is coupled with
a wide band gap semiconductor such as Sn0,, Zn0O, and W03 (type II of semiconductor
heterojunction), the photocatalytic activity was proven to enhance under UV light
irradiation due to the improved charge separation [88, 95, 96]. For instance, in a study
conducted by Zhou et al., TiO,/Sn0, composite has shown enhanced activity for the
degradation of rhodamine B under UV irradiation [55]. Vinodgopal and Kamat have
also reported higher efficiency of photocatalytic degradation of acid orange 7 over
TiO,/Sn0O, composite under UV light [88]. A higher degradation rate of methyl orange
employing the TiO,/Zn0 system using UV irradiation has been demonstrated by Wang

and co-workers [97]. Besides coupling TiO, with a large band gap semiconductor, the
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formation of heterojunctions between TiO, and a small band gap semiconductor has
also been investigated [54]. When TiO, is coupled with a small band gap
semiconductor that has a more negative CB level, the CB electrons of the small band
gap semiconductor used as a sensitizer can be injected into the CB of TiO,. Hence,
charge carrier transfer from one particle to another is ensured and electron-holes
separation is achieved [86]. However, for the photocatalytic H, evolution reaction to
occur, the CB of the large band gap semiconductor (TiO;) should be more negative
than the E(H*/H;). In a study conducted by Jang and co-workers, CdS/TiO, nano-bulk
composite photocatalyst has shown a higher rate of H, production from aqueous H,S
solution under visible light [98]. Zyoud et al. have reported 75 % of phenazopyridine
degradation using CdS/TiO, under solar simulated light. Under visible light, CdS act as
a sensitizer and transfer electrons to the CB of Ti0,, and the formed hole in the VB of
CdS undertake the oxidation reactions [99]. Ag,0 / TiO, materials (type I of
semiconductor heterojunction) have been also reported for the degradation of
pharmaceuticals [100-103], the inactivation of some pathogens presents in water [104,
105], and photocatalytic hydrogen generation [106-108]. In most of the cases, the
outstanding photocatalytic activity of the Ag,0/ TiO, NPs was explained by the
electron trap effect exerted by Ag,0, along with the appearance of Ag(0) throughout
the photocatalytic degradation of organic pollutants, increasing the lifetime and the
mobility of the charge carriers by impeding the recombination of the hole-electron
pairs.

1.5.3. Doping of TiO,

An effective way of modifying the electronic, optical, and structural properties
of a semiconductor is doping. In silicon solar cells applied in photovoltaic, doping is
commonly used for improving the conductivity with increasing the free charges. This
can be through the donation of electrons for dopants that have a valency higher than
that of the native material (n-type doping), or holes for dopants that have a lower

valency (p-type doping) [109].
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In TiO, photocatalysis, one of the conventional approaches that have been
applied by numerous research groups to develop visible light-absorbing
semiconductors is doping TiO, either by cations; including transition metal ions (Cr,
Mn, Fe, Co, Ni, Cu, V, Zn) [57, 110-118], rare earth metal ions (Ce, Sc, Gd, Nd, Ho) [110,
119, 120], noble metal ions (Ru, Rh, Ir, Pt, Pd, Ag, Au) [110, 121, 122], post-transition
metal ions (Bi, Al, Ga, Sn, Pb, Ti) [110, 123, 124], or anions (N, C, F, S, P, 1) [110, 125]
extending the visible light response of TiO, and improving its photocatalytic activity
[57, 58, 86]. With cation doping, impurity levels create either a donor level above the
VB or an acceptor level below the CB in the forbidden band of the semiconductor
photocatalyst decreasing its band gap as depicted in Figure 1-6 [126]. Anions doping
can result in the formation of a localized mid-gap state above the top of the
semiconductor VB, resulting in narrowing the original band gap of the semiconductor

to be activated under vis-light (Figure 1-6) [75].

Energy (eV) vs. NHE
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Figure 1-6: Schematic representation of donor, acceptor energy level formation by metal cation doping,

and new valence band formation by non-metal ion doping.

In an early investigation, Choi et al. have performed a systematic study of metal
ion doping employing quantum sized TiO, and 21 metal ions in terms of CHCl;
oxidation and CCl, reduction. The dopants with closed-shell electronic configuration

such as Lit, Mg?*, Zn?*, Ga3*, AI**, Zr**, Sn**, Ta®*, and Sb®* have shown a slight
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effect on the photoactivity. However, Co** was found to lower the photocatalytic
activity, and Fe3* resulted in improved activity compared to bare TiO,. The relative
photocatalytic efficiency of a metal-ion dopant was found to depend on whether the
metal-ion serves as a mediator of interfacial charge transfer or acts as a recombination
center [127]. A study on 13 different metal ions doped TiO, employing a sol/gel process
was conducted by the same group later. They have concluded that it is difficult to
correlate between the physico-chemical properties such as light absorption and the
visible light photocatalytic activities of the studied metal-doped TiO, materials [57].
Karakitsou and Verykios have demonstrated that the concentration and the valence of
the doping cations such as Zn?*, Wé*, Nb%*, etc., affected the improvement or the
decrease of the photocatalytic activity [128]. Thereafter, a theoretical model that is
applicable for all metal-doped photocatalysts and which describes the correlation
between the photocatalytic activity, the doping ratio, and the particle size has been
developed by Bahnemann and co-workers. This model assumes that at the optimum
doping ratio two distinct criteria need to be satisfied. First, the doping ratio should not
be too high to avoid recombination centers, and the second is that each particle should
be doped. Moreover, it was shown that the stated controversy regarding transition
metal doping in photocatalysis can be resolved by this model [129]. In a study
conducted by Bloh et al., it has been reported that tungsten—nitrogen-codoped titania
featured both a reduced band gap and a positive shift of the conduction band edge.
However, nitrogen doping is found to be responsible for the majority of the observed
effects while tungsten contributes indirectly by stabilizing the nitrogen at higher
temperatures [130].

As mentioned at the beginning of this sub-chapter, studies have been conducted
on modified photocatalysts using cation [60, 131] and anion [132] doping for H,
evolution application. For instance, Peng et al. investigated the effect of Be** doped
TiO, on photocatalytic H, production in the presence of ethanol [133]. They have
revealed that when the doping ions were in the shallow surface, the doping was

beneficial, while in the deep bulk, the doping had a detrimental effect. At the optimum
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synthetic conditions, the photocatalytic H, evolution activity of the doped TiO,
improved by 75% compared to undoped TiO,. Umebayashi et al. reported S doped
TiO,. It was found that when TiO, was doped with S, the mixing of 3p states of S with
the VB of TiO, increased the width of the VB resulting in narrowing the band gap.
While the band gap narrowing was due to the VB upward shifting, the CB remained
unaffected. Hence, the S-doped TiO, was able to generate molecular hydrogen under
visible light [134]. In another study, Gao et al. have studied the effect of Mg doping on
the inter-band defect states of anatase TiO, under UV irradiation using Pt as a co-
catalyst and methanol as a sacrificial reagent. Using the transient infrared absorption
excitation energy scanning spectroscopy, they have revealed that the shallow defect
states are diminished, and the deep defect states are eliminated by 0.5 % of Mg doping
resulting in higher H, efficiency [135]. Moreover, upon combining metal and non-
metal dopants, it has been stated that the mobility, transfer, and consumption of
photogenerated charge carriers are significantly enhanced by the introduction of new
energy states, and therefore the hydrogen evolution efficiency was higher than the

sum of the efficiencies of each dopant alone [136].

1.6. Aim of the Thesis

1.6.1. Thesis Objectives

This thesis aims to develop different TiO, based photocatalysts with enhanced
photocatalytic activity under UV-visible light irradiation. Photocatalysis generally
involves three processes comprising (1) the photon absorption, (2) the transfer,
migration, and separation of the photogenerated electron/hole pairs, and (3) the
photocatalytic reaction on the surface of the photocatalyst. Accordingly, photocatalytic
activities can be improved at least by one of these features. In this doctoral research,
TiO, has been modified employing three different approaches, that are: forming a
heterojunction structure with a metal oxide (Ag,0), doping with a transition metal (Co),
and surface modification with a noble metal (Pt). To evaluate the photocatalytic

activity of the synthesized photocatalysts, organic pollutants, namely, methylene blue
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(MB), oxytetracycline hydrochloride (OTC HCl), and methanol (CH;0H) were chosen as

model compounds. Correspondingly, the photocatalytic degradation of these organic

pollutants, as well as the photocatalytic hydrogen generation under UV-visible light

irradiation, were investigated. Moreover, and to understand the key factors behind the

enhanced photocatalytic activities, mechanistic studies have been performed within

the frame of this work.

20

In detail, this doctoral research focuses on the following investigations:

To develop heterojunction photocatalysts by combining physical mixtures of
two different semiconducting metal oxides, namely TiO, (Degussa P25) and a
self-prepared Ag/Ag,0.

To synthesize in situ Ag/Ag,0 7/ TiO, composites by a simple precipitation
method employing TiO, and silver nitrate (AgNO3) to evaluate the effect of the
synthesis method on the photocatalytic activity.

To study the effect of the mass ratio of Ag/Ag,0 on the structural, optical,
morphological, and photocatalytic activity of the materials.

To evaluate the photocatalytic activity of the prepared Ag/Ag,0/ TiO, mixtures
and composites under UV-vis-light and only under visible light irradiation for
the methylene blue (MB) bleaching.

To study the photocatalytic hydrogen generation under UV-vis-light irradiation
using methanol as a sacrificial reagent. The stability and the recyclability of the
prepared Ag/Ag,0/ TiO, will also be studied.

To explain the mechanism behind the high activity of the prepared mixtures
and composites compared to the blank TiO,.

To synthesize Co-doped TiO, using two solvothermal synthetic methods,
namely, hydrothermal and reflux synthesis. Self-prepared TiO, and Evonik
Degussa Aeroxide P25 modified with the same methods will be used for

comparison purposes.
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- To investigate the photocatalytic activity of the Co-doped materials for the UV-
vis-light degradation of oxytetracycline hydrochloride (OTC HCl) as a model
compound of emerging concern.

- To prepare Pt loaded on the Co-doped TiO, photocatalysts using a simple
photodeposition method.

- To assess the rate of the photocatalytic hydrogen evolution from methanol
under UV-vis-light irradiation.

- Tounderstand and elucidate the mechanisms behind the UV-vis-light-induced

photocatalytic degradation of OTC HCl, and methanol photoreforming.

1.6.2. Thesis Overview

The topics of this Ph.D. thesis are divided into five chapters:

Chapter 1 is a general introduction to the topic of water treatment and fuel
synthesis using TiO, photocatalysis. In this chapter, the background of this scientific
research, and knowledge required to understand the chemistry behind TiO, and
modified TiO, photocatalysts are given.

Chapter 2 reports the synthesis of mixtures and composites of Ag/Ag,0/ TiO,
with different Ag/Ag,0 mass ratio ranging from 20% to 80%. Conflicting reports exist
in the literature while discussing the low stability of Ag,0 containing materials due to
the photo-induced reduction of Ag,0 and Ag(0) formation. In this study, it was found
that Ag/Ag,0 enhances the rate of light-induced bleaching of aqueous MB under both
UV-vis and vis illumination, in comparison to the bleaching in homogeneous solution.
In suspensions containing mixtures and composites of Ag/Ag,0 with TiO, (P25),
having varying mass ratios of Ag/Ag,0 (20%, 50%, and 80%), the reaction rate was
slightly increased. It is therefore suggested that the bleaching of methylene blue is
initiated by an interfacial electron transfer from the excited organic probe compound
to Ag,0 since TiO, layers covering the Ag,0 seem to inhibit this electron transfer.
Therefore, Ag,0 cannot transfer an electron either to dissolved molecular oxygen nor
to a proton for thermodynamic reasons. It is assumed that Ag* is reduced to Ag(0) in
the processes investigated here. Results of XRD and XPS measurements also support
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this assumption and indicate that Ag/Ag,0 is not stable under the experimental
conditions employed in this study. The often-reported stabilization of Ag,0 by
metallic silver was not observed. Hence, to address Ag/Ag,0 as a (photo)catalytically
active material does not seem appropriate. These findings were evaluated and
discussed in detail in an article entitled “ Ag/Ag,0 as a Co-Catalyst in TiO,
Photocatalysis: Effect of the Co-Catalyst/Photocatalyst Mass Ratio” by Soukaina Akel,
Ralf Dillert, Narmina O. Balayeva, Redouan Boughaled, Julian Koch, Mohammed El
Azzouzi, and Detleft W. Bahnemann, published in Catalysts, 2018, 8, 647; doi:
10.3390/catal8120647.

In Chapter 3, Co-doped TiO, was synthesized using two different solvothermal
techniques to assess the removal of the pharmaceutical oxytetracycline hydrochloride
(OTCHCl) upon UV-vis light irradiation. Although Co-doped TiO, NPs have been
extensively studied previously, there are conflicting results on the effects of cobalt ion
doping on the photocatalytic activity of TiO,. Also, the different synthesis methods
employed to synthesize cobalt doped TiO, along with the different types of substrates
utilized for photocatalytic degradation examinations create a varying set of data that
can often create doubts about the influence of cobalt doping on the photocatalytic
activity. Although OTC HCl is easily photolyzed under UV light irradiation, it was
reported to be not significantly degradable upon visible light irradiation. Herein, it
was observed that the initial reaction rate over Co-TiO, was higher compared with the
pure TiO,, and the commercially available P25. This enhanced photocatalytic activity
was attributed to the high surface area of the Co-doped materials along with the
impurity levels within the band gap, promoting the charge separation and improving
the charge transfer ability. Consequently, a mechanism including the processes of
charge transfer during the degradation of OTC HCI over Co-TiO, upon UV-visible light
was suggested in this Chapter (Chapter 3) which comprises the article entitled
“UV/Vis Light Induced Degradation of Oxytetracycline Hydrochloride Mediated by
Co-TiO, nanoparticles” by Soukaina Akel, Redouan Boughaled, Ralf Dillert, Mohamed
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El Azzouzi, and Detlef W. Bahnemann, published in Molecules, 2020, 25, 249; doi:
10.3390/molecules25020249.

In Chapter 4, continuous evaluation of the photocatalytic activity of Co-doped
TiO, towards hydrogen generation is explored. Here, the synthesis of Pt loaded on
cobalt doped TiO, was performed to compare the photocatalytic activity with the
doped materials. The obtained results showed that the reduction of protons over Co-
TiO, and bare TiO, materials is possible from the thermodynamic point of view.
However, the platinized Co-TiO, composites along with the platinized TiO, samples
have shown high photocatalytic hydrogen evolution from aqueous methanol
oxidation. Based on the experimental results found in this study, it has been concluded
that no significant impact of Co-doping on the photocatalytic H, formation of the bare
TiO, samples and the platinized materials is observed. Thus, a possible mechanism for
the continuous photocatalytic activity of Pt/Co-TiO, photocatalysts under simulated
solar light is proposed in this Chapter including the article entitled “Photocatalytic
Hydrogen Evolution Over Pt/Co-TiO, Photocatalysts” by Soukaina Akel, Ralf Dillert,
and Detlef W. Bahnemann, published in the Journal of Photocatalysis, 2021, 2, 35-48; doi:
10.2174/2665976x01999200718010443.

Altogether, in Chapter 5, a summarizing discussion and conclusions concerning

all the achieved experimental outcomes are given.

Methods Investigations —
o Ag/Ag,0/TiO,
Objectives —»  physical mixtures
Ag/Ag,0/TiO,
catalysts Ag/Ag,0/7/TiO,
— 4 .
Develop vis light In situ composites Chapter 2
active TiO, based
photocatalysts High Temperature

—+ synthesis of Co-TiO,

Chapter 1

Co-TiO, catalysts Reflux synthesis of
CO-TiOZ Chapter 3

— Photoplatinization of
Co-TiO,

Chapter 4

—_—

Chapter 5

Figure 1-7. The framework of this thesis.
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Chapter 2. Ag/Ag,0 as a Co-Catalyst in TiO, Photocatalysis:
Effect of the Co-Catalyst/Photocatalyst Mass Ratio

2.1. Foreword

Nanostructured oxides have been widely used in many industrial fields.
Amongst these oxides silver oxide, Ag,0 NPs, have drawn recently momentous
attention owing to their unique properties such as their excellent visible-light
absorption ability, innocuous nature, high abundance, and low cost. However, due to
its photosensitive nature and instability under light irradiation, Ag,0 is often
employed as the main photocatalytic material besides acting as a co-catalyst.
Nevertheless, Ag,0 as a co-catalyst has shown high potential to promote the reduction
reaction forming metallic silver Ag(0) on its surface. Accordingly, several reports have
suggested a self-stabilization of Ag,0 by the electron transfer from the excited Ag,0 to
Ag(0). Besides, the photoactivity of Ag,0 comprising materials has been found to
reduce after recycling. Thus, in this Chapter, the stability of Ag,0 was investigated
using X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
before and after the photocatalytic degradation of MB used as a probe compound,
along with the H, evolution using methanol as a sacrificial reagent.

This Chapter covers the article entitled “Ag/Ag,0 as a Co-Catalyst in TiO,
Photocatalysis: Effect of the Co-Catalyst/Photocatalyst Mass Ratio” by Soukaina Akel,
Ralf Dillert, Narmina O. Balayeva, Redouan Boughaled, Julian Koch, Mohammed El
Azzouzi, and Detleft W. Bahnemann, published in Catalysts, 2018, 8, 647; doi:
10.3390/catal8120647. Herein, pure Ag/Ag,0 was synthesized through a precipitation
method using AgNO3; and NaOH. Mixtures of Ag/Ag,0 / TiO,, and composites of
Ag/Ag,0/ TiO, were prepared with mixing solutions of TiO, (P25) and Ag/Ag,0 by
sonication, and using an in-situ precipitation method, respectively to evaluate the
effect of the synthetic method on the photocatalytic activity of the samples. The effect
of the mass ratio of Ag/Ag,0 in Ag/Ag,0/ TiO, mixtures (TM) and composites (TC) was

also studied by changing the calculated amount of AgNO; corresponding to 20%, 50%,
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and 80% of Ag/Ag,0. XRD and XPS investigations conducted on the fresh mechanically
and chemically prepared materials and of those taken after 2 runs of the bleaching of
MB revealed that the Ag(I) was reduced during the light-induced bleaching reaction of
MB in the presence of mixtures and composites yielding Ag(0). A self-stabilization of
Ag,0 by metallic silver, as claimed by some authors, was not observed in this study.
The as-prepared mixtures and composites showed enhanced visible light activity for
MB bleaching, compared to bare TiO,, and high photocatalytic H, generation from
methanol oxidation under artificial solar light illumination. However, the MB
bleaching rate was lower over the composites and mixtures than that calculated for
pure Ag/Ag,0. This was due to the electron transfer inhibition from the excited MB to
Ag/Ag,0 caused by TiO, layers. Flatband potential measurements confirm that Ag,0
was not able to transfer an electron neither to dissolved O, nor to H*. Thus, Ag* is

reduced to Ag(0) in the current investigation.

2.2. Abstract

Mixtures and composites of Ag/Ag,0 and TiO, (P25) with varying mass ratios
of Ag/Ag,0 were prepared, employing two methods. Mechanical mixtures (TM) were
obtained by the sonication of a suspension containing TiO, and Ag/Ag,0. Composites
(TC) were prepared by a precipitation method employing TiO, and AgNO3z. XRD and
XPS confirmed the presence of Ag(0) and Ag,0. The activity of the materials was
determined by employing MB as the probe compound. Bleaching of MB was observed
in the presence of all materials. The bleaching rate was found to increase with
increasing amounts of Ti0, under UV-vis-light. In contrast, the MB bleaching rate
decreased with increasing TiO, content upon visible light illumination. XRD and XPS
data indicate that Ag,0 acts as an electron acceptor in the light-induced reaction of MB
and is transformed by the reduction of Ag*, yielding Ag(0). As a second light-induced
reaction, the evolution of molecular hydrogen from aqueous methanol was
investigated. Significant H, evolution rates were only determined in the presence of

materials containing more than 50 mass% of TiO,. The experimental results suggest
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that Ag/Ag,0 is not stable under the experimental conditions. Therefore, to address

Ag/Ag,0 as a (photo)catalytically active material does not seem appropriate.

Keywords: photocatalysis; silver (II) oxide; titanium dioxide; mechanical mixture; in

situ deposition; hydrogen evolution.

2.3. Introduction

Environmental problems related to water and air contamination, due to the
increasing world population and the resulting tremendous growth of industry and
fuel combustion, have become a major concern of advanced science. In order to deal
with this important problem, photocatalytic processes with employment of
semiconductors are the most conventional approaches for water and air purification,
along with alternative energy storage (e.g., H,) [1-4].

To date, different semiconductor NPs such as TiO,, ZnO, Fe,05, niobates,
tantalates, and metal sulfides, and their underlying working mechanisms, have been
investigated with the aim of increasing their photocatalytic activity. It is well known
that, besides the ability to decontaminate polluted air and water, a photocatalyst
should meet certain requirements such as cost efficiency, stability, non-toxicity, and
broad range response towards incident light. TiO, is reported as the most durable
photocatalyst, responding to all the above-mentioned requirements apart from broad
range response to incident solar light due to its wide bandgap energy, (3.2 eV for
anatase, 3.0 eV for rutile) which accounts for no more than 5% of the entire solar
spectrum [1]. This lack of photocatalytic activity under visible light illumination allows
the use of TiO, as a UV blocker in sunscreens [5]. The tremendous interest in
modification of titanium dioxide with different metals and oxides, to enable
absorption of lower energy states and increase stability, has been rising over the last
20 years. Nonetheless, the range of visible-light photocatalysts is still restricted. Thus,
it is essential to discover new and efficient photocatalytic materials that are sensitive

to visible light.
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Ag,0 NPs have been broadly utilized in various manufacturing areas as
stabilizers, cleaning agents, electrode supplies, dyes, antioxidants, and catalysts for
alkane activation and olefin [6, 7]. Several papers have been published reporting the
photocatalytic activity of Ag,0 , Ag / Ag,0 , Ag,0 /semiconductors, and
Ag/Ag,0/semiconductor composites, and some reviews are available [8-33]. Ag,0 is
reported to be a visible light active photocatalyst. However, due to its photosensitive
and labile properties under incident light illumination, Ag,0 is infrequently employed
alone as a main photocatalyst rather than as a co-catalyst [8].

Wang et al. investigated the photocatalytic performance of Ag,0 on the
photocatalytic decolorization of methyl orange, thodamine B, and phenol solution
under fluorescent light irradiation, and concluded that the stability and high
photocatalytic activity of Ag,0 are maintained by the partial formation of metallic Ag
on its surface during the photodecomposition of organic compounds [9]. Jiang et al.
also reported the decomposition of methyl orange under visible light, ultraviolet light,
near-infrared (NIR) light, and sunlight irradiation, using silver oxide nanoparticle
aggregation. The superb photo-oxidation performance of Ag,0 is kept almost constant
after repeated exposure to light due to its narrow band gap, high surface area, and
numerous crystal boundaries supplied by Ag,0 quantum dots [13]. Several authors
have claimed that an Ag/Ag,0 structure exhibits ‘self-stability” [9, 10] during a
photocatalytic run, due to rapid electron transfer from the excited Ag,0 to Ag(0) [12,
20].

Visible light active nanocomposites of Ag/Ag,0/TiO, have been synthesized
using different methods, such as a microwave-assisted method [28], a low-
temperature hydrothermal method [32], a one-step solution reduction process in the
presence of potassium borohydride [22], a simple pH-mediated precipitation [23], and
a sol-gel method [27]. Moreover, Su et al. developed a novel multilayer photocatalytic
membrane, consisting of an Ag,0/TiO, layer stacked on a chitosan sub-layer
immobilized onto a polypropylene [31]. Light-induced hydrogen production via

photoreforming of aqueous glycerol has been scrutinized, employing Ag,0/TiO,
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catalysts prepared by a sol-gel method with varying content of Ag,0 (0.72 - 6.75 wt %)
[30]. Hao et al. have reported that TiO, /Ag,0 nanowire arrays forming a p-n
heterojunction are applicable for enhanced photo-electrochemical water splitting [33].
Hu et al. reported the photocatalytic degradation of tetracycline under UV, visible,
NIR, and simulated solar light irradiation with the Z-scheme between visible/NIR light
activated Ag,0 and UV light activated TiO,, using reduced graphene oxide as the
electron mediator. They also investigated the stability of Ag,0, Ag,0/TiO,, and
Ag,0/TiO, in combination with reduced graphene oxide as an electron mediator. A
large amount of Ag(0) was formed into Ag,0 and Ag,0/TiO, after four cycles of
tetracycline photodegradation under UV, visible, and NIR illumination [23]. Ren et al.
also observed the light-induced reduction of Ag,0 during dye degradation in
Ag,0/TiO, suspensions. The authors suggested that the formation of Ag(0) contributed
to the high stability of their photocatalyst [29]. The stabilization of Ag,0/TiO,
photocatalysts by Ag(0) formed at an initial stage of an experimental run has already
been proposed earlier [11]. The photocatalytic stability of Ag-bridged Ag,0 nanowire
networks/ TiO, nanotubes, which were fabricated by a simple electrochemical method,
revealed only an insignificant loss in performance, with respect to photocatalytic
degradation of the dye acid orange 7, under simulated solar light [15]. On the other
hand, Kaur et al. reported a decrease in the degradation efficiency from 81% to 54%,
after the third experimental run employing Ag,0/TiO, as the photocatalyst and the
drug levofloxacin as the probe compound [24]. Very recently, Mandari et al.
synthesized plasmonic Ag,0/TiO, photocatalysts, which could absorb visible light by
the resonant oscillation of the conduction band electrons under visible light
illumination. With this method, they were able to improve the efficiency of TiO, as a
photocatalyst for hydrogen production by H,O0 splitting under natural solar light. The
authors observed the formation of Ag(0) by light-induced reduction of Ag,0 [26].
Light-induced reduction of Ag(I) to Ag(0) has also been reported for an Ag(0)/ Ag(I) co-
doped TiO, photocatalyst [34].
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The preceding discussion of published experimental results provoked doubt on
the stability of Ag,0-containing photocatalysts under UV-vis illumination. Therefore,
visible light-harvesting Ag/Ag.O / TiO, photocatalysts for water treatment and
photocatalytic hydrogen generation were synthesized. To the best of our knowledge,
physical Ag/Ag,0 /7 TiO, mixtures synthesized by the sonication of a suspension
containing TiO, (P25) and a self-prepared Ag/Ag,0 were investigated for the first time.
Ag/Ag,0 / TiO, composites, prepared in situ by a simple precipitation method
employing TiO, and AgNO;, were also prepared, in order to evaluate the effect of the
synthesis method on the photocatalytic activity. Additionally, the effect of the mass
ratio of Ag/Ag,0 was studied. The as-prepared mixtures and composites showed
improved visible light activity for MB bleaching, compared to blank TiO,, and high
photocatalytic H, production from a methanol-water mixture under artificial solar

light illumination.

2.4. Results

2.4.1. Characterization of the Prepared Materials

The XRD patterns of Ag/Ag,0, physical mixtures of Ag/Ag,0 / TiO, with
increasing amounts of TiO, (20 mass% (TM 41), 50% (TM 11), and 80% (TM 14)), and
in situ prepared Ag/Ag,0/TiO, composites (20 mass% TiO: (TC 41), 50% (TC 11), and
80% (TC 14)) are shown in Figure 2-1. The XRD peaks for Ag/Ag,0 at 26.7°, 32.8°, 38.1°,
54.9°, 65.4°, and 68.8° perfectly correlate to the (110), (111), (200), (220), (311), and (222)
crystal planes of cubic Ag,0 (JCPDS 41-1104). The three peaks at 44.3°, 64.7°, and 77.5°
are indexed to the (200), (200), and (311) crystal planes of cubic Ag(0), respectively
(JCPDS 04-0783) [35, 36].

The TiO, containing mixtures (TM) and composites (TC) exhibit diffraction
peaks at 25°, 38°, 48°, 54°, 55°, 63°, 69°, 71°, 75°, and 83°, which are attributed to the
tetragonal phase of anatase TiO,, whereas one peak at 27.8° corresponds to the
tetragonal phase of rutile TiO,. Figure 2-1 (a) presents the patterns of the TM mixtures,
where two phases of titania were present. The two strongest peaks of Ag,0 become

more prominent, with the Ag,0 mass ratio increasing from TM 14 to TM 41. The small

43



Chapter 2. Ag/Ag20 as a Co-Catalyst in TiO2 Photocatalysis: Effect of the Co-Catalyst/Photocatalyst Mass Ratio

diffraction peaks situated at 44.4°, 64.2°, and 77.5° are indexed to the (200), (200), and
(311) plane of metallic Ag(0) (JCPDS 04-0783) [20]. The strongest peak of Ag(111) might
likely be masked by the TiO, peak at 20 = 38°. The diffraction peaks in the TM mixture
patterns correspond to the cubic structure of Ag,0 and the cubic structure of Ag [35,
36]. Figure 2-1 (b) illustrates the XRD patterns of the TC composites. As the figure
shows, no significant difference between the two preparations methods was observed,
except that in TiO,-rich composites TC 11 and TC 14 no Ag,0 diffraction peaks were
observed, suggesting a complete reduction of Ag,0 to metallic silver Ag(0) during the
preparation of these composites. The XRD pattern of TiO, is presented for comparison.
The diffractogram clearly indicates the presence of two TiO, phases with the

predominance of the anatase phase (JCPDS 21-1272).
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Figure 2-1. XRD patterns of (a) TiO, containing mixtures (TM), and (b) TiO, containing composites

(TC). The diffractograms of Ag/Ag,0 and TiO, are included in both figures.

In order to investigate the oxidation states of the silver species present on the
materials, XPS analysis was performed and the results are shown in Figure S2-3. The
deconvolution of the high-resolution spectra for Ag 3d reveals that silver was present
in more than one oxidation state in all samples. The binding energies of Ag 3d at 367.5
and 373.5 eV are assigned to the Ag 3ds,, and Ag 3ds,, photoelectrons respectively,

indicating the presence of silver in the +1 oxidation state. The other two peaks of Ag
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3ds/, and Ag 3ds,,, at 368.3 and 374.3 eV respectively, confirm the existence of silver
in the Ag(0) state. These binding energies are in good agreement with the values
reported for Ag(I) in Ag,0 and Ag(0) [16, 37, 38]. The peaks for O 1s, located in the
ranges of 528.9-530.1 eV and 530.5-531.2 eV, are ascribed to 0?~ in Ag,0 and and TiO,
respectively (Figure 52-3). From the Ti 2p core-level spectrum, two peaks at about
464.3 and 458.7 eV can be assigned to the Ti2p,,, and Ti 2p3,, spin-orbital components
respectively, which correspond to the characteristic peaks of Ti**.

The scanning electron microscopy (SEM) images of blank TiO,, Ag/Ag,0, TM
mixtures, and TC composites are presented in Figure 2-2. Ag/Ag,0 showed well-
defined particles with particle sizes ranging from 100 nm to 500 nm (Figure 2-2 a). The
small particles that contrast as white spots correspond to the metallic silver Ag(0)
distributed on the surface of silver oxide, which is in agreement with the XRD results.
The energy dispersive X-ray analysis (EDX) reveals that the sample contained Ag and
0 without any other impurities (Figure S2-1).

Figure 2-2 (b-d) shows SEM images of the physical mixtures of Ag/Ag,0 with
TiO,. It becomes obvious from these images that Ag/Ag,0 changed its shape during the
preparation of the mixtures by sonification of aqueous suspensions of the oxides. The
increasing loading of the Ag,0 platelets with TiO, is also clearly recognizable in these
figures. In the Ag/Ag,0/ TiO, mixture with the highest mass fraction of TiO, (TM 14),
the appearance was apparently determined by the titanium dioxide distributed over
the underlying surface of the Ag,0 platelets (Figure 2-2 (d)). This was also reflected in
the specific surface area (SSA) of the materials. The TiO, (P25) used in this work is
known to have an average diameter and specific surface area of 21 nm and about 50
m?g~1., respectively [39]. The SSA of the Ag/Ag,0 synthesized in this work was
determined to be 2.7 m?g~1. As expected, the SSA of the Ag/Ag,0/ TiO, mixtures was
found to increase with increasing TiO, content (Table 2-1), resulting in a SSA of 38.5

m?2g~1 for TM 14.
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Figure 2-2. SEM pictures of (a) Ag/Ag,0, (b) TM 41, (c) TM 11, (d) TM 14, (e) TiO, (P25), (f) TC 41, (g)
TC 11, and (h) TC 14.
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SEM images of the TC composites are presented in Figure 2 (f-h). The image of
the TiO,-poor composite TC 41 clearly shows the large Ag/Ag,0 particles covered with
TiO, (Figure 2-2 (f)). The SSA of this composite was determined to be 8.4 m?*g~!, thus
being equal within the limits of the experimental error to the surface area of the
corresponding physical mixture TC 41 (SSA =9.7 m?g~!). The images of the composites
richer in TiO, (TC 11 and TC 14) seemed to be dominated by aggregates or
agglomerates of small TiO, particles.

The optical properties of TiO, and the as-prepared Ag-containing mixtures and
composites were investigated by UV-vis diffuse reflectance spectroscopy (UV-vis
DRS) (Figure 2-3). Ag/Ag,0, as well as the TM, and TC materials, had a dark brown to
black color. They displayed strong absorption over the whole UV and visible range
(200 nm - 800 nm). TiO, showed only the absorption band below 405 nm, which
matches the band gap energy of 3.06 eV calculated from the formula A = 1239.8/E, due

to the charge transfer from O (VB) to Ti (CB).
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Figure 2-3. UV-vis diffuse reflectance spectra of (a) TiO,, Ag/Ag,0, TM mixtures, and (b) TC

composites.

Ag/Ag,0 exhibited a band gap energy < 1.5 eV, which is in agreement with the
reported value of 1.3 + 0.3 eV [40]. The scattering of the reported values might be due
to different particle diameters, as shown for TiO, [41]. Electrochemical measurements

in suspensions yielded flatband potentials of -0.4 V and +0.3 V vs. NHE for TiO, and
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Ag,0, respectively. The value measured here for the flatband potential of Ag,0 is also

in reasonably good agreement with published values [42, 43].

2.4.2. Photocatalytic performance of the Materials

The photocatalytic activity of all materials described above was investigated,
employing MB as the probe compound. The materials in aqueous suspensions were
excited by the full output of a xenon lamp (UV-vis illumination), and by Xe light after
passing a UV cut-off filter (2410 nm, vis illumination). Figure 2-4 illustrates the
bleaching of an aqueous solution of MB and the MB -containing suspensions.
Photolysis of MB (initiated by the direct excitation of the probe compound) was
observed under both UV-vis and vis-light illumination. The bleaching of MB was
significantly accelerated by the presence of Ag/Ag,0. Under UV-vis illumination,
Ag/Ag,0 was found to be nearly as active as TiO, (P25), which is well known to be a
very efficient photocatalyst suitable to degrade MB [44] (Figure 2-4 (a)). In the presence
of Ag/Ag,0, MB was bleached very rapidly even when exposed to visible light. As
expected, TiO,, having a band gap energy of 3.1 eV, was found to be inactive under vis
illumination (Figure 2-4 (c)).

In the presence of mixtures of Ag/Ag,0 with TiO,, MB was bleached under UV-
vis illumination only in the presence of the TiO,-rich TM 14, with a significantly
increased rate compared to the rate of MB photolysis. In suspensions containing TM
41 and TM 11, the rate of bleaching was almost the same as the rate of photolysis
(Figure 2-4 a). Exposure to visible light in the presence of the Ag/Ag,0-rich TM 41
resulted in bleaching of MB with a slightly increased rate. In contrast, the TiO,-rich
mixtures TM 11 and TM 14 were virtually inactive under this illumination condition

(Figure 2-4 (c)).
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Figure 2-4. Bleaching of MB in the presence of Ag/Ag,0, TiO,, the TM mixtures and the TC

composites under UV-vis (a,b) and under vis light only (c,d).

In the presence of the composites TC, MB was bleached with significantly faster
reaction rates than the rate of photolysis when exposed to UV-vis and visible light. The
rates were, however, lower than the rate of bleaching in the presence of the bare TiO,
(Figure 2-4 (b, d)). Interestingly, while increasing the amount of TiO, in the TC
composites, the visible light activity of the materials seemed to decrease, thus
confirming the essential influence of Ag/Ag,0 on MB bleaching under illumination
with wavelengths > 410 nm.

As a second test reaction for the activity of the materials, the UV-vis-light
induced evolution of molecular hydrogen by reforming of aqueous methanol was

used. Figure 2-5 shows the amount of H; vs. illumination time in the presence of TiO,,
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Ag/Ag,0, and the prepared mixtures and composites. No H, evolution was observed
in the presence of Ag/Ag,0 and the Ag/Ag,0-rich TM 41. In the presence of all other
materials, the evolution of H, was detected. However, large amounts of H, were only

evolved with the materials TM 14 (104 umol/6 h) and TC 11 (174 umol/6 h).
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Figure 2-5. The amount of H; evolved from aqueous CH;OH under UV-vis illumination of Ag/Ag,0,

TiO,, (a) TM mixtures, and (b) TC composites vs. illumination time.

Many authors have reported that the kinetic behavior of photocatalytic
reactions can be described by a Langmuir-Hinshelwood rate law, with the two
limiting cases of zero-order and first-order kinetics [45, 46]. To calculate the initial rates
ro of the bleaching of methylene blue, first-order kinetics have been assumed (ro=k Cy).
To determine the rate constant k, the data given in Figure 2-4 have therefore been fitted

with C = Cy exp(-kt). The initial rates are given in Table 2-1.
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Table 2-1. Brunauer-Emmet-Teller (BET) surface area, initial rates of methylene blue ( MB)

bleaching, and H, generation in the presence of Ag/Ag,0, TiO,, the TM mixtures, and the TC

composites.
SSA ro (MB) ro (MB) r (Hy)
Sample Preparation Method Composition UV-vis vis UV-vis
m?g~! mgL lmin~! mg L 'min! pmol h~1
Photolysis - - - 0.08 0.05 -
Ag/Ag,0 in situ Ag/Ag,0 2.7 2.64 1.17 -
™™ 41 mechanical mixture Ag/Ag,0/TiO, (20% Ti0,) 9.7 0.12 0.17 -
™ 11 mechanical mixture Ag/Ag,0/TiO, (50% Ti0,) 22.6 0.09 0.03 9
™ 14 mechanical mixture Ag/Ag,0/TiO, (80% Ti0,) 38.5 0.55 0.03 17
TiO, - TiO, 50 3.08 0.03 5
TC 41 in situ Ag/Ag,0/TiO, (20% Ti0,) 8.4 0.81 0.61 3
TC 11 in situ Ag/Ag,0/Ti0, (50% Ti0,)  20.1 2.03 0.27 28
TC 14 in situ Ag/Ag,0/Ti0, (80% Ti0,) 22.1 1.00 0.05 8

2.5. Discussion
2.5.1. The Photocatalytic Activity of Ag/Ag,0

It is well known that MB is photocatalytically oxidized in the presence of
TiO,under illumination with photons having an energy equal to or larger than the
bandgap energy of the semiconductor. The photocatalytic degradation of MB in the

presence of molecular oxygen is reported to follow Equation (2-1) [44].

TiO,+ hv=3.2eV
C1¢H1gN5SCl +25.50, —————— HCl + H,S0, + 3HNO; + 16CO, + 6H,0 (2-1)

The energetic positions of the valence and conduction bands of TiO, and Ag,0,
and the reduction potentials of some species (possibly) present in the surrounding
electrolyte are shown in Figure 2-6. As becomes obvious from this Figure, the
conduction band electrons generated by UV illumination of TiO, are able to reduce O,

adsorbed at the semiconductor surface. From a thermodynamic point of view, valence

band holes at the TiO, surface have energy suitable to oxidize H,0/OH~, yielding *OH.
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These *OH are generally assumed to be the oxidizing species in photocatalytic MB

degradation.
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Figure 2-6. The electrochemical potentials (vs. NHE) of the valence and conduction bands of TiO,
and Ag,0, and the reduction potentials of some species (possibly) present in the surrounding
electrolyte. MB, MB*-, MB**, MBT, and MBS denote the MB ground state, the semi-reduced MB, the
oxidized MB, the excited triplet state, and the excited singlet state of MB, respectively. The one

electron reduction potentials have been calculated with data given in References [44, 47, 48].

With the assumption that the flatband potential of Ag,0, which has been
determined to be + 0.3 V vs. NHE at pH 7, was equal to the conduction band edge of
this semiconductor and a bandgap energy E; = 1.5 eV, the valence band position was
calculated to be +2.0 V vs. NHE. Xu and Schoonen reported a value of +0.2 V vs. NHE
for the energy of the Ag,0 conduction band [49]. As becomes obvious from Figure 2-
6, excited Ag,0 was neither able to reduce O, nor to oxidize H,0/OH™. Consequently,
the mechanism of MB bleaching observed in the presence of Ag/Ag,0 (Figure 2-4 and
Table 2-1) was different from the MB degradation mechanism in the presence of TiO,.
A possible explanation for the decolorization of MB in the presence of Ag/Ag,0 is that

MB is excited by light of suitable wavelength (Equation (2-2), MB* = MBS and or MBY),
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which is subsequently followed by electron injection into the conduction band of Ag,0

(Equation (2-3)).

h
MB —— MB* (2-2)
MB* + Ag,0 — MB* + Ag,0le”) (2-3)

As an alternative to these reactions, the direct oxidation of MB by valence band

holes according to

Ag;0 — Ag,0th™+e7} (2-4)

Ag,0{h*+e} + MB — Ag,0{e"} + MB** (2-5)

has to be considered. Both mechanisms require an electron transfer between Ag,0 and
MB. Despite the low surface area available for this reaction, the electron transfer
between the solid and the probe compound appears to be very efficient.

It is well known that Ag,0 is sensitive to light and decomposes under
illumination. However, it has been suggested that Ag(0) being present in Ag/Ag,0 acts
as an electron sink and accepts the conduction band electron of Ag,0, thus inhibiting
the reduction of Ag* and stabilizing the Ag,0 [9, 10, 12, 20]. However, the possibility
cannot be excluded that Ag* is reduced during the processes given in the Equations
(2-2) - (2-5), yielding Ag(0), since no other suitable electron acceptor is available.
Regardless of whether the electrons reduce Ag* or become stored in Ag(0), Ag/Ag,0 is
not acting as a photocatalyst, because the material changes irreversibly during the
reaction.

The potential of the Ag,0 conduction band electron is more positive than the
reduction potential of the H*/H, couple (Figure 2-6). Consequently, light-induced
proton reduction yielding H, is thermodynamically impossible in suspensions
containing only Ag/Ag,0. This is in accordance with the experimental results reported

in Section 2.4.2.
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2.5.2. The Photocatalytic Activity of Physical Ag/Ag,0/TiO, Mixtures
2.5.2.1. Bleaching of Methylene Blue

When irradiated with light at wavelengths > 410 nm, methylene blue was found
to be bleached in the presence of Ag/Ag,0, and mixtures of this material with TiO,. The
rate of MB bleaching decreased with increasing amounts of TiO,. Of course, TiO, itself
was found to be photocatalytically inactive, since it was not excited under this
illumination condition (Figure 2-4 (c) and Table 2-1). The electron transfer reaction
resulting in the observed bleaching of the MB solution occurred at the surface of the
Ag,0, as discussed in Section 2.5.1. According to the SEM images (Figure 2-2 (a-d)),
the surface of the Ag,0 was increasingly covered by TiO, as the content of this oxide
in the mixture increased. The interfacial electron transfer was inhibited by this TiO,
layer (Figure 2-7). The reaction rates suggest that this inhibition increased with
increasing amounts of TiO, on the Ag/Ag,0 surface. Consequently, the TiO, -rich
mixtures TM 11 and TM 14 exhibited rates of bleaching almost the same as the rate of
photolysis in homogeneous solution (Table 2-1). Interfacial electron transfer from
excited MB to TiO, (which is thermodynamically possible; cf. Figure 2-6) obviously
did not contribute significantly, since no MB bleaching was observed under visible

light illumination of suspensions containing only this photocatalyst.

MB
MB** MB MB%—"
"_MB_“ S W )
/ ' o

Ag,O Ag,O

Figure 2-7. Possible mechanism of MB bleaching by Ag,0 and Ag,0-containing mixtures and

composites under visible light illumination.

The situation was different when the TM mixtures were illuminated with UV-
vis-light. The rate of MB bleaching in the presence of the Ag/Ag,0/ TiO, mixtures was
found to increase with increasing TiO, content. However, the rates were always lower

than the rates determined for suspensions containing only Ag/Ag,0 or bare TiO,
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(Figure 2-4 (a) and Table 2-1). These rates cannot be explained solely by the optical
properties of the suspensions. Of course, as the Ag/Ag,0 content increases, more UV
photons are absorbed by Ag,0. They are thus no longer available for the excitation of
the TiO, that results in decreasing amounts of charge carriers in the TiO, and,
consequently, decreasing rates of MB degradation. However, the MB bleaching rate
calculated for the TiO,-rich TM 14 mixture suggests that not all photogenerated charge
carriers were used in the desired MB bleaching reaction, but some were lost by
reactions between excited TiO, and Ag/Ag,0, resulting in the reduction of Ag*.

XRD measurements revealed the reduction of Ag* during the light-induced
bleaching of MB under UV-vis illumination. The ratios of the peak intensities
corresponding to Ag,0 and TiO, of the mixture TM 41 and the composite TC 41 were
significantly lower after two experimental runs than before illumination (Figure 2-8).
On the other hand, the ratios of the peak intensities attributed to metallic Ag and
TiO, obviously increased. In the case of the Ag/Ag,0/ TiO, mixture TM 11, apart from
the TiO, peaks, the only visible XRD peaks could be assigned to AgCl and Ag(0) after
illumination of a suspension containing MB (Figure S2-2). The new peaks in the
diffractogram, which are indexed to AgCl, were possibly formed by a reaction between
Ag* and CI~ known to be present at the surface of TiO, P25 [39]. This reaction certainly
explains the decrease of the Ag,0 peaks in the diffractogram. However, this
explanation does not exclude that Ag,0 is also transformed by a light-induced

reduction reaction, yielding Ag(0).
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Figure 2-8. XRD patterns of (a) TM 41 and (b) TC 41 after two cycles of MB bleaching employing

UV-vis light.

The conclusion from the XRD data, that Ag(I) was reduced yielding Ag(0)

during the light-induced bleaching of MB in the presence of the mixture TM 41, is

supported by the results of the analysis of XPS data taken before and after two

experimental runs (Figures 2-9 (a, b) and S2-3). It becomes obvious from Figure 2-9 (a)

that the Ag 3ds,, and Ag 3d;/, peaks of Ag,0 in the mixture TM 41 decreased in

intensity and broadened, while the Ag(0) 3ds,, and Ag(0) 3ds,, peaks increased in

intensity after two photocatalytic reactions. Furthermore, the deconvolution of the O

1s peaks denotes that the peak corresponding to the Ag-O bond had a lower intensity

compared to the same peak observed before the reaction, indicating significant

changes occurred during the light-induced MB bleaching reaction (Figure 2-9 (b)).

These changes were mainly due to the light-induced reduction of Ag™ yielding Ag(0).

Again, the condition of stability of a catalyst was not satisfied.
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Figure 2-9. High-resolution XPS spectra of the Ag 3d and O 1s signals of TM 41 (a,b) and TC 41 (c,d)

before and after two experimental runs.

2.5.2.2. Light-Induced Hydrogen Evolution

From a thermodynamic point of view, excited TiO, is able to transfer a
conduction band electron to a proton present at the photocatalyst surface (Figure 2-6).
This electron transfer is, however, known to be a kinetically inhibited process.

Therefore, it is necessary to deposit an electrocatalyst at the TiO, surface, which

57



Chapter 2. Ag/Ag20 as a Co-Catalyst in TiO2 Photocatalysis: Effect of the Co-Catalyst/Photocatalyst Mass Ratio

accelerates the interfacial electron transfer. Ag(0) is known to be a suitable, though
relatively inactive, electrocatalyst [50, 51]. In this work as well, pure TiO, showed only
a very low photocatalytic activity with regard to H, evolution from aqueous methanol.
When using the TM materials, a significant increase in the amount of H, evolved
(consequently corresponding with an increase in the reaction rate) during six hours of
illumination of the mixture was observed with increasing TiO, content (Figure 2-5 (a)
and Table 2-1). On the one hand, this can be explained by the fact that a significant
portion of the UV photons was absorbed by Ag,0 being inactive under this
illumination condition, and thus was not available for the desired H, evolution
reaction. However, this portion decreased with increasing TiO, amount of the mixture.
On the other hand, some of the TiO, conduction band electrons were transferred to the
Ag,0, where they were consumed to reduce Ag* to Ag(0). These electrons were
therefore also not available for the desired reaction. Obviously, these undesired
electron losses are lower the higher the mass fraction of TiO, in the physical mixture,

resulting in increasing H, evolution rates with increasing mass fraction of TiO,.

2.5.3. The Photocatalytic Activity of Ag /Ag,0/ Ti0,Composites
2.5.3.1. Bleaching of Methylene Blue

When irradiated with light at wavelengths > 410 nm, methylene blue was found
to be bleached in the presence of the three TC composites (Figure 2-4 d and Table 2-
1). All TC composites exhibited a higher activity than the corresponding TM mixtures.
As in the case of the TM materials, the rate of MB bleaching decreased with increasing
amounts of Ti0,. The increased reaction rates for MB bleaching in the presence of Ag,0
containing solids, compared to the rate of photolysis under visible light illumination,
were explained in Section 2.5.2.1. with an interfacial electron transfer from (excited)
MB to Ag,0 (cf. Figure 2-7). However, the experimental result is surprising when it is
considered that the surfaces of the composites were smaller than the surfaces of the
corresponding TM mixtures. A possible explanation may be due to the preparation
method. For the TC materials, the Ag/Ag,0 was prepared in a TiO, suspension.

Therefore, the Ag/Ag,0 was attached on the surface of the TiO, particles. In contrast,
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in the TM mixtures large Ag/Ag,0 particles were covered by TiO,, hindering the
electron transfer from excited MB to the Ag,0, as discussed in Section 2.5.2.1.

The rate of MB bleaching in the presence of TC composite was significantly
higher under UV-vis than under visible light illumination. As observed for the TM
materials, the bleaching rates were lower in suspensions containing the composites
than in suspensions containing only Ag/Ag,0 or TiO, (Figure 2.4 (b) and Table 2.1).

XRD and XPS data indicate that Ag(I) was reduced, yielding Ag(0), during the
light-induced bleaching reaction of MB in the presence of the composite TC 41. A
stabilization of Ag,0 by metallic silver, as claimed by several authors [9-12, 20, 29],
was not observed. No XRD peaks that can be attributed to Ag,0, were observed after
two experimental runs of the composite. However, the ratios of the peak intensities
due to metallic Ag and TiO, obviously increased (Figure 2-8 (b)). No Ag 3ds,, and Ag
3ds/, peaks, which can be attributed to Ag(I), were present either in the deconvoluted
XPS spectra obtained after two experimental runs (Figures 2-9 ¢ and S2-3). The XPS
peak, which was attributed to the presence of Ag-0, also disappeared during the light-
induced reaction (Figures 2-9 d and S2-3).

These observations support the statement made above that Ag/Ag,0 cannot be
called a photocatalyst. The XRD pattern shown in Figure 2-8 (b) as well as the XPS
data presented in Figure 2-9 (c, d) clearly evince that the Ag: Ag,0 ratio changed
during the light-induced bleaching of MB. Thus, the condition for a catalyst to exit a

chemical reaction unchanged is not satisfied.

2.5.3.2. Light-Induced Hydrogen Evolution

The three TC composites were found to be able to promote light-induced H,
evolution from aqueous methanol. The calculated reaction rates were significantly
larger than those of the corresponding TM mixtures. The highest H, evolution rate was
observed in the presence of TC 11 (Figure 2-5 (b) and Table 2-1), which was also
characterized by a high MB bleaching rate under UV-vis illumination. A possible
mechanistic explanation for the high activity of the TC 11 composite is based on the

assumption of synergistic effects, due to the presence of both Ag(0) and Ag,0 at the
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TiO, surface (Figure 2-10). TiO, is excited by UV photons. The photogenerated
conduction band electrons migrated to the Ag(0) attached to the TiO, surface. In a
subsequent step, interfacial electron transfer from Ag(0) to protons present in the
surrounding electrolyte occurred, thus yielding molecular hydrogen. The valence
band hole inside the TiO, particle was filled by an electron from an attached Ag,0
particle. Methanol was oxidized by this hole in the valence band of the Ag,0.
According to this mechanism, Ag(0) acts as an electron sink, thus decreasing the
electron-hole recombination, and as electrocatalyst for the hydrogen evolution
reaction, while Ag,0 is an electrocatalyst for the oxidation reaction of methanol
yielding methanal. The supposition made here, that the methanol oxidation occurs at
the Ag,0 surface via electron transfer to the valence band of the excited TiO,, has
already been proclaimed earlier [16, 19, 23, 26]. It should be emphasized again that the
energy of an electron in the conduction band of the Ag,0 employed in this study is
insufficient to reduce a proton (Figure 2-6). Consequently, excitation of TiO; is a
prerequisite for photocatalytic reforming of methanol. TiO, is known to be a relatively
inactive material for the photocatalytic reduction of protons. High evolution rates of
molecular hydrogen are observed only in the presence of a co-catalyst. Ag,0 was
found here to be an unsuitable co-catalyst for the hydrogen evolution reaction, since
electron transfer from the excited TiO, can only occur into the conduction band of this
material. The photocatalytic activities of the composites and mixtures discussed here
are thus determined to a considerable extent by the competition between interfacial
electron transfer to protons in the surrounding electrolyte, and to silver ions in Ag,O0.
The mechanism of the photocatalytic hydrogen evolution by reforming of organic
compounds in the presence of the mixtures and composites employed in this study
does not contradict the mechanism discussed for Ag/Ag,0 /7 TiO, samples, which
contain Ag,0 with a significantly more negative conduction band energy than TiO,

[17, 24, 26, 33].
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Figure 2-10. Mechanism of hydrogen evolution from aqueous CH;0H under UV-vis illumination.

Changes in the respective mass fractions of TiO,, Ag, and Ag,0 at constant total
mass of the solid in suspension may have several impacts on the rate of hydrogen
evolution. Increasing mass fractions of UV absorbing and scattering Ag and Ag,0
reduces the number of photons to be absorbed by the TiO,, thus reducing the
H, evolution rate. A reduction of the mass fraction of metallic Ag may possibly slow
down the interfacial electron transfer to the proton, while a reduction of the mass
fraction of Ag,0 might negatively affect the oxidation reaction. It should also be noted
that Ag,0 can act as a sink for a TiO, conduction band electron (cf. Figure 2-6). These
partially opposing effects may be responsible for the observed differences in the H,

evolution rates in the presence of the various TC composites (and TM mixtures).

2.6. Experimental Section
2.6.1. Materials

Titania P25 (TiO,) with a mixture of anatase (80%) and rutile (20%) crystal
phase, and a specific surface area of 50.1 m?g~*, was kindly provided by Evonik, Essen,
Germany. Silver nitrate (99%, Sigma Aldrich Chemie GmbH, Miinchen, Germany),
sodium hydroxide pellets (99%, Carl Roth, Karlsruhe, Germany), methanol (99.9%,
Carl Roth), and methylene blue (Sigma Aldrich) were used without further

purification. Deionized water with a resistivity of 18.2 M() cm was obtained from a
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Sartorius Arium 611 device (Sartorius Gottingen, Germany) and used for the

preparation of all aqueous solutions and suspensions.

2.6.2. Synthetic Methods
2.6.2.1. Preparation of Ag /Ag,0

An amount of AgNO3 was dissolved in 50 mL of distilled water. The obtained
solution was stirred for 30 min. Subsequently, 50 mL NaOH (0.2 M) was added
dropwise. The resulting suspension was stirred for another 30 min to promote
hydrolysis, and centrifuged, washed with distilled water three times, and dried at 70°C
for 24 h.

2.6.2.2. Preparation of TM Mixtures

The samples were obtained by mixing the self-prepared Ag,0 with TiO, at mass
ratios of 4:1 (20 mass% TiO,), 1:1 (50 mass% Ti0,), and 1:4 (20 mass% Ti0,) with water.
The suspensions were sonicated for 1.5 h and dried at 70 °C for 24 h. The Ag/Ag,0/
TiO, with 20%, 50%, and 80% of TiO, were nominated as TM 41, TM 11, and TM 14,
respectively. For purpose of comparison, a TiO, sample was prepared by the same

procedure without the addition of Ag/Ag,0.

2.6.2.3. Preparation of TC Composites

The TC composites were prepared by a published precipitation method [25,29].
A measured amount of TiO, was suspended in 50 mL of distilled water, and the
calculated amount of AgNO; corresponding to the desired mass ratio of Ag,0 was
added to the solution. The obtained suspension was stirred for 30 min. A volume of 50
mL 0.2 M NaOH was added dropwise. The resulting suspension was stirred for another
30 min to promote hydrolysis and centrifuged, washed with distilled water three
times, and dried at 70 °C for 24 h. The Ag/Ag,0/ TiO, with 20 mass%, 50 mass%, and

80 mass% of TiO, were denoted as TC 41, TC 11, and TC 14, respectively.
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2.6.3. Characterization of the Materials

The crystalline structure of the catalysts was measured by powder X-ray
diffraction XRD (D8 Advance system, Bruker, Billerica, MA, USA), using a Cu Ka
radiation source with a wavelength of A =0.154178 A over a 20 range from 20° to 100°,
with a 0.011° step width. The morphology of the prepared materials was determined
using a scanning electron microscope (SEM), employing a JEOL JSM-6700F field
emission instrument (Tokyo, Japan) with a resolution of 100 nm and 1 um using an
EDXS detector. Measurements of X-ray photoelectron spectra were carried out using
a Leybold Heraeus (Cologne, Germany) with X-ray source, Mg & Al anode,
nonmonochromatic, hemispherical analyzer, 100 mm radius. Data analysis was
performed using XPSPEAK 4.1 software (Hong Kong, China). The energy of the C 1s-
line was set to 284.8 eV and used as a reference for the data correction. Diffuse
reflectance UV-vis spectroscopy was employed using a spectrophotometer (Varian
Spectrophotometer Cary-100 Bio, Agilent technologies, Santa Clara, CA, USA) at room
temperature. Barium sulfate was used as a standard for 100% reflection. The specific
surface area (SSA) of the samples was calculated by N, adsorption-desorption
measurements, employing the Brunauer-Emmet-Teller (BET) method using a
FlowSorb II 2300 apparatus from Micromeritics Instrument Company (Corp.,
Norcross, GA, USA). Prior to these measurements, the samples were evacuated at
180°C for 1 h. Measurements of photocurrents and flatband potentials were performed
with an electrochemical analyzer using three electrodes employing an Iviumstat
potentiostat (Ivium Technologies bv, Eindhoven, The Netherlands). Films of the
samples were used as the working electrode, after being coated on cleaned fluorine-
doped tin oxide (FTO) coated glass using the doctor blade method and calcinated at
400°C for 2 h. These working electrodes were prepared by grinding 100 mg of the
photocatalysts and 50 mg polyethylene glycol with one drop of Triton, followed by the
addition of 200 pL of deionized water and a sufficient amount of ethanol. An Ag/AgCl
electrode (3 M NaCl, +209 mV vs. NHE) and a platinum coil were used as the reference

electrode and the counter electrode, respectively. Potassium nitrate aqueous solution
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(0.1 M) was used as the electrolyte. The impedance spectra were recorded in the range
between the chosen potential from -1 V to +1 V at frequencies of 10, 100, and 1000 Hz
with 20 mV amplitude vs. Ag/AgCl. The capacitance was plotted against V, and the
flatband was calculated from the intercept of the plot. (i.e., a plot of C™? vs. V, where

C was the capacitance and V was the potential across the space charge layer).

2.6.4. Photocatalytic Measurements
2.6.4.1. Methylene Blue Degradation

The apparatus used for carrying out of the photocatalytic degradation reactions
consisted of a double jacket cylindrical reactor with a 230 mL volume, which circulated
with cold water to maintain the ambient reaction. A volume of 200 mL of aqueous
solution of methylene blue (MB, 10 mg L™!) and 200 mg of photocatalysts were used
for each reaction experiment. A 300 W Xenon arc lamp (Miiller Electronik-Optik,
Moosinning, Germany) was used both as the UV-vis light source and as the vis light
source by placing a UV cut-off filter (410 nm) in the light path. The lamp was started
30 min before the degradation experiments to ensure maximum emission. Aliquots
(1.5 mL) of the suspensions were collected at given time intervals (0, 2, 4, 6, 8, 10, 15,
and 30 min), centrifuged to remove the solid, and analyzed immediately with the UV-

vis spectrophotometer.

2.6.4.2. Photocatalytic Hydrogen Formation

The photocatalytic H, generation experiments were conducted in quartz vials
(capacity of 10 mL) under illumination with a 1000 W Xenon lamp (Honle UV
Technology, Grafelfing, Germany; Sol 1200 solar). An amount of 6 mg of the
photocatalyst was suspended in 6 mL aqueous methanol (10 vol%). The suspension
was purged with argon for 20 min to remove the air, and the quartz vial was sealed
with a specially made rubber septum degassed for sampling. The amount of H, gas
evolved during the photocatalytic reaction was quantified every two hours using a gas

chromatograph (Shimadzu GC-8A, Shimadzu Deutschland GmbH, Duisburg,
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Germany) equipped with a thermal conductivity detector (TCD) and 60/80 molecular

sieve 5 A column.

2.7. Conclusions

Ag/Ag,0 was found to enhance the rate of light-induced bleaching of aqueous
MB under both UV-vis and vis illumination, in comparison to the bleaching in
homogeneous solution. Even in suspensions containing mixtures and composites of
Ag/Ag,0 with TiO, (P25), with varying mass ratios of Ag/Ag,0 (20%, 50%, and 80%),
the reaction rate was slightly increased under these illumination conditions. However,
the bleaching rate of MB was lower in the presence of the composites and mixtures
than the rate measured for bare Ag/Ag,0. It is therefore suggested that the bleaching
of MB is initiated by an interfacial electron transfer from the excited organic probe
compound to Ag,0. TiO, layers covering the Ag,0 seem to inhibit this electron
transfer. Since Ag,0 can transfer an electron neither to dissolved molecular oxygen nor
to a proton for thermodynamic reasons, it is assumed that Ag* is reduced to Ag(0) in
the processes investigated here. Results of XRD and XPS measurements support this
assumption and indicate that Ag/Ag,0 is not stable under the experimental conditions
employed in this study. A stabilization of Ag,0 by metallic silver, as occasionally
claimed, was not observed. Therefore, to address Ag/Ag,0 as a (photo)catalytically

active material does not seem appropriate.
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2.8. Supplementary Materials

Ag/Ag,0
Element | App Intensity Weight% Weight% Atomic%
Conc. Corrn. Sigma
CK 412 13816 3.05 0.31 15.09
OK 269 0.2766 9.92 0.85 36.88
Agl 82.86 0.9721 87.04 0.87 48.02
Totals 100.00

[ 1 2
ull Scale 1835 chs Cursor: 0.000 kev]

Ag/Ag,0/TiO, Mixtures (TM):

™ 41

Element | App  Intensity Weight% Weight% Atomic%
Conc. Corrn. Sigma

CK 25.22 1.2513 14.45 0.39 36.34
0K 9.51 0.3007 22.70 0.75 42.84
TiK 9.83 0.7639 9.23 0.19 5.82
Agl 69.39 0.9279 53.62 0.61 15.01
Totals 100.00

[ 2 3
Ul Scale 4194 cls Cursor: 0484 (0 cts) kev]

™ 11

Element | App  Intensity Weight% Weight% Atomic%
Conc. Corrn. Sigma

CK 25.52 1.0672 14.39 0.43 29.89
0K 17.42 0.3139 33.40 0.78 52.08
TiK 27.43 0.8024  20.57 0.33 10.71
Agl 47.95 0.9123 31.63 0.48 7.32
Totals 100.00

3

Ul Scale 2047 cts Cursor: 0.000

66



Chapter 2. Ag/Ag20 as a Co-Catalyst in TiO2 Photocatalysis: Effect of the Co-Catalyst/Photocatalyst Mass Ratio

™ 14

Element | App Intensity Weight% Weight% Atomic%
Conc. Corrn. Sigma

CK 81.93 1.0428 34.68 0.57 54.02
0K 18.65 0.2861  28.77 0.80 33.64
Ti K 52.56 0.8386 27.67 0.40 10.80
Agl 18.07 0.8986  8.88 0.25 1.54
Totals 100.00

Ag/Ag,0/TiO, Composites (TC):

TC41
Element | App  Intensity Weight% Weight% Atomic%
Conc. Corrn. Sigma
CK 16.91 1.2750 11.03 0.56 33.55
0K 5.62 0.2828 16.53 1.21 37.75
TiK 899 0.7587 9.86 0.32 7.52
Agl 70.99 0.9439 62.57 1.04 21.19
Totals 100.00
TC11
Element | App Intensity Weight% Weight% Atomic%
Conc. Corrn. Sigma
CK 329 1.0249 3.28 0.31 8.36
0K 10.33 0.3084  34.19 0.88 65.50
TiK 18.21 0.8019  23.17 0.38 14.83
AglL 35.39 0.9264 38.98 0.60 11.08
Totals 100.00
TC14
Element | App  Intensity Weight% Weight% Atomic%
Conc. Corrn. Sigma
CK 10.84 0.8727 7.10 0.28 14.81
0K 20.51 0.2994 39.16 0.57 61.30
Na K 0.42 0.5372 045 0.08 0.49
TiK 56.66 0.8535 37.94 0.39 19.84
Agl 24.65 0.9179 15.35 0.24 3.56
Totals 100.00

o 1 2 3 4 s 5 7 8 9 10

Ul Scale 2144 cts Cursor: 0.000 kev]

Eul\ ‘Scale 5255 cts Cursor: 0.000

[
Ul Scale 5048 cts Cursor: 0196 (0 cts) kev]

Figure S2-1. EDX diagrams of all prepared photocatalysts.
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Figure S2-2. XRD patterns of TM 11 photocatalyst after one cycle of MB bleaching employing UV-vis

light.
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Figure 52-3. XPS spectra of Ag 3d, O 1s, and Ti 2p in the Ag/Ag,0, TM, and TC materials.
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Figure S2-4. The emission spectrum of the used Xenon lamp.
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Figure S2-5. UV-vis spectra of aqueous methylene blue solutions obtained during illumination

with visible light in the presence of Ag/Ag,0.
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Chapter 3. UV-vis  Light Induced  Degradation of
Oxytetracycline Hydrochloride Mediated by Co - TiO,
Nanoparticles

3.1. Foreword

Besides methylene blue (MB) used as an antipsychotic drug and discussed in
Chapter 2, oxytetracycline hydrochloride (OTC HCl) is one of the most frequently
detected antibiotics in water. However, OTC HCI is confirmed to undergo direct
photolysis under UV and solar light illumination, its photolytic byproducts may be
more toxic than the organic molecule itself, and therefore the degradation of OTC HCI
by the photolytic process is not a safe path to mineralize this pharmaceutical of
emerging concern. Photocatalytic degradation of OTC HCl was chosen in this study to
assess the photoactivity of cobalt-doped TiO, (Co-TiO,) materials under UV-vis light
irradiation. As an interesting low-cost and earth-abundant mineral, cobalt as a
transition metal dopant has drawn a great deal of interest and has been exceedingly
investigated for the development of visible-light-driven TiO, photocatalysts.
However, the various preparation procedures used to synthesize Co-TiO, seems to
influence its physico-chemical properties and thus the photoactivity of the material.
Additionally, distinct types of substrates are employed to evaluate the photocatalytic
degradation providing deviating results between groups that affirm the positive
influence of Co ions, others that observed a slight improvement, and those who
reported a detrimental effect on the photocatalytic activity. These varying findings can
create misgivings about the factual effect of the cobalt doping on the photocatalytic
activity.

Accordingly, it was of high interest to synthesize Co-TiO, with two different
solvothermal methods, namely reflux and hydrothermal, to investigate the impact of
the synthetic method in the physico-chemical properties of Co-TiO, and consequently
on its photoactivity under UV-vis light irradiation.

This chapter encloses the article “UV-vis Light Induced Degradation of
Oxytetracycline Hydrochloride Mediated by Co-TiO, Nanoparticles” by Soukaina
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Akel, Redouan Boughaled, Ralf Dillert, Mohamed El Azzouzi, and Detlef W.
Bahnemann, published in Molecules, 2020, 25, 249; doi: 10.3390/molecules25020249. In
this study, 0.5 wt.% Co-TiO, catalysts were prepared using a common preparation
method, which is hydrothermal, and a simple reflux synthesis that is less reported in
the literature. The crystalline size, the SSA, and the band gap energies of the as-
synthesized Co-TiO, and bare TiO, photocatalysts were determined to comprehend
the effect of the synthetic method on the photocatalytic activity of the materials. In this
regard, the UV-vis light-induced photocatalytic degradation of OTC HCI in the
presence of Co-TiO,NPs was studied. The high specific surface area along with the
defect levels formed within the band gap of Co-TiO, NPs have been found to enhance
the photocatalytic activity. Moreover, Co-TiO,-assisted photodegradation of OTC HCI
took place by two competitive processes, i.e. photocatalytic process and

photosensitized process of the OTC HCI under light irradiation.

3.2. Abstract

Pharmaceuticals, especially antibiotics, constitute an important group of
aquatic contaminants given their environmental impact. Specifically, tetracycline
antibiotics are produced in great amounts for the treatment of bacterial infections in
both human and veterinary medicine. Several studies have shown that among all
antibiotics, oxytetracycline hydrochloride (OTC HCl) is one of the most frequently
detected TCs in soil and surface water. Results of the photocatalytic degradation of
OTC HCl in aqueous suspensions (30 mg L™!) of 0.5 wt.% cobalt doped TiO, catalysts
are reported in this study. The heterogeneous Co - TiO, photocatalysts were
synthesized by two different solvothermal methods. Evonik Degussa Aevoxide P25
and self-prepared TiO, modified by the same methods were used for comparison. The
synthesized photocatalysts were characterized by XRD, Raman spectroscopy,
transmission electron microscopy (TEM), UV-vis DRS, and N, adsorption (BET) for
SSA determination. The XRD and Raman results suggest that Ti** was substituted by
Co?* in the TiO, crystal structure. UV-visible spectroscopy of Co-TiO,-R showed a

substantial redshift in comparison with bare TiO,-R. The photocatalytic performance
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of the prepared photocatalysts in OTC HCl degradation was investigated employing
UV-vis spectroscopy and high-performance liquid chromatography (HPLC). The
observed initial reaction rates over Co-Ti0,-R was higher compared with that of Co-
TiO,-HT, self-prepared TiO,, and the commercial P25. The high surface area (153
m?g~1) which forms conducive conditions for the adsorption of the OTC HCl on the
surface of the catalyst along with the impurity levels within the band gap (2.93 eV)
play a pivotal role in the photocatalytic reactions by promoting the charge separation
and improving the charge transfer ability. From these experimental results, it can be
concluded that Co -doping under reflux demonstrates better photocatalytic

performances than with the hydrothermal treatment.

Keywords: Photocatalysis, Co - TiO, catalyst, oxytetracycline hydrochloride,

solvothermal synthesis, water treatment.

3.3. Introduction

The growing demand for clean water sources has become an important issue
worldwide owing to increasing water pollution by, for example, pharmaceuticals,
personal care products, and endocrine disruptors. Among a wide variety of
pharmaceutical compounds, antibiotics, owing to their extensive use in human and
veterinary medicine, may cause environmental impacts, disturbing the function of the
ecosystem by developing antibiotic-resistant pathogens that are of potential risk for
human health after incorporation with drinking water, and vegetables or fruits
irrigated with contaminated water [1-3].

Tetracyclines (TCs), as the second most commonly known antibiotic in
production and use, have been used as bacteriostatic agents for treating infections in
both humans and animals, and as fungicides in fruit tree [4, 5]. Oxytetracycline
hydrochloride (OTC HCI), a common member of tetracyclines TCs, is a broad-spectrum
antibiotic frequently employed in veterinary medicine and agriculture. Although the

concentrations of the antibiotics released from the environmental matrix to aquatic
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systems are extremely low (ug L™ to mg L), OTC HCI recognized as an emerging
pollutant may cause serious risks to human health and ecosystems [6].

Owing to its chemical stability and antibiotic property, residues of OTC HCI
released in the aquatic environment cannot be removed by conventional water
treatment processes [7]. Therefore, AOPs have been considered as one of the most
effective technologies to clean of the aquatic environment from this contaminant of
emerging concern [2, 8]. So far, the photodegradation of tetracycline hydrochloride (TC
HCI) has been reported using the photo-Fenton process [4, 9] and ozonation [10, 11].
Degradation of OTC has also been studied by the action of UV light, UV/H,0,, and UV
activation of persulfate (UV/PS) [6, 12, 13]. However, there are numerous limitations
such as the formation of byproducts, selective functional, photosensitive groups, and
contact time [3]. Therefore, treatment processes using heterogeneous photocatalysis
with TiO, have received enormous attention in recent years and have been employed
in water treatment as a promising method for removal and mineralization of organic
contaminants such as tetracyclines that are present in the aquatic environment [5, 14—
18].

Photocatalysis using semiconductors has gained an important place among the
AQPs. Notably, TiO, has received much more attention thanks to the high oxidizing
power of its holes, as well as its photostability, non-toxicity, and low cost [19].
However, TiO,, owing to its intrinsic wide band gap (3.2 eV for anatase, 3.0 eV for
rutile), can be only activated under UV light. Moreover, 90% of the photogenerated
electrons and holes recombine in 10 ns [20]. These drawbacks are still a major
limitation for the widespread application of TiO,.

In this respect, investigations of the visible light responsivity of TiO, have been
developed via TiO, doping by low amounts of cations [21]; anions [22, 23]; and
transition metals such as Fe, Cu, Mn, Ni, Cr, Zn, and Co [21-27]. Among various
transition metals (i.e., Pt, Ag, Au, Ru, and Pd) [28-31] and transition metal oxides (i.e.,
Cu,0, a-Fe,03) [32-34], cobalt [35, 36] and cobalt oxides [37-40] as an interesting low-

cost and earth-abundant mineral have attracted tremendous attention for the
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development of visible light active TiO, materials. Cobalt-doped TiO, photocatalysts
have been synthesized by various methods, such as the sol/gel technique [36, 41-50],
hydrothermal treatment [51-54], impregnation method [55, 56], precipitation process
[57] for the photocatalytic degradation of methylene blue [57,58], rhodamine B [58],
methylene orange [57], phenol [41], 2-chlorophenol [41], and so on.

Among these preparation methods, hydrothermal synthesis as a well-known
preparation method is environmentally friendly because the reaction proceeds in a
closed system; the composition of the products is well controlled; and the materials
prepared with this method are well crystallized and have a smaller particle size,
positively affecting the thermal stability and the photocatalytic activity. For example,
Jiang et al. [59] synthesized cobalt-doped TiO, by a one-step hydrothermal method for
the photodegradation of phenol under visible light. They found that the catalyst doped
with 0.3 wt.% shows the highest photocatalytic activity, and they contributed that to
the high visible light response by inducing impurity states within its band gap. Rashad
et al. [60] reported the photocatalytic degradation of methylene blue under UV light in
the presence of cobalt-doped TiO, prepared using a hydrothermal treatment with a
post-annealing temperature process at 500 °C. They observed a decrease in the surface
area, a blue shift of the band gap with a slight enhancement in the photocatalytic
activity by adding Co ions. Controversially, Castro et al. [51] synthesized Co-doped
TiO, powders using hydrothermal synthesis. A mixed oxidation state of cobalt ions,
that is, Co**and Co**, was deduced. Even if a decrease in the band gap was observed,
no photocatalytic degradation of diquat under UV light was detected. They concluded
that both the doped-metal content and valence of the doping ions are crucial factors
that strongly determine the photocatalytic activity of the materials.

Reflux synthesis as an alternative low-temperature process is much more
beneficial because of the lower equipment cost and simplicity. However, the doping
of TiO, with cobalt using this method had just a few reports [61].

Although Co-doped TiO, NPs have been extensively studied previously, there

are conflicting results on the effects of cobalt ion doping on the photoactivity of TiO,.
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For example, Choi et al. reported that doping with Co**, among various transition
metals using the sol/gel method, decreased the photoactivity for the degradation of
CHCl; under UV irradiation [21]. In 2010, the same group conducted a study on 13
different metal ions-doped TiO, with a sol/gel procedure and indicated that Co-TiO,
material had a slight increase in the observed rate constant of methylene blue
degradation. They also concluded that it is difficult to correlate between the physico-
chemical properties such as light absorption and the visible light photocatalytic
activities of the studied metal-doped TiO, materials [43]. The investigation of Bouras
et al. indicated that Co-doping applying a sol/gel synthesis had a detrimental effect on
the photocatalytic behavior of TiO, for the photocatalytic degradation of basic blue
[44]. In contrast, other scientific groups reported that cobalt-modified TiO,
synthesized by wet impregnation methods seems to increase the photocatalytic
activity [55, 56]. Additionally, earlier studies have been mostly done on Co-doped TiO,
thin films, and the main focus has commonly been made on the ferromagnetic
properties of these catalysts [45, 53, 62-64].

The different synthesis methods employed to synthesize cobalt-doped TiO,
along with the different types of substrates utilized for photocatalytic degradation
examinations create a varying set of data that can often become controversial. These
diverging results create doubts about the factual influence of cobalt doping on the
photocatalytic activity. Therefore, Co-doped TiO, materials have been synthesized
through two different methods, namely reflux and hydrothermal, to investigate the
effect of incorporating cobalt cations in the TiO, matrix, as well as their photocatalytic
activity under UV-visible irradiation. Although Co -doped TiO, NPs can be
synthesized easily employing the reflux method, hardly any reports discussing its
photocatalytic activity have been published. Until now, and to the best of the authors’
knowledge, the UV-vis light-induced photocatalytic degradation of OTC HCl in the

presence of Co-doped TiO, NPs has not been studied.
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3.4. Results

3.4.1. Photocatalysts Characterizations

TiO, and Co -doped TiO, NPs were synthesized by thermal treatment of
solutions of the Ti-and Co-precursors in propanol/water in an open system at the
boiling point (reflux) and in a closed autoclave at 200 °C. The NPs obtained by the
reflux method were labeled as TiO,-R and Co-Ti0O,-R, while the materials obtained at
200 °C were labeled as TiO,-HT and Co-TiO,-HT. The structural parameters and the
phase purity of Co-TiO,-R, Co-TiO,-HT, TiO,-R, and TiO,-HT were investigated by
means of XRD and the results are plotted in Figure 3-1 (a).

All materials exhibit diffraction peaks occurring at 20 = 25.42°, 38.18°, 48.24°,
55.30°, 63.12°, and 69.41°, characteristic of the (101), (004), (200), (211), (204), and (116)
planes of anatase TiO, (JCPDS 01-072-4820), respectively. Only trace amounts of
brookite TiO, were detected at 20 = 30.83° in all NPs (JCPDS 01-076-1934). The XRD
patterns of pure TiO,-HT show weak peaks at 20 =27.39° and 20 = 36.08°, which were
attributed to the (110) and (101) planes of the rutile phase (JCPDS 01-089-0552),
respectively. There were no other TiO, peaks or any peaks that could be ascribed to
Co, CoO, or CoTiO3, which is consistent with highly orientated Co-TiO, without any
impurity phase. The particle sizes were calculated from the XRD data using the Debye
Scherrer equation, and the calculated values are shown in Table 3-1. The cobalt doping
seems to decrease the particle size of the Co-TiO,-HT, whereas it does not affect the

particle size of the Co-TiO,-R.
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Figure 3-1. (a) X-ray diffraction (XRD) patterns, and (b) Raman spectra of TiO,-R, Co-Ti0,-R, TiO,-
HT, and Co-TiO,-HT composites.

Table 3-1. The crystal size, SSA, apparent band gap, and initial rates (ry) of OTC HCl degradation in the

presence of Ti0,-R, Co-Ti0,-R, TiO,-HT, Co-TiO,-HT, and commercial P25.

Catalysts XRD Size TEM Size SSA Band gap 1, [OTC HC1] UV-vis
(nm) (nm) (m?g™1) (eV) (mg L™ min™%)

TiO,-R 9.5 9.8+0.2 160 +5 3.06 3.45
Co-Ti0,-R 9.2 9.5+0.2 153 +5 2.93 8.83
TiO,-HT 9.9 10.5+0.2 109 +5 3.10 3.87
Co-TiO,-HT 8.4 9.7+0.2 126 +5 3.03 4.05
P25 21 20+0.2 50+5 3.06 3.34
Photolysis - - - - 1.26

The Raman spectra of Co-TiO,-R, Co-TiO,-HT, TiO,-R, and TiO,-HT composites
measured at room temperature in the range between 80 cm™* and 800 cm ™! are shown
in Figure 3-1 (b). All samples reveal Raman bands at around 148, 402, 519, and 639

cm~!

associated with Eg, Bz, Ajg or By, and Eg vibrations of anatase TiO,,
respectively. The additional very weak signal at 197 (sh) cm™" was also resolved and
assigned to anatase TiO,. Characteristic peaks of brookite titania at 245, 324, and 364

cm~! were also observed. In order to see the changes associated with cobalt doping,
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the full widths at half-maximum (FWHM) of the bands were calculated and given in
Table 3-2. A slight change in the E4 signals of anatase phase in all FWHM Raman
signal values towards higher values indicates deviations in the local structure around
Ti** after cobalt modification, thus indicating the incorporation of cobalt ions in the

TiO, lattice.

Table 3-2. The FWHM of TiO,-R, Co-TiO,-R, Ti0,-HT, and Co-TiO,-HT composites.

Catalysts Eg Alg Blg B2g Blg Alg/Blg Eg

anatase brookite brookite brookite anatase anatase anatase

TiO,-R 32.8 41 75.5 26 93.5 96.5 129.2
Co-TiO,-R 34.8 46.5 71 23.5 96 94.5 172
TiO,-HT 19.5 33.5 83 27 97 94.5 84.8
Co-TiO,-HT 20.5 31.5 82 28 96.5 92.5 91.3

Morphological and detailed structural features of Co-TiO, and TiO, NPs were
further explored using transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM). Figure 3-2 (a, ¢, e, g) show TEM images
of Co-TiO, and bare TiO,. The TiO, NPs appear transparent and dense when the
particles are in layers. The HRTEM images in Figure 3-2 (b, d, f, h) show that all
materials are well crystallized, as indicated by the spacing of 0.35 nm, which
corresponds to the (101) plane of anatase TiO,. The crystallite sizes of Ti0,-R, Co-TiO,-
R, TiO,-HT, and Co-TiO,-HT derived from the TEM images are in good agreement

with the sizes calculated from the XRD data with the Scherrer equation (Table 3-1).
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835 nm
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Figure 3-2. TEM and HRTEM images of (a,b) TiO,-R, (c,d) TiO,-HT, (e,f) Co-TiO,-R, and (g,h) Co-

TiO,-HT composites.
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The light absorption property of the as-prepared photocatalysts was explored
through UV-vis DRS measurements. The corresponding results are depicted in Figure
3-3 (a). The weak peak around 350 nm is the result of the switching in the absorption
of the lamp. TiO,-HT and TiO,-R exhibit no optical response in the visible region.
Cobalt doping into the TiO, lattice resulted in a significant absorption in the visible
region (400 — 700 nm) of the spectrum. The band gap energies are obtained by
converting the UV-vis absorbance spectra into Tauc plots using the equation (akv)/®
= A(hv - Eg), where % is Planck’s constant, v is the frequency, a is the absorption
coefficient, and A is a proportionality constant. The value of the exponent n denotes
the nature of the transition, which is equal to 1/2 for a direct band gap or equal to 2 for
an indirect band gap transition. The plots shown in Figure 3-3 (b) indicate indirect
allowed transitions in all four NPs, with band gap energies as given by the intercept
of the tangent lines with the abscissa in Figure 3-3 (b) of 2.93-3.03 eV and 3.06-3.10 eV
for the Co-doped and the bare TiO, NPs, respectively (Table 3-1).
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] (T} Ti3d Ti3d
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Figure 3-3. (a) UV-vis DRS and (b) the corresponding indirect band gap energies of TiO,-R, Co-
Ti0,-R, Ti0,-HT, and Co-TiO,-HT NPs.
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3.4.2. Photocatalytic Activities of Co-TiO,-R and Co-TiO,-HT on UV-vis Light-

Induced OTC HCl Degradation

The photocatalytic ability of the synthesized photocatalysts was evaluated in

the aqueous phase at constant pH (pH 5) by the photodegradation of OTC HCl as the

target pollutant under the full output of a xenon arc lamp (UV-vis illumination). The

intensity of the OTC HCl characteristic peak decreased with increasing the UV-vis

irradiation time, as shown in the time-dependent UV-vis absorbance spectra in Figure

3-4 (a). The experimental results of the photocatalytic degradation over all samples are

depicted in Figure 3-4 (b). To further compare the photocatalytic activities of the doped

and bare materials, kinetic analysis of OTC HCl photodegradation was carried out by

assuming first-order kinetics; In (C¢/C,) = -kt. The corresponding initial reaction rates

were calculated (ry = k.Cy) and are shown in Table 3-1. Among all prepared

composites, the catalyst prepared by the reflux synthesis showed a higher initial rate

of OTC degradation (8.83 mg L 'min™?). As depicted in the table, the observed initial

reaction rates for the bare TiO, and Co-doped TiO, materials were found to decrease in

the following order: Co-TiO,-R > Co-TiO,-HT > TiO,-HT > TiO,-R > P25.

1.0 - 1.0
— g’“!“ —e— TiO,R
— sy min .
—— 10 min —¥— Co-TiO,-R
0.8 —— 15min 0.8 —=— TiO,-HT
—— 30 min —— Co-TiO,-HT
—— 45 min P25
—— 60 min .
. Photolysis
0.6 - ~——— 90 min 0.6
Ll
OHO OHO O o
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0.2 "‘.‘I H:;C CH3 0.2
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(a)

(b)

Figure 3-4. (a) Time-dependent UV-vis spectra of OTC HCI solution at pH=5, and (b) kinetics of

OTC HCI (30 mg L™%; pH=5) photodegradation using Co-TiO, and TiO, photocatalysts upon UV-vis

illumination.

91




Chapter 3. UV-vis Light Induced Degradation of Oxytetracycline Hydrochloride Mediated by Co-TiO2 Nanoparticles

3.5. Discussion

3.5.1. Characterization of Co-TiO,-R, and Co-TiO,-HT Composites

The effect of the preparation method as well as the effect of cobalt ions doping
on TiO, for the photodegradation of OTC HCl pharmaceutical was investigated in this
study. The highest photocatalytic activity was achieved for the catalyst modified with
0.5 wt.% cobalt and prepared in reflux (i.e., Co-Ti0,-R; Figure 3-4 (b)). It is known that
dopant atoms may be introduced in TiO, either substitutionally or interstitially
depending on the ionic radius of the dopant. As previously reported by Rodriguez-
Talavera et al. [65], the substitution of high spin Co?* with the ionic radius R(Co?*) =
0.885 A for the octahedral Ti**with the ionic radius R(Ti**) = 0.745 A in the TiOg4
octahedra of the anatase structure induces 0?~ vacancies and might cause the lattice
distortion to rise. The XRD patterns of the Co-TiO, resemble those of the bare TiO,
without any peaks associated with metallic Co or cobalt oxides, confirming that cobalt
is present as Co(Il) ions. The structural characteristic of Co-TiO, and bare TiO,, as
displayed in Figure 3-1 (a), are mainly composed of the anatase phase. The presence
of small contamination of the brookite phase is evidenced in all samples at 20 = 30.83°,
with a possible overlapping of the (120) and (111) peaks of brookite at 20 = 25.34° and
25.69° with the (101) diffraction peak of anatase at 20 = 25.28°. The appearance of
brookite was further confirmed by the analysis of Raman spectra (Figure 3-1 (b)). This
observation of the brookite phase is probably because of the acidic conditions in which
the synthesis was performed, as seen in the work of [66], and since, it has been reported
by the authors of [67] that the synthesis in ammonia limits the brookite formation. In
the TiO, prepared under hydrothermal conditions, two small diffraction peaks
characteristic of the rutile phase were evidenced at 20 = 27.39° and 20 = 36.08°,
indicating lower stability of this sample, which was not seen in the case of bare TiO,-
R. No rutile phase was detected for Co-Ti0,-R and Co-TiO,-HT, which can be explained
by the stabilizing effect of Co ions on the crystalline structure of anatase TiO,,
preventing the formation of the rutile phase. This observation was also previously

reported in Co-doped TiO, [46]. Additionally, the position of the most intense peak and
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the lattice parameters of anatase phase (101) for the Co-TiO,-R and Co-TiO,-HT
samples are significantly shifted towards a higher angle, as shown in Figure 3-1 (a
inset), supporting the substitution of some Co into the Ti lattice site. This Co
substitution has also been described by Le et al. [68]. The particle sizes of the
synthesized photocatalysts as listed in Table 3-1 remain almost unchanged for the
catalysts prepared in reflux (9.5 + 0.2 nm and 9.2 + 0.2 nm), whereas the crystallite size
of Co-TiO,-HT is slightly smaller than that of the TiO,-HT sample (9.9 + 0.2 nm and 8.4
+ 0.2 nm). It is generally expected that the crystallite size decreases after metal doping,
which may be explained by the Co-O bond formation on the surface of the modified
titania, which might be responsible for the non-growth of TiO, crystallite.

The Co-induced structural modification of TiO, NPs was further analyzed with
micro Raman spectroscopy, which is shown in Figure 3-1 (b). In addition to the

1

common anatase vibrations, a weak sub-band at 197 cm™, which may coincide with

1 characteristic of the rutile

the brookite band (A,,), and a very weak signal at 447 cm™
phase, was observed in all materials. The reason for not detecting the brookite
characteristic peak at 151 cm™* could be because of the overlapping with the anatase
intense band (Eg), which is also observed at about 148 cm™ . These results are in good
agreement with the XRD data and match well with those reported for anatase and
brookite phases of titania [69]. As is well known, doping TiO, with Co?* induces the
formation of oxygen vacancies, because substitution of Ti** by Co?* demands oxygen
vacancy to balance the charges [65]. A very close look into the spectra in Figure 3-1 (b
inset) reveals a small shift in the most intense Raman band (E;) at 148 cm™ 1. This result
suggests that Co?* has been inserted into the anatase structure and substituted the Ti
ions in the crystal lattice. Moreover, the intensity of the signals in the Co-doped
samples has decreased, indicating the effect of the cobalt atoms on the lattice vibration
of titania. Similar behavior has been reported by Huang et al. for the 5 at.% Co-doped
TiO, nanotubes prepared by sol/gel [47]. This shift in the anatase/brookite peak
position (Eg) with the decrease of the peak intensity and the change in FWHM values

of Co-TiO,-R and Co-TiO,-HT endorse the incorporation of cobalt ions in the TiO,
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matrix. No vibration modes for cobalt clusters or cobalt oxides were observed, which
additionally supports the presence of dopant cation in the substitutional positions of
the titania host lattice in the Co-TiO, NPs. These outcomes are well consistent with the
XRD results.

To further elucidate the size and the structure of the Co-doped TiO, NPs, TEM
measurements were carried out and are presented in Figure 3-2. Owing to the low
amount of the dopant (0.5 wt.%), defects in the lattice structures do not become
observable. As revealed by the HRTEM results in Figure 3-2 (b, d, f, h), the interlayer
distance of the NPs is about 0.35 nm for Ti0,-R, Co-TiO,-R, TiO,-HT, and Co-TiO,-HT,
which is assigned to the crystal plane (101) of anatase TiO,. As indicated in Figure 3-2
(c, g) using the hydrothermal method, TiO, was transformed and appears as well-
defined multilayer spherical and pseudo-cubic in shape, which could be probably due
to the small amount of brookite phase present in the titania [70]. The lattice fringes
obtained with an interval of 0.35 nm, thus corresponding to the (101) plane of anatase
and the (210) plane of brookite [52, 70], imply that the NPs are highly crystalline, which
is in accordance with the XRD patterns and Raman shifts shown in Figure 3-1. From
these TEM images, the average particle size of the as-synthesized NPs is found to be
about 9.8, 9.5, 10.5, and 9.7 nm, and almost independent from the synthetic method
within the limit of the experimental error (+ 0.2 nm) for the Ti0,-R, Co-TiO;-R, TiO,-
HT, and Co-TiO,-HT, respectively. These particle sizes are in good agreement with
published data [59], and approximately in the same range as the particle sizes
calculated from XRD data using Scherrer’s formula (Table 3-1).

The SSA is assumed to play a crucial role in photocatalytic reactions. The SSA
of all synthesized photocatalysts was measured via BET adsorption analysis and the
values obtained for the Co-doped TiO, and bare TiO, samples are summarized in
Table 3-1. The surface areas of the synthesized TiO,-R and Co-Ti0,-R composites are
almost identical considering the experimental error of the device, giving the values of
(160 £ 5) and (153 + 5) m?g~! for TiO,-R and Co-Ti0,-R, respectively. However, doping

TiO, with cobalt using the hydrothermal route resulted in a slight increase of the
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surface area from (109 + 5) up to (126 + 5) m?g~!, which was also reported in the work
of [71]. It is reasonable to assume that Co doping affects the TiO, unit cell parameters,
resulting in a distortion of the crystal lattice, which may increase the surface area of
the doped material, reflecting a loss of the crystallinity. However, the surface area of
Co-Ti0,-R remains greater than that of Co-TiO,-HT, allowing the assumption that Co-
TiO,-R adsorbs more substrate than Co-TiO,-HT.

The optical properties of pure TiO, and Co-TiO, prepared by hydrothermal and
reflux methods were investigated. The results depicted in Figure 3-3 (a) indicate that
doping TiO, with cobalt significantly increases the light absorbance of the materials.
The diffuse reflectance spectra of pure TiO, consist of a sharp absorption edge around
400 and 407 nm for TiO,-HT and TiO,-R, which is attributed to the electron transition
from the valence band to the conduction band O,,-to-Tizq, whereas the Co-doped
samples have an extended visible light absorption range with absorption bands up to
410 and 423 nm for Co-TiO,-HT and Co-TiO,-R, respectively. It is also worth noting
that Co-Ti0,-HT, as seen from the framed region in the UV region of Figure 3-3 (a), has
the highest absorbance intensity in the UV spectrum, followed immediately by bare
TiO, -HT. Furthermore, the UV-vis absorbance spectra of the Co-doped materials
exhibit a tail in the visible range from 400 nm to 700 nm. The additional broad
absorption band in the region between 420 and 520 nm (marked with a circle) may be
assigned to the *T;g-to-*T;4 (P) transition, and the weak peak at 620 nm (marked with
an arrow) can be attributed to the *Tjg-to-*A,, transition for high spin Co**(3d”)
incorporated into the TiO, framework, as previously reported in the literature [27, 59,
72, 73]. From the photocatalysis viewpoint, this sub-band level within the band gap is
of great use, as it can be possible to tune the absorption onset to the higher visible
wavelength by Co-doping and improve the photocatalytic activity.

The determination of the corresponding band gaps of the pure TiO, and Co-
doped TiO, samples was evaluated using the Tauc plot method. The (afv)!/™ versus
() plots of the catalysts are presented in Figure 3-3 (b). Plotting (afv)/"versus (/v)

is a matter of testing n=1/2 or n=2 to compare which gives the better fit, and thus
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identifies the correct electron transition type occurring in Co-TiO, powders. In TiO, -R
and TiO, -HT materials, the square power (afv)!/? used as titanium dioxide is well
known to have an indirect allowed transition. Thus, the optical absorption band gaps
(Eg) for TiO, -R and TiO, -HT were estimated to be 3.06 and 3.10 eV, respectively. To
find out the effect of the cobalt ion doping on the TiO, band gap, the Tauc plots of the
Co-TiO, samples were also analyzed and depicted in Figure 3-3 (b). As could be seen,
Co-Ti0, -R exhibited band gap energy, which decreased up to 2.93 eV, possibly because
of the generation of Co-3d defect states near the valence band maximum of TiO; -R, as
shown in the inset of Figure 3-3 (b), whereas the cobalt doping using hydrothermal
synthesis does not affect significantly the band gap of TiO, -HT with a value of 3.03 eV
for Co-TiO, -HT. This narrowing of the energy band gap of Co-TiO, has been also
observed by the authors of [59], Choudhury [48], and Khurana et al. [49], and was
explained by the introduction of new impurity states near the valence band edge of
TiO,. It can be concluded from these results that Co?* doping employing reflux
synthesis results in a remarkable decrease in the band gap of TiO, and a red shift of the
absorption onset within the visible spectrum, leading to much greater electrons and
holes generation, which could migrate to the surface to drive redox reactions with the

adsorbed pharmaceutical.

3.5.2. UV-vis Light-Induced Oxytetracycline Hydrochloride Degradation over Co-
TiO, Composites

The solar light-induced photocatalytic ability of the synthesized Co-doped TiO,
system was evaluated through the degradation of OTC HCl in aqueous suspension at
constant pH. A comparison of the activity was made with undoped TiO, and the
commercial Degussa P25. The UV-vis-light-induced degradation profile of OTC HCI
using pure TiO, and Co-doped TiO, is given in Figure 3-4 (b). As previously reported
[74, 75], OTC HCI has four species at different pH ranges, and each species has a unique
electric charge state, which may have an influence on the photolytic and photocatalytic
degradation under both UV and visible light. To avoid any possible changes in the
form of OTC HCl, it was chosen to maintain the pH at 5, which corresponds to the
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neutral zwitterions form (H,0TC*). Under UV-vis irradiation, the light-induced
degradation of OTCHCI in terms of initial reaction rates was found to increase
drastically from 3.45 to 8.83 mg L™'min~" for the Co-TiO, -R composite. A negligible
increase in the initial rates from 3.87 to 4.05 mg L™"min~" was also observed for the Co-
TiO, -HT. Furthermore, the observed initial reaction rate for all composites was higher
than that of the commercially available P25. These experimental results agree well
with the BET surface area results and the UV-vis absorption data, suggesting that the
high surface area along with the reduced band gap of the Co-TiO; -R have a major
influence on the kinetics of the photocatalytic performance of this material (Table 3-
1). It is also worth noting that all samples led finally to complete mineralization of
OTC HCl, even bare TiO, . This may be because of the mixed brookite with anatase
phases leading to an occurrence of junctions among different polymorphic TiO,
phases that enhance the separation of the photogenerated electron-hole pairs under
UV light. It is also expected that, with UV-vis, excitation of TiO, using a xenon arc
lamp suggests that photocatalysis acts by direct near-UV excitation of TiO, .
Additionally, and owing to the photosensitization reaction, bare TiO, could be rather
activated under visible irradiation.

Comparing the photocatalytic results obtained with the composites prepared
by the two synthesis methods, the UV-vis-light-induced degradation of OTC HCI
mediated by Co-TiO, and TiO, using the hydrothermal synthesis seems to have an
increasing function with the BET surface area. Compared with TiO, -HT, Co-TiO, -HT
has a significantly larger specific surface area and smaller particle size, which indicates
that the Co species decelerates the crystal-growth rate of the anatase phase. This result
suggests that cobalt doping can significantly increase the SSA for the Co-TiO, -HT
sample and prevent the phase transformation of anatase to rutile phase, which was
evidenced by the absence of the two main peaks of rutile at 20 = 27.39° (110) and 20 =
36.08° (101) observed in the XRD patterns of TiO, -HT, resulting in the stability of the
material with a slight enhancement of the photocatalytic activity of the light-induced

degradation of OTC HCI using Co-TiO, -HT. Controversially, the Co-doping did not
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significantly affect the SSA of Co-TiO, synthesized under reflux. However, the surface
area of Co-TiO, -R stayed larger than that of Co-TiO, -HT. On the other hand, Co-TiO, -
R showed the highest UV-vis light absorption, resulting in efficient UV-vis-light-
induced degradation of the target pollutant. This high enhancement seen in the case
of the co-doped sample prepared by the reflux method could be attributed in part to
its high surface area, which allows adsorbing more substrate (OTC HCI) on the surface
of the catalyst, and in another part to the high ability of this catalyst to absorb UV-vis-
light, which facilitates the electron-hole pair generation participating in the
photocatalytic reactions in the system.

The blank experiment indicates that the direct photolysis of OTC HCI cannot be
ignored, because around 38% was decayed without a photocatalyst within 30 min of
UV-vis irradiation. This result suggests the responsible mechanism for the photolytic
degradation of OTC HCl at pH 5, which may involve the excitation of OTC HCI to singlet
(S1) or triplet (T1) states (OTC*) under UV light.

3.5.3. Proposed Mechanisms of UV-vis Light-Induced OTC HCl Degradation using
Co-TiO, Catalysts

In general, the photocatalytic oxidation of organic compounds mainly involves
the photoabsorption of the photocatalyst, the generation of photogenerated electron-
hole, the transfer of charge carriers, and the consumption of the charge carriers by the
targets [76]. Co-doped TiO, materials showed the ability to absorb visible light,
affecting the transition of the electrons from the VB (O 2p) to CB (Ti 4d) in the
photocatalysts. Figure 3-3 (a) showed that the light absorption by the Co-doped
TiO, samples occurred mainly when A <400 nm. As shown in Figure 3-4 (a), OTC HCl
has no light absorption characteristics in the visible region (wavelengths longer than
400 nm) and was degraded within a certain wavelength range of the UV light.
However, it was found that OTC HCl was decayed by Co-TiO, materials upon UV-vis-
light irradiation. Thus, the materials absorbing light irradiation in the present study

are supposed to be Co-TiO, catalyst and OTC HCl. Therefore, both photocatalytic and
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photosensitized process would work simultaneously under these experimental
conditions.

As bare TiO, absorbs only UV light, the degradation of OTC HCI can be induced
indirectly by the absorption of the TiO, conduction band electron acting as an electron
scavenger on the TiO, surface. In addition to the photocatalytic oxidation mechanism,
which is thermodynamically possible, the photosensitizing oxidation mechanism of
OTC HCI can also occur, suggesting that the electron from the excited OTC HCl molecule
is injected into the CB of the TiO,, and the radical formed at the surface rapidly
undergoes degradation to yield products (Equations (3-1) and (3-2)) [74, 77]. The
photocatalytic degradation of OTCHCl over bare TiO, might also occur by the

combined action of holes and *OH yielding products.
OTC + hv —— OTC* (3-1)
OTC* + Ti0O, ——— OTC** + TiO, (ecp) (3-2)

Considering the present results, a mechanism of the light-induced charge
transfer behaviors during the degradation of OTC HCl and using the Co-doped TiO, is
illustrated in Figure 3-5. Accordingly, the cobalt would introduce a new energy level
(3d orbit) just above the valence band of TiO, and decreases the band gap, as shown
in Figure 3-3 (b). Hence, Co-TiO, -R and Co-TiO, -HT can be activated under visible
light. Therefore, more electrons from the visible region are used to produce
photogenerated electrons and holes. The photogenerated electrons accumulated in the
Co-TiO, conduction band could easily transfer to the adsorbed oxygen 0,, forming a
superoxide radical anion 05~ (-0.13 V vs. NHE), which combines with H* to form
hydrogen peroxide H,0, (0.89 V vs. NHE). Consequently, 05™ reacts with H,0,,
generating “OH (0.38 V vs. NHE), which further converts OTC HCl to mineralized
products. On another hand, the photogenerated holes (hy) accumulate in the valence
band of Co-TiO, and either oxidize directly the pollutant, or they are consumed by
participating in the oxidation of water yielding *OH (1.89 V vs. NHE), which further

oxidizes OTC HCl. The Co species could trap the part of photogenerated holes. Thus,
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the recombination rate of photogenerated electrons and holes might be decreased.
Consequently, the photocatalytic degradation efficiency of OTC HCl over Co-TiO,

catalysts is improved (Figure 3-5).
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Figure 3-5. [llustration of the mechanism of UV-vis light-induced OTC HCI degradation using Co-TiO,
NPs.

3.6. Materials and Methods

3.6.1. Materials Composites

Titanium (IV) isopropoxide (Ti(OPri), (97%)), cobalt (II) acetate tetrahydrate
(Co(Ac),.4H,0 (99.99%)), oxytetracycline hydrochloride ( OTCHCl , 95%), and
hydrochloride acid (HCI, 37%) were purchased from Sigma Aldrich Chemie GmbH,
Miinchen, Germany, 2-propanol anhydrous (99.5%, Carl Roth GmbH, Karlsruhe,
Germany) and methanol (99.9%, Carl Roth GmbH, Karlsruhe, Germany) were used of
analytical grade and used without further purification. Aeroxide TiO, P25 with a
mixture of anatase (80%) and rutile (20%) crystal phase and a specific surface area of
50.1 m?g~! was kindly provided by Evonik Industries AG, Essen, Germany. Deionized
water from a Sartorius Arium 611 device (Sartorius AG, Gottingen, Germany) with a

resistivity of 18.2 M(Q:cm was used for the preparation of all aqueous solutions.
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3.6.2. Photocatalysts Synthesis
3.6.2.1. High-Temperature Synthesis of Cobalt-Doped TiO,

Two solutions were prepared: solution A containing a prescribed amount of
titanium isopropoxide (Ti(OPri),) as the TiO, precursor dissolved in anhydrous
propanol with vigorous stirring. Solution B was prepared by adding 05 g
(Co(Ac),.4H,0 to 50 mL of 2-propanol, 10 mL of distilled water, and 0.5 mL of 1M HCI
in a 500 mL flask and stirring for 20 min. Solution A was then added dropwise to
solution B with continuous stirring. The formed gel was aged for 24 h to ensure
complete hydrolysis. The obtained mixture was transformed into a stainless-steel
autoclave and hydrothermally heated to 200 °C for 10 h. After the autoclave was cooled
to room temperature, the yellow precipitate at the bottom of the autoclave was
separated, washed with ethanol and deionized water several times, and dried at 70 °C
overnight. The obtained residue was calcined at 500 °C for 5 h and denoted as Co-TiO, -
HT. For comparison purposes, the pure TiO, was synthesized using the same
procedure without adding the Co precursor. Bare TiO, catalyst was denoted as TiO, -

HT.

3.6.2.2. Reflux Synthesis of Cobalt-Doped TiO,

To synthesize the same photocatalysts by the reflux method, the mixture of
solutions A and B were refluxed for 6 h. The obtained residue was calcined at 500 °C
for 5 h and denoted as Co-TiO, -R. The pure TiO, was prepared using the same
procedure without adding the cobalt precursor. The pure TiO, catalyst was denoted as

TiO, -R.

3.6.2.3. Photocatalysts Characterization

The crystalline structure of the Co-TiO; -R, Co-TiO, -HT, TiO, -R, and TiO, -HT
catalysts was measured by powder X-ray diffraction (XRD) (D8 Advance system,
Bruker, Billerica, MA, USA), using a Cu Ka radiation source with a wavelength of A =
1.54178 A over a 20 range from 20° to 100°, with a 0.011° step width. The average

crystal sizes of the synthesized Co-TiO, and safe TiO, samples were calculated by

101



Chapter 3. UV-vis Light Induced Degradation of Oxytetracycline Hydrochloride Mediated by Co-TiO2 Nanoparticles

applying the scattering characteristic of the anatase structure to the Scherrer equation.
Raman measurements were made employing a confocal micro-Raman spectrometer
(Senterra Bruker Optik GmbH, Ettlingen, Germany). All depolarized spectra were
obtained at ambient conditions in backscattering geometry using an Olympus BX 51
microscope (Olympus Corp., Tokyo, Japan) that allows the incident 532 nm laser beam
to be focused on the sample as a spot of about 2 um in diameter. An integration time
of 1's, 50 co-additions, and a power of 2 mW was used. The instrumental precision was
within + 3 em™?. Diffuse reflectance (DR) UV-vis spectroscopy was employed using a
spectrophotometer (Varian Spectrophotometer Cary-100 Bio, Agilent Technologies,
Santa Clara, CA, USA) at room temperature. Barium sulfate (BaSO,) was used as a
standard for 100% reflectance measurement. Reflectance was converted by the
instrument software to F[R] values according to the Kubelka-Munk theory. The
specific surface area (SSA) of the investigated materials was determined according to
the multi-layer adsorption model by the BET method using a FlowSorb II 2300
apparatus from Micromeritics Instrument Company (Norcross, GA, USA). Before all
measurements, the samples were evacuated at 180 °C for 1 h. Transmission electron
micrographs (TEMs) of the catalysts were taken using a TEM Tecnai G2 F20 TMP
device (FEI Company, Hillsboro, OR, USA) operated at an acceleration potential of 200

kV with a FEG field effect, objective lenses TWIN, and point resolution of 0.27 nm.

3.6.3. UV-vis Light-Induced Oxytetracycline Hydrochloride (OTC HCl) Degradation

Photocatalytic efficiencies of the commercial Degussa P25, pure TiO,, and Co-
TiO, photocatalysts were measured for OTC HCl photodegradation as a model
compound. The photocatalytic degradation experiments were carried out using a 300
W Xenon arc lamp (Miiller Electronik-Optik, Moosinning, Germany) as the UV-vis
light source. The experiments were conducted on a Pyrex glass reactor with a capacity
of 230 mL and equipped with a cooling jacket. The temperature was maintained
constant at 25 °C using a thermostatic bath (Julabo GmbH, Seelbach, Germany). An
aqueous solution of OTC HCI (230 mL, 30 mg L™!) and 0.5 g L™! of the catalyst were
added to the Pyrex reactor and stirred for 30 minutes before starting the degradation
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experiment to reach maximum output. The pH of the solution was adjusted to pH =5
by adding solutions of HNO3; and NaOH using a pH-stat technique. This technique
consists of an automatic dosing unit (Basic Titrino 794 from Metrohm AG, Herisau,
Switzerland) with a high-performance titrimetric pipette able to add drops of 0.5 uL,
a highly sensitive semi-micro pH electrode combined with an Ag/AgCl reference
electrode (Thermo-Orion Ross 8115, Chelmsford, UK) with pH accuracy up to the third
decimal, and a computer to control and register the results. The system was then
irradiated by a 300 W Xenon arc lamp for 90min. The entire experimental set-up is
shown in Figure 3-6. Aliquots (1.5 mL) were withdrawn periodically, centrifuged to
remove the catalyst, and analyzed immediately. Two independent analytical methods
were used, that is, UV-vis analysis and high-performance liquid chromatography
HPLC (Ecom System Inc, Sarasota, FL, USA) equipped with UV-vis detectors operated
at 355 nm and a Knauer Vertex plus column packed with Eurospher II 100-5 C18 A
material (L x I.D. = 150 cm x 4 mm) with precolumn. The oven temperature was 30 "C
and the mobile phase was a mixture of methanol / acetonitrile/ (0.01 mol/L) oxalic acid

solution (20/20/60, v/v%).

Liquid outlet
r pH electrode
Cooling waterOUT #—— =— | ------------
e ardamp@ OTCHCI Soluti PH stateunit
clufien — NaOH Computer
CoclingwaterIN —
Magnetic stirbar + 3 —
Magnetic stirrer

Figure 3-6. Scheme of the experimental set-up used for the photocatalytic degradation experiments.
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3.7. Conclusions

To summarize, Co - TiO, composites synthesized through reflux and
hydrothermal methods were found to enhance the light-induced degradation rate of
OTC HCI under UV-vis irradiation. Significant differences in the structural analysis
were observed between the materials prepared by the two preparation methods. Co-
doping through the hydrothermal synthesis resulted in preventing the rutile phase
formation with an increase in the surface area, while the doping using the reflux
method does not affect the specific surface area. The Co-doped TiO, NPs prepared by
reflux showed enhanced UV-vis-light-induced OTC HCl degradation with an initial

rate of 8.83 mg L' min~?

, which was higher than the degradation rate of the all
prepared catalysts and commercial P25. The high photocatalytic activity of the Co-
TiO, -R was attributed to its high surface area, which serves as a good absorber for the
substrate molecule, and to the defect levels created below the valence band of TiO, -R,
which lead to better charge separation and improve the kinetic properties of this
material. Co-TiO, -assisted photodegradation of OTC HCl was found to occur via two
competitive processes: a photocatalytic process and a photosensitized process. In the

photocatalytic process, direct hole transfers, 05”7, and *OH could take part in the Co-

TiO, photocatalysis.
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Chapter 4. Photocatalytic Hydrogen Evolution over Pt/ Co -
TiO, Photocatalysts

4.1. Foreword

Following the previous chapter, Co -doped TiO, materials have shown
enhanced photocatalytic activity for OTC HCl degradation under UV-vis illumination
owing to their large surface area and improved visible light absorption. Therefore, it
has been suggested to examine their photoactivity for the photocatalytic
decomposition of methanol under simulated solar light. Mainly, methanol is known
to be one of the most efficient sacrificial reagents to yield H,. Thus, the investigation
of the cobalt doping effect for the photocatalytic H, generation was the main objective
of this study. A literature survey has led to the conclusion that some scientific studies
have shown enhanced H, generation on the Co** doped TiO,, while other groups
observed a decrease in the H, production activity. In this regard, it was of great
importance to investigate the physico-chemical and the paramagnetic properties of Co-
TiO, prepared in different solvothermal ways, and their influence on the
photocatalytic H, production. Moreover, as Pt is reported to exhibit the highest
quantum efficiency for H, evolution, Pt islands are deposited on the surface of the Co-
TiO, photocatalysts to ensure a high and stable activity.

This chapter contains the article “Photocatalytic Hydrogen Evolution over
Pt/Co-TiO, Photocatalysts” by Soukaina Akel, Ralf Dillert, and Detlef W Bahnemann,
published in the Journal of Photocatalysis, 2021, 2, 35-48;, doi:
10.2174/2665976x01999200718010443. The present study considers the use of Co-doped
TiO, materials prepared within the procedures described in chapter 3 for the
photocatalytic H, generation activity since they exhibit a high surface area and light
absorbance. The photocatalytic hydrogen generation from methanol-reforming
revealed that the Co-doping does not affect the photocatalytic activity of both Pt/Co-
TiO, catalysts, which was afterward confirmed with the flatband potential

measurements showing that the conduction band of the Co-doped TiO, materials was
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slightly more negative than hydrogen production potential H*/H, (- 0.41 V vs NHE at

pH =7), which suggest an insignificant amount of photogenerated H,.

4.2. Abstract

Aims: In this study, the photocatalytic hydrogen evolution reaction from aqueous
methanol was investigated upon simulated solar light using platinum loaded on cobalt

doped TiO, (Pt/Co-TiO;) composites.

Background: Controversial results of cobalt-based composites create doubts about
their photocatalytic activity. Thus, cobalt doped TiO, composites were synthesized
differently, and the photocatalytic activity was examined for the photocatalytic

hydrogen generation.

Objective: The current study aims to investigate the influence of cobalt doping and
platinum loading on the photocatalytic activities of TiO, nanoparticles for the

photocatalytic H, generation.

Methods: The 0.5 wt.% Co-TiO, and bare TiO, photocatalysts were synthesized using
two different methods, namely, reflux and hydrothermal synthesis. Additionally, the
Pt deposition on the prepared Co-TiO, and TiO, catalysts (1 wt.% Pt) was performed
using a photo-platinization method. The as-prepared catalysts were characterized by
X-ray diffraction (XRD), scanning electron microscopy/energy dispersive X-ray
analysis (SEM/EDX), transmission electron microscopy (TEM), ultra-violet-visible
spectroscopy (UV-vis), X-ray photoelectron spectroscopy (XPS), electron

paramagnetic resonance (EPR), and electrochemical impedance spectroscopy (EIS).

Results: The XRD and EPR studies clearly indicated that the Co was incorporated into
the titanium dioxide lattice. The EIS results suggested that the reduction of protons
over Co-TiO, and bare TiO, materials was possible from a thermodynamic point of
view. However, the photocatalytic results revealed that the formed amount of H, was
extremely low and close to the detection limit. The evolution of H, from aqueous

methanol (10 vol%) showed higher rates when employing 1 wt.% Pt loaded on 0.5
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wt.% Co-TiO, photocatalysts under simulated solar light irradiation. A maximum of

317 + 44 umol h™* was observed over the Pt/Co-TiO,-HT photocatalyst.

Conclusion: EPR results confirmed that the cobalt ions were introduced into the
TiO, lattice by trapping the photogenerated conduction band electrons and decreasing
the defects in the crystal cell. The Mott-Schottky analysis of electrochemical
impedance measurements showed that all catalysts were n-type semiconductors and
that cobalt doping induces impurity level within the band gap of TiO,. The
experimental results of photocatalytic H, generation from methanol-reforming
demonstrated that no significant impact of Co-doping on the photocatalytic
H, formation was observed neither for bare TiO, samples nor for the platinized
materials. Based on these experimental findings, a possible mechanism for the
continuous photocatalytic activity of Pt/Co-TiO, photocatalysts under simulated solar

light was proposed.

Keywords: Photocatalysis, cobalt-doped titania, H, evolution, simulated solar light,

EPR spectroscopy, Mott-Schottky method.

4.3. Introduction

Meeting the demands of an energy-thirsty world without environmental
pollution is one of the key challenges nowadays. Molecular hydrogen is considered a
major source of energy that can be produced from environment-friendly, abundant,

and renewable energy sources such as biomass and water [1].

For about 50 years since the discovery of photoelectrochemical water splitting
on a TiO, electrode by Fujishima and Honda [2], various types of photoelectrodes and
photocatalysts have been developed to improve the efficiency of light-driven
hydrogen generation from water [3, 4]. However, the hydrogen evolution yield is still
quite low [5]. Higher efficiencies for the photocatalytic hydrogen evolution can be
achieved with the use of electron donors as sacrificial reagents (e.g., alcohol, sulfide

ion, or organic contaminants) which react irreversibly with the photoinduced holes
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thus suppressing the recombination with electrons [6]. Efficient photocatalytic
hydrogen evolution requires semiconducting materials of high photochemical stability
having, in particular, a conduction band position (Ecg) that is lower than the H,/H,0
level E(H*/H;) (- 0.413 V at pH 7). The production of molecular oxygen could take
place only if the potential of the valence band (Eyg) is higher than the 0,/H,0 level
E(0,/H;0) (0.817 V at pH 7) [7]. Therefore, semiconductors with band energy levels
that involve the hydrogen and oxygen evolution potentials are, theoretically, able to
split water. Among various semiconductors which have been studied for the
photocatalytic water splitting, TiO, is considered as the most promising photocatalyst
because of its favorable bandgap energy, the positions of the conduction and valence
bands, and due to its exceptional properties such as photostability and chemical
stability, long-term corrosion resistance, and nontoxicity [8].

However, its larger band gap energy (3.2 eV) restricts the application in the
photocatalytic hydrogen production under visible light irradiation [9]. One strategy to
enhance the photoproduction of H, from an aqueous suspension containing TiO, is to
increase its photoactivity in the near-UV region of the solar spectrum by retarding the
recombination of the photogenerated charge carrier, i.e.,, conduction-band electrons
and valence-band holes which occurs in nanoseconds. For this aim, NPs cocatalysts in
the form of metal (Pt, Au, Pd, Rh, Co, Ni) or metal oxide (RuO,, Co30,) have been
deposited on the surface [10-17]. Recently, Moon et al. [18] investigated the effects of
macro-mesoporous oxides (i.e. Pt-TiO,, Pt-Ta,0s, Pt-Nb, 05, Pt-Zr0O,, and Pt-Al,03)
on photocatalytic H, generation from aqueous methanol. They observed that among
all oxide-supported Pt nanoparticle photocatalysts, Pt- TiO, exhibits the highest
photocatalytic H, production activity. It has been shown that the Pt deposition onto
the TiO, surface resulted in the formation of a Schottky barrier at the interface of the
metal/semiconductor retarding the electron/hole recombination [19]. Amongst all
noble metals, Pt particularly has competed for an important role in the photocatalytic
hydrogen production system [20]. According to the Schottky barriers, platinization of

semiconductor photocatalysts such as TiO, promotes the transfer of the
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photogenerated holes in the surface which allow the accumulation of the trapped
electron in the Pt NPs enhancing the molecular hydrogen formation by reducing the
reduction potential of protons [21, 22].

Over the past few years, cobalt-based complexes as more earth-abundant metal
have been reported as alternative systems to catalyze the reduction of protons in
aqueous solution [23, 24]. Recently, Rodenberg et al. investigated the mechanism of the
photocatalytic hydrogen generation using a polypyridyl-based cobalt complex in
aqueous solution [25]. Eisenberg and co-workers applied the cobalt-dithiolene
complex to catalyze the photocatalytic proton reduction with very high activity,
achieving >2700 turnovers when paired with Ru(bpy;)** as a photosensitizer and
ascorbic acid as the sacrificial donor [26]. Although these complexes generally perform
remarkably, the stability under the turnover conditions was identified as one of the
major drawbacks of such compounds.

Cobalt oxide (CoOx) based catalysts have been extensively examined for
photocatalytic water oxidation [27, 28]. In the recent past, enormous attention has been
paid to cobalt oxide-based TiO, photocatalysts for photocatalytic hydrogen
generation. A nonaqueous sol-gel preparation of CoOy/TiO, nanocomposites for
photocatalytic hydrogen generation has been described by Wang et al., who showed
the capability of the composites with the optimum Co/Ti ratio for photocatalytic
hydrogen generation with methanol or ethanol as a sacrificial agent under UV
irradiation [29]. A new Co030,/Ti0, system with a p—n heterojunction for photocatalytic
hydrogen evolution has been synthesized by Bala et al. showing a maximum of
photocatalytic hydrogen evolution rate of ~7 mmol g~*h™! at optimized Co loading
[16]. Also, Yan et al. have prepared cobalt oxide loaded titanium dioxide/cadmium
sulfide semiconductor composites using an aqueous solution containing sodium
sulfide/sodium sulfite as hole scavengers under visible light irradiation, and they
reported an average rate of hydrogen evolution of 7 times higher than titanium

dioxide/cadmium sulfide composite [30]. Mahoney et al. have found that the cobalt
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oxide nanoclusters minimize the charge-carrier recombination and hence enhance the
hydrogen production under solar simulated irradiation [31].

Extensive researches have been carried out to decrease the TiO, band-gap
energy or to introduce intra-bandgap states without changing the conduction band
level, which may improve the efficiency within the visible wavelength. Doping a wide
band gap metal oxide such as TiO, is one of the most effective methods that have been
widely studied for the development of visible light-responsive photocatalysts. So far,
continuous hydrogen production from glycerol aqueous solution under solar light has
been investigated through Co?* doped TiO;, and maximum hydrogen production of
11021 umol h™*g™! was attained over 1 wt.% cobalt doped TiO, in 5% glycerol
aqueous solutions [32]. In another work reported by Shi et al. a maximum of 2499 umol
of molecular hydrogen has been obtained on only 0.3 % of Co-TiO, [33]. Conversely, a
non-enhancement of the photoactivity on the cobalt-doped materials has been
reported. For instance, Wu et al. [34] have doped commercial P25 with 0.4 wt.% Co?*
for hydrogen production from aqueous ethanol solution. They have observed that
after a long-term photoreaction, the photocatalytic hydrogen production activities of
Co?** modified P25 have decreased by a factor of 2. Wang et al. have synthesized
Co0,/Ti0, nanocomposites which were only UV-active and exhibited no activity in the
visible light despite that the nanocomposites were colored [29]. In an early paper,
Hoffman and co-workers have reported a detrimental effect of Co®* doped TiO, for the
photocatalytic degradation of CHCl; under UV irradiation [35]. In another study of the
same group, they have demonstrated that Co** doped TiO, material had a slight
increase in the observed rate constant of the visible light photocatalytic degradation of
methylene blue [36].

In view of the reported results above, doubts about the photocatalytic activity
of the cobalt doped TiO, materials are created. Thus, cobalt doped TiO, composites
were synthesized with the aim to decrease the TiO, band gap which results in
enhanced visible absorption, and then loaded with 1 wt.% of Pt for promoting the

formation of molecular hydrogen. To the best of our knowledge, the influence of Pt
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loaded on cobalt doped TiO, catalysts prepared by two different solvothermal
methods for the photocatalytic hydrogen generation has never been developed before.
Therefore, it is the purpose of this work to investigate the influence of the synthesis
conditions on the structural, paramagnetic, and photocatalytic properties of the
platinized Co-TiO, photocatalysts. The synthesized materials were characterized by
means of XRD, TEM, UV-vis, XPS, EPR, and EIS, then evaluated by the photocatalytic
hydrogen generation from aqueous methanol. Based on the experimental results, the

possible mechanism for H; evolution over Pt/Co-TiO, is proposed.

4.4. Experimental Section

4.4.1. Chemicals

Titanium (IV) isopropoxide (Ti(OPri), (97%)), cobalt (II) acetate tetrahydrate
(Co(Ac),.4H,0 (99.99%)), hydrochloride acid (HCl), and hexachloroplatinic acid
(H,PtHCl4.6H,0) were purchased from Sigma Aldrich Chemie GmbH, Miinchen,
Germany. 2-propanol anhydrous (99.5%), and methanol (99.9%), Carl Roth GmbH,
Karlsruhe, Germany, were used for analytical grade and without further purification.
Aeroxide TiO, P25 with a mixture of anatase (80%) and rutile (20%) crystal phase and
a specific surface area of 50.1 m? g~! was kindly provided by Evonik Industries AG,
Essen, Germany. Hombikat UV 100 with a SSA superior to 250 m? g~! provided from
Sachtleben Chemie GmbH, Duisburg, Germany. Deionized water from a Sartorius
Arium 611 device (Sartorius AG, Gottingen, Germany) with a resistivity of 18.2 M():cm

at 298 K was used for the preparation of all aqueous solutions, and suspensions.

4.4.2. Materials Preparation
4.4.2.1. Hydrothermal Synthesis (HT)

In a typical reaction, a prescribed amount of titanium isopropoxide was
dissolved in anhydrous propanol. After that, a second solution containing 0.5 g
Co(Ac),.4H,0 dissolved in 50 mL of propanol, 10 mL distilled water and 0.5 mL HCI
was added dropwise to the first solution containing TiO, precursor under magnetic

stirring. The same procedures were followed for the synthesis of bare TiO, in the
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absence of the cobalt salt. The resultant sol was then aged for 1 day and then
hydrothermally treated at 473 K for 10 h. The gained precipitate was washed by
distilled water, dried at 343 K for 24 h and then placed in a muffle furnace for annealing

at 773 K for 5 h.

4.4.2.2. Reflux Synthesis (R)

Synthesis of Pt/Co-TiO, and Pt/TiO, NPs in reflux was also carried out using the
same TiO, and Co precursors as used in the hydrothermal synthesis. Briefly, titanium
isopropoxide dissolved in anhydrous propanol solution was mixed with the solution
of Co(Ac),. 4H,0 dissolved in propanol, distilled water, and HCI as described in the
hydrothermal synthesis. The mixture was maintained in a closed system heated to
boiling under reflux and stirring for 6 h to promote further hydrolysis and
crystallization of the product. The reaction was stopped by removing the heat source,
the residue was washed thoroughly with distilled water, centrifuged, dried at 343 K in
an oven for 24 h, and then calcined at 773 K for 5 h. The bare TiO, was prepared in the

absence of Co(Ac),.4H,0 under the same conditions.

4.4.2.3. Photoplatinization

The Pt deposition on the prepared TiO, and Co-TiO, catalysts (1 wt.% Pt) was
performed by the photoplatinization method using the appropriate volume of
H,PtHCl¢. 6H,0 as the platinum precursor. A pre-determined amount of TiO, or Co-
TiO, was suspended in a solution containing 5.13 mL of H,PtHCl¢. 6H,0, a 30% volume
of methanol used as the sacrificial hole scavenger during the photodeposition of
platinum, and 70% volume of distilled water. The suspension was kept in a cylindrical
glass reactor of 50 mL volume then irradiated for 24 h under UV light irradiation (1
mW cm~?) with continuous stirring (400 rpm). The milky white (bare TiO;) and yellow
(Co-TiO, ) suspensions turn to a pale grey color. The suspensions were then
centrifuged, washed repeatedly with distilled water, and dried at 343 K for 12 h. The
two catalysts synthesized under hydrothermal conditions were denoted as Pt/Co-TiO,-

HT and Pt/Ti0,-HT. The two materials synthesized within the reflux method were
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represented as Pt/Co-TiO,-R and Pt/TiO,-R. Titanium dioxide Evonik P25 with a
mixture of anatase (80%) and rutile (20%) crystal phase and a specific surface area of
50.1 m?g~! kindly provided by Evonik Industries AG, Essen, Germany, and Hombikat
UV 100 with a specific surface area of 250 m?g~! provided from Sachtleben Chemie
GmbH, Duisburg, Germany, were also modified with 1 wt.% Pt and used for

comparison.

4.4.3. Characterization of the Prepared Materials

XRD measurements were determined using a D8 Advance system (Bruker,
Billerica, MA, USA) using a Cu Ka radiation source with a wavelength of A =0.0154178
nm over a 20 range from 20 to 80 with a 0.011 step width. The morphology of the
prepared photocatalysts was determined using SEM, employing a JEOL JSM-6700F
field emission instrument (Tokyo, Japan) with a resolution of 100 nm and 1 um using
an EDXS detector. The nanoparticle size was determined using a TEM Tecnai G2 F20
TMP device (FEI Company, Hillsboro, OR, USA) conducted at an acceleration
potential of 200kV with a FEG field effect, objective lenses TWIN, and point resolution
of 0.27 nm. The full Co-TiO, and TiO, materials characterizations have been reported
in our previous work [33]. Diffuse reflectance UV-vis spectroscopy was employed
using a spectrophotometer (Varian Spectrophotometer Cary-100 Bio, Agilent
technologies, Santa Clara, CA, USA) at room temperature. Barium sulfate was used as
a standard for 100% reflection. The SSA of the investigated materials was determined
according to the multi-layer adsorption model by the BET method using a FlowSorb II
2300 apparatus from Micromeritics Instrument Company (Norcross, GA, USA).

Measurements of XPS were carried out using a Leybold Heraeus (Cologne,
Germany) with X-ray source, Mg & Al anode, nonmonochromatic, hemispherical
analyzer, 100 mm radius. Data analysis was performed using XPSPEAK 4.1 software
(Hong Kong, China). The energy of the C 1s-line was set to 284.8 eV and used as a
reference for the data correction.

The EPR spin trapping experiments were performed with a MiniScope X-band
EPR spectrometer (MS400 Magnettech GmbH) at 77 K operating at about 9.47 - 9.51
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GHz field frequency. The acquisition parameters were; center field: 337 mT, sweep
time 60 s, modulation amplitude: 0.15 mT, number of points: 4096, number of scans: 1,
microwave power: 10 mW, gain 5. All the measurements were recorded at 77 K with
nitrogen cooling at a normal air atmosphere in order to avert the fast recombination of
electron-hole pairs. Initially, bare TiO, and Co-TiO, photocatalysts were studied in the
dark and then under illumination. Irradiation experiments were performed irradiating
the samples with a 200 W xenon lamp with the wavelength from 250 - 450 nm equipped

with an IR water filter.

4.4.4. Electrochemical Study

Electrochemical impedance spectroscopy (EIS) was conducted using a
ZENNIUM potentiostat and a PECC-2 photoelectrochemical cell (ZAHNER-Elektrik
GmbH & Co. KG). Films of the samples were used as the working electrode, after being
coated on cleaned FTO coated glass and calcinated at 673 K for 2 h. An Ag/AgCl
electrode (3 M NaCl, +209 mV vs. NHE) and a platinum coil were used as the reference
electrode and the counter electrode, respectively. KNO3; aqueous solution (0.1 M) was
used as the electrolyte. The impedance spectra were recorded in the range between the
chosen potential from -1 V to +1 V at frequencies of 10, 100, and 1000 Hz with 20 mV
amplitude vs. Ag/AgCl. The capacitance was plotted against V, and the flatband was
calculated from the intercept of the plot. (i.e., a plot of C™2 vs. V, where C was the

capacitance and V was the potential across the space charge layer).

4.4.5. H, Evolution by Photocatalytic Reforming of CH;0H

Measurements of photocatalytic H, formation activities were performed in
sealed glass vials (capacity of 10 mL) under illumination with a 1000 W Xenon lamp,
(Honle UV Technology, Grafelfing, Germany; Sol 1200 solar). The full emission
spectrum of the Xenon lamp is given in Figure S4-1. Typically, an amount of 6 mg of
the photocatalyst (Ti0,, Co-TiO,, Pt/TiO,, Pt/Co-TiO,, as well as Pt-loaded P25 and Pt-
loaded UV100) was suspended in 6 mL aqueous methanol (10 vol%). The solution was

purged with argon for 30 min to remove the air. The amount of H, gas evolved via the
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photocatalytic reaction was quantified every two hours using a gas chromatograph
(Shimadzu GC-8A, Shimadzu Deutschland GmbH, Duisburg, Germany) equipped

with TCD and 60/80 molecular sieve 0.5 nm column.

4.5. Results and Discussion

4.5.1. Photocatalyst Characterization

The XRD patterns of different platinum loaded samples are shown in Figure 4-
1. The XRD patterns of the bare TiO, and Co-TiO, samples were investigated in our
previous study [37]. All the synthesized samples exhibited the characteristic peaks of
anatase TiO, at 20 = 25° (major), 38°, 48°, 55°, 63°, 69°, and 75°. Small peaks of the rutile
phase at 20 = 28° and 36° were also observed on the Pt/TiO,-HT, Pt/Co-TiO,-HT, and
the Pt/P25. Contaminations of the brookite phase at 20 =31° and 40° were also detected
in the Pt/TiO,-HT, Pt/Co-TiO,-HT, Pt/TiO,-R, and Pt/Co-TiO,-R. According to the
literature, anatase to rutile transformation in the titania system occurs when the
temperature is increased above 450 °C [38]. However, Castro et al. have reported that
mild hydrothermal synthesis enables one to obtain pure and stable anatase TiO, until
800 °C [39]. In a study conducted by Zhao et al., the presence of three titania
polymorphs was demonstrated for Co-doped TiO, using combined sol-gel and
hydrothermal methods [40]. As shown in Figure 4-1, The XRD patterns of the Co-TiO,
did not exhibit any peaks related to metallic Co or cobalt oxides, proving that cobalt is
well incorporated in the TiO, crystal cell. The characteristic peak platinum was not
detected for all the photocatalysts probably due to the low amount of the metals or to
the high dispersion of these metals on the TiO, supports [41]. The addition of platinum
resulted in an increase of brookite content for the refluxed and hydrothermally
prepared catalysts. This was evidenced in the peak that occurred at 20 = 40° which was

not existing in the absence of Ptloading [37].
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Figure 4-1. X-ray diffraction patterns of Pt/Co-TiO,-R, Pt/Co-Ti0,-HT, Pt/TiO,-R, Pt/Ti0,-HT, Pt/UV100,

and Pt/P25.

The SEM analysis of the synthesized cobalt-doped TiO, and pure TiO, were
studied for the investigation of the surface morphology and characteristics. Figures
$4-2 and S4-3 present the SEM and the corresponding EDX images of the TiO, and Co-
TiO, catalysts, respectively. The samples display a spherical structure, nevertheless,
most of them are in agglomerated form. The EDX elemental analysis shown in Figure
54-3 (a, c¢) endorse the presence of Ti, O, and Cl. The existence of chlorine as an impurity
is due to the HCl used to prepare the catalysts as observed by [42]. Very weak peaks of
cobalt are additionally seen in Figure S4-3 (b, d), which can be explained by the low
amount of Co-doping (ca. 0.5 wt.%) and its good dispersion over Co-TiO,-HT and in

Co-TiO,-R. This has been also reported in previous studies [43, 44].
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Figure 4-2. TEM images of (a) Pt/TiO,-R, (c) Pt/Ti0,-HT, (e) Pt/Co-TiO,-R, and (g) Pt/Co-TiO,-HT, and

HRTEM images of (b) Pt/TiO,-R, (d) Pt/TiO,-HT, (f) Pt/Co-TiO,-R, and (h) Pt/Co-TiO,-HT.

Complementary morphological amplification can be achieved with the TEM

study. Figure 4-2 shows the TEM/HRTEM images of the Pt/TiO, and the Pt/Co-TiO,
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powders. The NPs have an almost spherical shape and they are bigger in size in the
case of Pt/TiO,-HT and Pt/Co-TiO,-HT, and much more porous and agglomerated in
Pt/Ti0,-R and Pt/Co-TiO,-R. The particle size determined from TEM images ranged
between 7 + 0.5 nm and 9 + 0.5 nm which is in good agreement with the crystallite size
obtained from XRD as discussed in our previous work [37]. The HRTEM images
shown in Figure 4-2 (b, d, f, h) confirm the good crystallinity of the NPs, as indicated
by the spacing of 0.36 nm which corresponds to the anatase plane (101) of TiO,. Small
Pt NPs are observed on the TiO, and Co-TiO, surface as evidenced by the lattice
spacing of 0.24 nm which corresponds to the Pt (111) lattice plane [45].

The optical properties of the prepared materials were investigated by means of
UV-vis spectroscopy at room temperature. The diffuse reflectance spectra of all
samples were converted into absorption spectra by using the Kubelka-Munk function
as depicted in Figure 4-3 (a). From these results, it can be seen that the platinized
Degussa P25 and the platinized Hombikat UV100 only show optical absorptions
within the UV region; with a band gap of 3.12 and 3.29 eV for Pt/P25 and Pt/UV100
respectively, as indicated in Figure 4-3 (b). As it has been previously shown in our
previous work and compared to the as-prepared pure TiO, [37], the optical absorption
of Pt/TiO, is not affected by the 1.0 wt.% platinum loading even that the color of the
sample turned from white to pale grey. On the other hand, the Pt/Co-TiO, catalysts
compared to the Co-TiO,, show a blue-shifted absorption edge towards the UV region.
Hence, the Co-TiO,-R and Co-TiO,-HT composites show broader absorption onsets at
around 423 nm (2.93 eV) and 410 nm (3.03 eV), respectively [37]. These absorptions are
slightly wider than those observed for Pt/Co-TiO,-R and Pt/Co-Ti0,-HT NPs which are
around A =404 nm (3.11 eV) and A =401 nm (3.14 eV), respectively. Similar behavior
has been previously reported using Pt loaded N doped TiO, and explained by the loss
of the cobalt from the photocatalyst during the Pt photodeposition. Since the
photodeposition of Pt was prepared by dissolving Co-TiO, powders in the H,HPtClg
solution, the cobalt vanished from the TiO, lattice and dissolved into the solution.

Furthermore, washing the photocatalyst after the photodeposition of Pt can also
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contribute to the loss of cobalt ions from the photocatalyst [46]. From these results, it
can be stated that despite the change in color and the slight shift in the bandgap,

neither Pt/TiO, nor Pt/Co-TiO, catalysts are able to absorb significantly visible light.
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Figure 4-3. (a) UV-vis diffuse reflectance spectra, and (b) the corresponding indirect band gap energies

of Pt/Co-TiO,-R, Pt/Co-TiO,-HT, Pt/Ti0,-R, Pt/Ti0,-HT, Pt/UV100, and Pt/P25.

4.5.2. XPS Analysis of Co-TiO, and TiO, Photocatalysts

In order to investigate the oxidation states of the metal species present on
the materials, X-ray photoelectron spectroscopy was performed. The XPS spectra
of the bare TiO, and Co-TiO, composites are shown in Figure 4-4. The strong Ti
2p3,; and Ti 2p;,, XPS peaks at about 459.3 and 464.9 eV with a spin-orbital
doublet splitting of 5.6 eV suggest that the Ti elements mainly existed as Ti** in
the TiO,-R sample. The deconvolution of the high-resolution spectra for O 1s XPS
spectrum shows a strong peak at around 530.5 eV ascribed to the 0%~ in TiO,. In
the presence of cobalt dopant, the Ti 2p3,, Ti 2p;/, and O 1s peaks of the Co-TiO,-
R catalyst are almost identical to those of the TiO,-R, except for a slight red-shift in
the binding energy of about 0.2 eV, which is in agreement with previously
reported results [47]. The characteristic peaks of Co 2p3,, and Co 2p,,, which have
to be at around 781.0 and 797.2 eV [48] are not observed in this case (Figure S4-4),
certainly because of the low amount of cobalt doping (ca 0.5 wt.%) [49].

Nevertheless, both Ti and O spectra have revealed the successful insertion of
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cobalt within the TiO, matrix. Using the samples prepared within the
hydrothermal methods, similar Ti 2p3,,, Ti 2p;/;, and O 1s XPS peaks were
recorded for the bare TiO,-HT as shown in Figure S4-4, with a shift in the binding
energy of the Ti and O spectra, which indicates that there were interactions
between Ti-0-Co inside the TiO, framework. Similar results have been reported by
Venturini et al. [50]. Unfortunately, the XPS measurements did not allow us to find
out the cobalt spectra and, therefore, further investigations using EPR

spectroscopy were carried out.
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Figure 4-4. The XPS spectra of Ti 2p, and O 1s of Ti0,-R and Co-TiO,-R.
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4.5.3. EPR Analysis of Co-TiO; and TiO, Photocatalysts

Transition metal ions are usually paramagnetic because of their partially filled
orbitals [51]. For the investigation of photogenerated electron and hole paramagnetic
species, all the samples were studied in the dark and under illumination and the
obtained results are depicted in Figure 4-5. The EPR spectrum of the as-synthesized
TiO,-HT sample in the dark (Figure 4-5 (a inset)) exhibited mainly two sharp bands at
around g =1.997 and g = 1.985 which were assigned to the paramagnetic centres in the
titanium dioxide crystal lattice, and which were earlier observed for bare TiO, before
irradiation by Brezova et al. [52]. Upon continuous irradiation (Figure 4-5 (a)), changes
in the EPR spectra were observed depicting an intensified broad band which was
found to decrease with the irradiation time and characterized by g = 2.022, g = 2.008,
and g = 2.001 assigned to a surface hole trapped radical Ti**0"-Ti**OH- [53-56]. A
sharp EPR signal (B) centered around g = 1.985 increasing with irradiation time was
detected and assigned to the trapped electron as a Ti** state in the TiO, matrix [55, 56].
The signal (C) induced at the region of 344.10 mT with g =1.970, g =1.958, and g =1.950
which displayed an increase in intensity can be ascribed to the conduction band
trapped electron which tend to reduce Ti** cations to the Ti** state [57], which is
consistent with the XPS data shown above in which the Ti**were identified to be
located at the surface. The EPR spectra of Co-TiO,-HT catalyst recorded in the dark
(Figure 4-5 (b inset)) present two signals at around g =1.997 and g = 1.982 which may
also correspond to Ti** sites on TiO, as seen for the raw TiO>-HT. Under illumination
(Figure 4-5 (b)), a large number of photoexcited electrons are formed, and the intensity
of the signal (A) increased with the appearance of new signals (B) and (C) as observed
for the bare TiO,-HT. However, in Co-TiO,-HT composite, the peak of Ti** at around
g = 1970 disappeared in comparison with TiO, -HT, which proved that the
photogenerated electrons are trapped in other sites than Ti in the presence of cobalt
thus reducing the intensity of the Ti** signal. This can also be explained by the
participation of Ti** to anchor the cobalt on TiO, support or with the fact that the

cobalt ions are incorporated in the crystal lattice and appear as interstitial defects
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rather than real substitutional dopants as reported in [58]. The oxidation state of cobalt
after electron trapping cannot be determined from this EPR study. According to the
literature [59-61], signals at around g = 4.200 were previously observed and assigned
to the high spin Co?* in an octahedral environment, and a broad signal at g=2.000 was
attributed to Co30,4 [59]. Huang et al. have attributed a broad signal with g =2.19 to the
high spin Co®* in an octahedral environment [62]. Also, it has been reported that at
low Co content, only hole defects are properly detected. Chao et al. have reported an
EPR signal at g =2.000 which they have assigned to the paramagnetic adduct of oxygen
and Co?* on an oxide surface [63]. Other authors have stated that a fraction of cobalt
ions can only be adsorbed on the nanocrystal surface and could not be seen in the EPR
spectra but contribute to the magnetic susceptibility of a nanocrystal powder [59,64].
A close look at the Co-TiO,-HT spectra reveals a noticeable increase in the vacancy
peak at around g = 2.001 in comparison with that of TiO, -HT, indicating the
introduction of Co species with a possible substitution of Ti** with Co?*. This
observation is consistent with a previous report in which Melanin and co-authors
observed an increase in the oxygen vacancy peak with doping up to 2 wt.% of Co and
attribute it to the Co?* [48]. Figure 4-5 (c) shows the EPR spectra of the Ti0,-R catalyst.
The resonance at g = 1.985 in the dark (Figure 4-5 c inset)) is attributed to the Ti3* site
on TiO,. After irradiation, this peak intensified, and new signals were recorded; the
peak with g =2.020, and g = 2.002 is assigned to the trapping hole at the surface, the
signal B with g = 1.985 is ascribed to Ti** surface electron trapping sites which
improved with irradiation time. The signal C induced at g =1.970, g =1.958, and g =
1.950 is probably attributed to the conduction band electron trapped at the bulk as
observed for the TiO,-HT. Similar spectra have been previously obtained [56]. With
cobalt doping, changes in the EPR spectrum are observed for the Co-TiO,-R indicating
that cobalt ions were successfully introduced into TiO,. Considering the dark spectra
(Figure 4-5 (d inset)), new signals have been recorded under continuous illumination
and were given as signals A, B and C (Figure 4-5 d). Signal A is attributed to the

trapping hole at the surface which increases in intensity due to the Co?* incorporation
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as seen for the Co-Ti0,-HT. The signal B with g = 1.985 is induced due to the trapped
electrons which belong to Ti** as seen for the TiO,-R. The intensity of this peak
decreased in compared with TiO,-R, which might be explicated by the electron
trapped by cobalt ions inducing a decrease in Ti** peak intensity as seen for the Co-
Ti0,-HT, and the broadband with g = 1.967 can be assigned to the electron trapped at
the surface of Ti*t site to form Ti®>*. From these EPR results, it can be concluded that
the overall mechanism is determined by either the competition between titania and
cobalt to trap the photoinduced electrons or the increased recombination rate in the

presence of Co inside the lattice thus reducing the Ti** amount.
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the dark and under 1, 3, 5, and 10 min of UV-vis-light irradiation (Xe lamp, A = 300-450 nm).
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4.5.4. Flatband Measurement of Co-TiO, and TiO, Photocatalysts

The flatband potential (Eg,) of the synthesized materials were determined using
Mott-Schottky plots. The measurements started at the potential of +0.20 V and finished
at the potential of -0.8 V (vs Ag/AgCl) as illustrated in Figure 4-6. With an ideal
semiconductor-solution interface, a plot of C™2 against V should yield a straight line
and its intercept on the V axis corresponds to Vgg. As shown from the capacitance-
voltage (CV) graph (Figure 4-6), three regions labeled as regions 1, 2, and 3 are
observed. As previously interpreted by Xu et al. Region 1 could originate from the
FTO film, region 2 is possibly due to the specific ion adsorption between the FTO
surface and the NPs, and region 3 can be interpreted as the contribution of TiO, and
Co-TiO, to the measured capacitance [65]. When the applied potential is more positive
than ~ -0.33 V (region 1 and 2), the space—charge region of the nanoparticle films is
depleted. The resulting linear fitting of region 1 gives Vgg of the FTO glasses which are
equal to -0.17, -0.22, -0.10, and -0.12V (vs. NHE) for TiO,-R, Co-TiO,-R, TiO,-HT, and
Co-TiO,-HT, respectively. Once the applied potential is more negative than -0.33V
(region 3), a drastic enhancement in the capacitance is seen. The linear fit of region 3
provides the Vgg of the NPs to be around —0.41, —-0.45, —0.42, and —0.44V (vs. NHE) for
TiO,-R, Co-Ti0,-R, TiO,-HT, and Co-TiO,-HT, respectively. These values coincide well
with those reported in the literature for the bare TiO, and the cobalt doped TiO, films
[43,66]. Moreover, the flatbands potential of TiO, materials were shifted to the
negative potential by doping with cobalt, as well as the n-type semiconducting nature
of the NPs is also confirmed by the positive slopes of Mott-Schottky plots as indicated
in Table S4-1.
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Figure 4-6. Mott-Schottky plots taken at room temperature and a probing frequency of 100 Hz of TiO,-
R, Co-Ti0,-R, TiO,-HT, and Co-TiO,-HT catalysts.

The energetic positions of the valence band and the conduction band of TiO,
and Co-TiO, are shown in Figure 4-7. As the conduction band of the photocatalysts are
estimated to be equal to the Vg of region 3 for the n-type semiconductors, and the E,
values were calculated by extrapolating the linear area in the curve of
(F(R) hv) /2 versus (hv) presented in our previous work [37], the valence band
energies of TiO, and Co-TiO, powders can be estimated by adding the band gap

energy (Eg) to the flatband potential (Eg,) of the composites:
Ecg =Ep
EVB = Efb + Eg

Accordingly, the valence band energies of TiO,-R and TiO,-HT at pH 7 are 2.65
and 2.68 eV (vs. NHE), respectively. Owing to the additional intermediate energy
states, the valance band energy values calculated for Co-TiO,-R and Co-TiO,-HT

powders are 2.48 and 2.59 eV, respectively (Figure 4-7).
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Figure 4-7. Electrochemical potentials (vs. NHE) of band edges of TiO, and Co-TiO, at pH7.

4.5.5. Photocatalytic Hydrogen Generation of Pt/(Co-TiO;) and Pt/TiO, Composites

From the energetic viewpoint, bare TiO, could be considered as an active
material for photocatalytic water splitting. However, kinetically when TiO, absorbs a
photon the energy of which exceeds its band gap, an electron-hole pair is generated.
In the presence of an electron acceptor and in the absence of molecular oxygen, the
excess holes are consumed and photogenerated electrons are trapped in the surface
forming Ti3* instead of reducing H* to molecular hydrogen [67]. To overcome this
issue, Pt was loaded on the surface of the as-prepared photocatalysts to promote the
formation of H, and aqueous methanol solution was used as a sacrificial reagent to
control the undesired reaction of electron-hole recombination which is
thermodynamically favored. As it can be seen from Figure 4-8 (a, b, ¢, d), no significant
reactivity for the photocatalytic hydrogen evolution under simulated solar light was
detected neither for TiO,-R nor for TiO,-HT. This result suggests that the electrons are
trapped as Ti** species instead of reducing protons, which is consistent with the
aforementioned EPR results. These data are in good agreement with previously
published results [32, 68]. Co-TiO, -HT and Co-TiO, -R materials show also similar
photocatalytic behavior as for bare TiO,-HT and TiO,-R, respectively. The formed

amount of H, is still extremely low and close to the detection limit. These results
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indicate that the reforming of aqueous methanol in the presence of the Co-TiO,
composites under argon atmosphere is not an efficient chemical reaction. Similar
tindings have been reported by Hwang et al. who found that only Cr and Fe doped
TiO, produce photocatalytically significant amounts of molecular hydrogen from
aqueous methanol [69]. As can be seen from Figure 4-7, a small decrease in the band
gap is observed upon Co doping. This decrease of the band gap energies enables the
Co-doped photocatalysts to absorb more photons than the un-doped photocatalysts
under the illumination conditions employed in this investigation. Considering only
this, higher activity of the Co-doped titania samples is expected. However, according
to Figure 4-9, the photocatalytic activity of Co-doped TiO, is not significantly
enhanced. This result evinces that either the recombination rate is increased [35, 70] or
that electrons are trapped more readily and are then not available for H* reduction via
interfacial charge transfer.

In comparison with the unmodified TiO, and Co-TiO, samples, all Pt-loaded
samples showed higher formation rates of H, as exhibited in Figure 4-8 (a, b, ¢, d).
Amounts of 2561, 1695, 2387, and 2203 umol were evolved during 8 hours of reactions
under simulated solar irradiation for Pt/Co-TiO,-HT, Pt/Co-TiO,-R, Pt/TiO,-HT, and
Pt/TiO,-R, respectively. Also, it is noteworthy to mention that the photocatalytic
hydrogen production activity from methanol reforming on the Pt/Co - TiO, -HT
marginally outperforms that of the well-known platinized photocatalysts Pt/P25 and
Pt/UV100 (Figure 4-8 (e, f)).
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Figure 4-8. Time-course of the light-induced hydrogen evolution from aqueous CH;OH in the presence

of some titania photocatalysts.

The calculated rates of the photocatalytic hydrogen evolution of all samples are

shown in Figure 4-9. These reaction rates clearly evince that doping with Co ions alone

does not significantly increase the photocatalytic activity of TiO, photocatalysts. In a

study conducted by Wu et al., 0.4 wt.% Co** modified TiO, (P25) was found to

decrease the photocatalytic hydrogen evolution activity from aqueous ethanol solution
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[34]. On the contrary, Sadanandam et al. have observed an enhancement in the
photocatalytic hydrogen evolution rate when using 1 wt.% Co?* doped TiO, in 5%
glycerol aqueous solutions solution under solar light [32]. A maximum of 2499 umol
of molecular hydrogen, a value being almost six times higher than that of bare titania,
has been also reported using 3 % of Co-TiO, [33].

All Pt-loaded titania samples employed in this study were found to be
photocatalytically more active than the corresponding Pt -free photocatalysts.
However, Pt/Co-TiO,-HT and Pt/Co-Ti0,-R exhibit almost similar H, evolution rate as
Pt/Ti0,-HT and Pt/TiO,-R, respectively (within the limits of the experimental error).
H, rates of 294, 317, 268, and 201 pumol h-1 are recorded for Pt/Ti0,-HT, Pt/Co-TiO,-
HT, Pt/Ti0,-R, and Pt/Co-TiO,-R, respectively. These results again suggest that the
modification with cobalt species does not considerably improve the H, evolution
activity over the platinized samples. Furthermore, the high photocatalytic activity
obtained on all platinized samples was only due to the charge carrier separation
caused by the Pt NPs deposited on the surface. It is worth noting that for each material,
the H, evolution rate is decreasing with the irradiation time as depicted in Figure 4-8.
This could be because all the methanol in the solution has been consumed within the
tirst 2 or 4 h. The enhanced activity in the platinized samples is due to the presence of
Pt co-catalyst which acts as an electron sink for efficient electron transfer to H*.
Overall, it can be concluded that no significant impact of Co-doping on the
photocatalytic activity of the platinized samples is recorded, suggesting that the cobalt
doping does not affect significantly the photocatalytic H, evolution under these
experimental conditions (Figure 4-9). This is in accordance with the flatband potential
results where no significant impact of cobalt doping has been recorded within the

limits of the experimental errors.
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Figure 4-9. Hydrogen evolution rates from aqueous CH;0H of all prepared photocatalysts.

The observed increase of the hydrogen evolution rate by Pt loaded on
TiO, photocatalysts corresponds to general experience. For example, Cigarillo et al.
reported a significant increase in the hydrogen evolution rate of 1% Pt/Ti0, by 52 times
that of bare TiO, (P25) [71]. Pt photodeposited on TiO,has also been studied by Zou et
al. The photocatalytic hydrogen evolution rate from methanol-water mixture was
enhanced to 1920 umol h™* [41]. Alcaide et al. have studied the catalytic activity of Pt
deposited on Nb-doped titania support toward the hydrogen evolution reaction [72].
Pt supported on Nb-doped TiO, has shown better activity than Pt supported on bare
TiO,, which was explained by the local increase of the electron density on Pt due to the
strong metalsupport interaction favored by the Nb doping. In another study, Pt loaded
on N doped TiO, has shown upgraded hydrogen generation activity from aqueous

methanol, which was higher than that of the N doped TiO, [73].

4.5.6. Mechanism of Photocatalytic Hydrogen Evolution from Water/ Methanol
using Pt/(Co-TiO;) and Pt/TiO, Catalysts

A schematic illustration of H, production via Co-TiO, and TiO, towards
methanol reforming is shown in Figure 4-10. Under simulated solar light irradiation,
TiO, absorbs a photon with energy equal to, or greater than, its bandgap energy (~ 3

eV). Electron and hole pairs are consequently generated in the CB and in the VB,
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respectively. The photo-excited electron and hole could easily migrate to the TiO,
surface, where the H* is reduced to molecular hydrogen by the conduction band
electron, and methanol is oxidized by valence band holes. As confirmed by the
flatband potential diagram shown in Figure 4-7, the as-prepared pure TiO, and Co-
TiO, catalysts were found to be able to produce molecular hydrogen. However, the
amount of the generated H, was very low and below the limits of quantification since
the energy of the electrons in the conduction band of Co-TiO, and TiO, was insufficient
to reduce a proton. This phenomenon was also observed by Bahnemann and co-
authors reporting an amount of 41umol of H, over bare TiO, [68].

When Pt NPs are loaded on the TiO, surface, electrons tend to migrate from the
TiO, conduction band to the Fermi level of Pt, as the Fermi level of platinum is lower
than that of the n-type TiO, semiconductor. Therefore, Pt islands act as an electron sink
and suppress the charge carrier recombination, whereas the holes left in the
TiO, valence band oxidize aqueous methanol (Figure 4-10). Thus, Pt/TiO,-R and
Pt/Ti0,-HT samples exhibited higher photocatalytic hydrogen generation rates.

With cobalt doping, impurity levels create an energy band, which is a donor
level in this case, above the valence band of the TiO, composites. This leads to a slight
narrowing of the band gap of Co-TiO,-R and Co-TiO,-HT as described in the energetic
diagram shown in Figure 4-7. After Pt loading, Co-TiO,-R and Co-TiO,-HT NPs show
a drastic improvement in the photocatalytic activity. However, the hydrogen
production rates were comparable with those obtained for the Pt/Ti0,-R and Pt/TiO,-
HT, presuming that cobalt doping does not significantly and positively affect the

photocatalytic hydrogen evolution activity.
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Figure 4-10. Schematic illustration of H, evolution over Pt/Co-TiO, photocatalysts.

4.6. Conclusions

In this work, Pt loaded on cobalt doped TiO, catalysts have been successfully
synthesized by loading of 1 wt.% of Pt on 0.5 wt% Co-TiO, prepared through reflux
and hydrothermal synthesis under different experimental conditions. The illumination
of the bare TiO, and Co-TiO, powders using EPR resulted in the formation of trapped
electrons (Ti** centres) and holes (oxygen radicals covalently linked to surface Ti**).
Results of EPR measurements did not allow a conclusive statement. The number of
Ti3* is reduced in Co-TiO, materials, however, this might be due to the increased
charge carrier recombination as well as to the electron trapping by Co sites. The nature
of semiconductor materials was explored through the determination of the flatband
potential using the Mott-Schottky equation. The Mott-Schottky analysis of
electrochemical impedance measurements showed that all semiconductors were n-
type semiconductors and that cobalt doping induces small impurity levels within the
band gap of TiO,. The experimental results of photocatalytic hydrogen generation
from methanol-reforming showed that the Co -doping does not affect the
photocatalytic activity of both Pt/Co-TiO, catalysts. Despite that, the Pt/Co-TiO,-HT
was found to be the best photocatalyst under simulated solar light and show a

maximum hydrogen evolution rate of 317 + 44 umol h™!. The presence of Pt seems to
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counteract the decrease of the photocatalytic activity due to Co-doping. However,
technically usable hydrogen evolution rates were not achieved with the Co-doped

titania photocatalysts presented here.
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Table S4-1. The flatband potentials and slopes calculated from the Mott-Schottky plots of all prepared
catalysts.

Sample Eg Vg (vs. NHE) Slope
TiO,-R 3.06 -0.41 21.5+03
Co-Ti0,-R 2.93 -0.45 204+0.3
TiO,-HT 3.10 -0.42 28.1+04
Co-TiO,-HT 3.03 -0.44 275+0.7
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Chapter 5. Summarizing Discussion and Conclusions

This chapter provides a general overview of all experimental results of this
doctoral study and affords a detailed discussion concerning the acquired observations.

At first, a summary of the different synthetic methods used within this study
and the characterization analysis performed on (i) seven differently prepared
photocatalysts of silver/silver oxide modified titanium dioxide (Ag/Ag,0/ TiO,) with
different silver/silver oxide mass ratio, (ii) cobalt doped titanium dioxide
photocatalysts (Co-Ti0;), and (iii) platinum loaded on cobalt doped titanium dioxide
(Pt/Co-TiO,) composites will be presented.

Subsequently, the photocatalytic activity of the Ag/Ag,0/ TiO, photocatalysts
assessed by the bleaching of methylene blue (MB) under UV-vis and vis-light
illumination will be discussed. Hereby, the effect of the selected synthetic method, as
well as of the Ag/Ag,0 mass ratio on the photocatalytic activity and the stability of
Ag/Ag,0/ TiO, samples, will be evaluated. Finally, the photocatalytic degradation of
another pharmaceutical, i.e., oxytetracycline hydrochloride (OTC HCI), under UV-vis
irradiation in the presence of Co-TiO, photocatalysts has also been examined and will
be discussed here.

As a second light-induced reaction, the evolution of molecular hydrogen from
aqueous methanol in the presence of Ag/Ag,0, Ag/Ag,0 / TiO, composites and
mixtures, Co-TiO,, and Pt/Co-TiO, photocatalysts under simulated solar light
irradiation will be discussed.

Based on the experimental results, a possible mechanistic explanation for the

overall activities of all prepared materials will be proposed.

5.1. Synthesis and Characterization of Photocatalysts
5.1.1. Ag/Ag,0 /TiO,

As mentioned in Chapter 1, TiO, can only harvest UV light, which constitutes
only roughly 5% of the solar light reaching the earth’s surface [1]. Furthermore, the

fast recombination of photogenerated electron-hole pairs impedes its photocatalytic
153
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applications [2]. Thus, the development of new photocatalytic materials with strong
UV-vis-light absorbance ability and which can effectively suppress the undesired
charge carrier recombination is one of the most promising strategies in photocatalysis
that has attracted wide attention.

Silver/silver oxide (Ag/Ag,0) based photocatalysts constitute a very promising
system amongst various types of semiconductors because of their surface plasmon
resonance properties which can significantly improve the visible light photo-response
and provide new opportunities to develop visible light driven photocatalysts [3]. More
importantly, Ag/Ag,0 based systems are very suitable for industrial applications
because of their obviously simple preparation. They are inexpensive and have been
shown to offer high photocatalytic efficiency. Ag,0 is a p-type semiconductor with a
reported band gap of ~ 1.2 — 1.46 eV [3, 4] which has been widely employed as a
photocatalyst in single, binary, or multiple composite systems [3, 5-8]. Upon UV
illumination, Ag,0 NPs were found to behave as effective electron accepting agents,
while under visible light illumination they act as efficient photosensitizers [3, 5, 9, 10].

Nevertheless, the photosensitive and unstable properties of Ag,0 (Ag,0 — 2 Ag + % 0,)

is the critical issue associated with its photocatalytic application.

A variety of synthetic approaches have been employed to synthesize Ag/Ag,0
deposited titania materials with different morphologies and for various photocatalytic
applications. Widely used methods include microwave-assisted procedures [8,11], a
one-step solution reduction process in the presence of potassium borohydride [20], a
simple mixing [12], a mechanical grinding [13], solvothermal methods [14, 15], a sol-
gel technique [16], and simple pH-mediated precipitation [17].

In the present investigation, as described in detail in Chapter 2, self-prepared
Ag/Ag,0, physical mixtures of Ag/Ag,0/ TiO, (TM), and in situ prepared Ag/Ag,0/
TiO, composites (TC) have been prepared. Ag/Ag,0 is prepared by dissolving AgNO;
in 50 mL distilled water, the solution is stirred for 30 min then 50 mL of 0.2 M NaOH is
added dropwise and the mixture is stirred in the dark for another 30 min. The obtained

suspension is centrifuged washed with distilled water and dried at 70 °C for 24 h. The
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physical mixtures are synthesized by mixing the self-prepared Ag/Ag,0 with TiO, at a
mass ratio of 4:1 (20 mass% TiO;), 1:1 (50 mass% Ti0,), and 1:4 (80 mass% TiO,) in an
aqueous solution. The suspensions are sonicated for 1.5 h and dried at 70 °C for 24 h,
and denoted as TM 41, TM 11, and TM 14, respectively. The in situ prepared Ag/Ag,0
/' Ti0, composites are prepared by a published precipitation method [18, 19]. In brief,
TiO, is suspended in distilled water. After that, a calculated amount of AgNO;
corresponding to the desired mass ratio of Ag/Ag,0 is added to the solution and stirred
for 30 min. A volume of 50 mL of 0.2 M NaOH is added dropwise to the suspension
and stirred for 30 min, then centrifuged, washed with distilled water, and dried at 70°C
for 24 h. The resulting composites with a mass ratio of 4:1 (20 mass% TiO;), 1:1 (50
mass% Ti0,), and 1:4 (80 mass% TiO,) are nominated as TC 41, TC 11, and TC 14,
respectively.

The results of the characterization of the freshly synthesized Ag/Ag,0, Ag/Ag,0
/ Ti0, mixtures, and Ag/Ag,0 /7 TiO, composites by means of XRD are presented in
Chapter 2, Figure 2-1. The results revealed the coexistence of Ag,0 and Ag(0) in all
synthesized samples except the TiO,-rich composites, i.e., TC 11 and TC 14, suggesting
a complete reduction of Ag,0 to Ag(0). This indicates that the small fraction of Ag,0
present in these composites has thermally decomposed to Ag(0) during the drying
process. A similar observation was reported by Hu et al. confirming that only at an air-
drying temperature in the range between 70 °C and 100 °C, Ag,0 starts to decompose
to Ag(0) whereas pure Ag,0 can only be obtained employing a vacuum freeze-drying
process [20].

The electron binding energies of Ag 3d of all prepared photocatalysts using XPS
analysis are presented in Chapter 2, Figure 52-3. The XPS results are consistent with
those obtained from the XRD measurements of freshly prepared samples endorsing
the presence of silver in the +1 oxidation state (Ag 3ds,, and Ag 3ds,, at 367.5 and 373.5
eV, respectively) along with the silver in the Ag(0) state (Ag 3ds,, and Ag 3d3,,, at 368.3
and 374.3 eV, respectively). These results are in good agreement with those reported

in the scientific literature [21-24].

155



Chapter 5. Summarizing Discussion and Conclusions

In the current study, Ag/Ag,0 exhibits a band gap energy of < 1.5 eV which
agrees with the values reported in the literature (1.2 [4], 1.46 [25], and 1.3 +0.3 eV [26]).
The scattering of the reported values may be due to different particle diameters as
exhibited for TiO, [27]. To get a better understanding of the photogenerated charge
carrier transfer within the Ag/Ag,0 / TiO, materials, the flatbands potential are
determined using Mott-Schottky plots yielding values of - 0.4 V and + 0.3 V vs. NHE
at pH 7 for TiO, and Ag,0, respectively. The flatband potential of Ag,0 measured here
is in accordance with previous determinations of + 0.23 and + 0.37 V [28, 29]. The
energetic positions of the VB of TiO, and Ag,0 are then calculated by adding the band

gap energy (E) of each composite to its flatband potential (Eg,) according to:
Ecg =Em
EVB = Efb + Eg

As mentioned in Chapter 1, Ag,0/TiO, materials belong to the straddling gap
(type I) semiconductor heterojunction. In this type of heterojunction and as shown in
Figure 5-1, the CB of TiO, is higher than the CB of Ag,0 and the VB of TiO, is lower
than the VB of Ag,0. Thus, under UV irradiation, the photogenerated electrons of TiO,
can migrate to the CB of Ag,0 which acts as an absorbing material under UV light
irradiation or can reduce the 0, adsorbed on its surface, since E(0, /057) =-0.33 V vs.
NHE [30] is more positive than the energetic position of the conduction band of TiO,
(- 0.4 V vs. NHE at pH 7). Besides, the TiO, VB holes are either transferred to the VB
of Ag,0 or they are forming *OH through water oxidation, as the energetic position of
the valence band of TiO, is more positive than E(H,0/°*OH) = 2.8 V vs. NHE at pH 0.
Upon vis-light irradiation, only Ag,0 is active for the degradation of organic
pollutants and in most cases, Ag(0) is formed and contributes to the increased lifetime

and mobility of the charge carriers retarding their recombination.
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Figure 5-1. Electrochemical potentials (vs. NHE) of the valence and conduction bands of TiO, and Ag,0.

5.1.2. Co-doped TiO,

In the scientific literature, Co-TiO, photocatalysts have been synthesized with

different preparation approaches, such as the sol/gel technique [31-41], hydrothermal

treatment [42-45], impregnation method [46,47], and precipitation process [48].

Herein, as described in detail in Chapter 3, 0.5 wt.% Co-TiO, photocatalysts have been

prepared through two different synthetic processes, namely, a reflux synthesis (R) and

a hydrothermal method (HT). Pure TiO, powders have been also prepared using the

same procedures without adding the cobalt precursor. The preparation methods are

illustrated in Figure 5-2.

Solution A
Ti(OPr), + 2 PrOH

2-PrOH + H,0 + Co(Ac) , x 4H,0 + HCl

Solution B

l

Solvent mixture
(Solution A and B)

/\

Reflux synthesis
110°C, 6h

Hydrothermal synthesis
200°C, 10h

l

l

Drying 80°C, 12h
Calcination 500°C, 5 h

Drying 80°C, 12h
Calcination 500°C, 5h

l

0.5wt%Co-TiO,-R

l

0.5wt%Co-TiO,-HT

Figure 5-2. Flow chart of preparation of 0.5 wt.% Co-TiO,by hydrothermal and reflux synthesis.
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After the synthesis, a primary characterization of Co-TiO,-HT, Co-TiO,-R, TiO,-
HT, and TiO,-R has been carried out using XRD, Raman, TEM, BET, and UV-vis
spectroscopy and presented in Chapter 3. Table 5-1 summarize the physico-chemical

properties of the prepared materials.

Table 5-1. Properties of the synthesized TiO,-R, Co-Ti0,-R, TiO,-HT, and Co-TiO,-HT composites.

XRD Size TEM Size SSA Band Gap

Catalysts (nm) (nm) (m?g-1) V)
TiO,-R 9.5 9.8+0.2 160 £ 5 3.06
Co-Ti0,-R 9.2 95+0.2 153+5 2.93
TiO,-HT 9.9 105+02  109+5 3.10
Co-Ti0,-HT 8.4 9.7+0.2 126 +5 3.03
P25 21 20.0+0.2 50+5 3.06

The average particle sizes of the as-synthesized NPs are estimated by the
Debye-Scherrer formula and from the TEM images shown in Chapter 3, Figure 3-2.
The Co-TiO, NPs are found to have a particle size between 8.4 + 0.2 and 9.8 + 0.2
indicating that the particle size is not excessively changed by the different synthetic
approaches. In the literature, Co-TiO, prepared by hydrothermal treatment show a
grain size that ranges between 8.4 and 10.5 nm [49], which is in accordance with the
values found in this study. However, the particle sizes of Co-TiO, prepared with
different methods are found to have a size range between 8.4 and 29 nm [50, 51, 52].
According to the XRD results presented in Chapter 3, Figure 3-1 (a), the anatase phase
of TiO, dominated in all samples with some brookite impurities observed at 20 =
30.83°. XRD patterns of TiO,-HT sample showed a small contamination of rutile phase.
The anatase to rutile phase transformation can lead to the assumption that the Co ions
are in some way stabilizing the anatase crystalline structure of titania, which was
previously observed with Co-TiO, prepared via a sol-gel route [24]. According to Nag
et al., anatase to rutile transformation in titania occurs above 450 °C [53]. Evidence for
brookite formation has been previously reported and was attributed to the acidic

milieu of the Co-TiO, synthesis [54]. In another investigation, it has been proven that

158



Chapter 5. Summarizing Discussion and Conclusions

the synthesis in ammonia limits the brookite phase formation [55]. Moreover, Zhao et
al. demonstrated the presence of three titania polymorphs in Co-doped TiO, prepared
with combined sol-gel and hydrothermal methods [54]. The XRD patterns of the Co-
TiO, did not show any peaks of Co clusters or metal oxides, indicating that most of the
Co ions are substituted into the Ti lattice site. This cobalt substitution has been also
reported elsewhere [50]. The results of Raman spectroscopy presented in Chapter 3,
Figure 3-1 (b)are found to be consistent with the above results of XRD and are in good
agreement with those reported for anatase and brookite phases of titania [56].

In comparison with bare TiO,, Co-TiO, samples reveal absorption edge shifting
toward higher wavelengths as depicted in Figure 5-3 (a). Two additional regions are
observed in the visible range and assigned to the *T; g-to-*T; 4 (P) transition and the *T; -
to-*A,g transition of high spin Co?* (3d”) substituted to the TiO, lattice. These types of
d-d electronic transition are shown by Co?* when it substitutes Ti** resulting in the
splitting of d-orbital of Co?*. This observation has been previously reported in the
scientific literature [49, 57, 58]. The corresponding band gaps of all composites using
the Tauc plot method are estimated to be equal to 3.06, 3.10, 2.93, 3.03 eV for TiO,-R,
Ti0,-HT, Co-Ti0,-R, and TiO,-HT, respectively as shown in Figure 5-3 (b). This energy
band gap narrowing of Co-TiO, has been also observed previously and explained by

the introduction of new energy states above the TiO,valence band edge [39,40,49].
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Figure 5-3. (a) UV-vis DRS and (b) the corresponding band gap energies of Ti0,-R, Co-Ti0,-R, TiO,-HT,

and Co-TiO,-HT NPs. This figure is a reprint of Figure 3-3 in Chapter 3 (page 90).
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Electrochemical measurements in the presence of Co-TiO, and plain TiO, are
performed. Therefore, the energetic positions of the conduction bands of Co-TiO, and
TiO, are calculated (within the limit of the experimental error) assuming that the
flatband potential (Eg,) of each composite is equal to the potential of its conduction
band (Ecg = Eg,) so that the valence band energy (Eyg = Eg,+ Eg) can be estimated by
adding the band gap energy (E,) to the flatband potential of the composites.

Accordingly, the valence band energies of TiO,-R and TiO,-HT at pH 7 are
calculated to be 2.65 and 2.68 eV (vs. NHE), respectively. Owing to the additional
intermediate energy states, the valance band energies determined for Co-TiO,-R and

Co-TiO,-HT are 2.48 and 2.59 eV, respectively (Figure 5-4).
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Figure 5-4. Energetic positions of the valance and the conduction band of Co-Ti0, and TiO, composites

at pH 7. This figure is a reprint of Figure 4-7 from in Chapter 4 (page 135).

5.1.3. Pt/Co-doped TiO,

As mentioned in Chapter 1, higher photocatalytic hydrogen evolution activities
were observed when noble metals such as Pt were used as co-catalysts in TiO,
photocatalysis [59-61]. For this purpose, the previously prepared Co-TiO,-HT, Co-
TiO,-R, TiO,-HT, and TiO,-R composites are loaded with 1 wt.% Pt. The Pt deposition

is performed by a simple photoplatinization method and described in Chapter 4. The
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synthesized photocatalysts are denoted as Pt/ Co-TiO,-HT, Pt/ Co-TiO,-R, Pt/TiO,-HT,
and Pt/TiO,-R. For comparison, titanium dioxide Evonik P25 and Hombikat UV100
are also modified with 1 wt.% Pt using the same method. The synthesis principle is

illustrated in Figure 5-5.

(Co)-TiO, + H ,PtCl ..6H,O + CH ,OH+ H,O

UV light irradiation
(1 mW.cm2,24 h)

Centrifugation,
Drying 80°C, 12 h

Pt/(Co)-TiO,

Figure 5-5. Typical procedure of Pt/Co-TiO, and Pt/TiO, preparation by photoplatinization method.

Characterization of the prepared Pt/ Co-TiO, photocatalysts through XRD
shown in Chapter 4, Figure 4-1, revealed the presence of a very small characteristic Pt
diffraction at around 26 =39.6°, which corresponds to Pt (111) [62]. Other characteristic
peaks of Pt are not detected, reasonably because of the low amount of loading (1 wt.%).
In a study conducted by Chen et al., no diffraction peaks were observed for Ptin the
diffraction patterns of the 2 wt.% Pt deposited TiO,, which was due to the small Pt NPs
sizes and the low nominal metal loadings [63]. In another study, Wang et al., have
interpreted the absence of Pt signals in the XRD spectra by the well-dispersion of Pt
particles in TiO, [64]. As reported by Yu et al., increasing the Pt proportion from 0.1%
until 2% resulted in the appearance of a weak peak at 39.8° [65]. TEM/HRTEM images
presented in Chapter 4, Figure 4-2 clearly confirm the presence of spherical Pt NPs on
the surface of Co-TiO, and TiO, support by the lattice fringe of 0.24 nm which is

indexed as the (111) crystal plane of Pt [66].
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The comparison between the optical response of bare TiO, with Pt-loaded TiO,
and of Co-TiO, with Pt-loaded Co-TiO, shown in Chapter 3, Figure 3-3, and in Chapter
4, Figure 4-3, leads to the conclusion that Pt loading did not affect significantly the
optical absorption of the TiO,. However, for Co-TiO, materials, the absorption in the
visible range which was due to the Co-doping is not any longer observed when Pt
islands are deposited on the surface. This result suggests that the surface of the Co-

TiO, catalysts is totally covered by the Pt NPs.

5.2. Photocatalytic Oxidation of Organic Compounds
5.2.1. Methylene Blue Bleaching in the Presence of Ag/Ag,0/ TiO,

In the present study, methylene blue (C;4H;5CIN3S) has been chosen as a model
compound to study the photocatalytic performance of the Ag/ Ag,0 7/ TiO,
photocatalysts. Among the published standards from ISO/TC206 in the area of water
purification, methylene blue degradation was introduced as a reference method
namely, the “ISO 10678; 2010, Fine ceramics (advanced ceramics, advanced technical
ceramics)-Determination of photocatalytic activity of surfaces in an aqueous medium
by degradation of methylene blue” [67]. Therefore, MB was extensively used as a
model contaminant for photocatalytic studies [68-71]. In the scientific literature,
several papers have been published reporting the photocatalytic activity of
Ag,0/semiconductors, and Ag/Ag,0/semiconductor composites for photocatalytic
degradation of MB [72, 73].

According to Mills [74], the complete mineralization of MB by a semiconductor

photocatalyst can be achieved by the following Equation 5-1:

TiOy+ hv=3.2eV
C16H18N3SC1 + 255 02 _— HC] + H2804 + 3HN03 + 16C02 + 6H20 (5'1)

In this reaction, it is assumed that the photogenerated electron on the

semiconductor photocatalyst is scavenged by dissolved oxygen, i.e. (Equation 5-2):

de~ +0, +4Ht —— 6H,0 (5-2)
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And the photogenerated hole oxidizes the dye molecule (either directly or

indirectly) to eventually produce permanently bleached products, i.e. (Equation 5-3):

MB +h* bleached products (5-3)

However, it is worth to mention that using an organic dye such as MB may often
not be an appropriate choice for the assessment of the photocatalytic activity of a
photocatalyst, since MB undergo a photocatalytic reduction reaction leading to its
photobleaching as discussed in detail by Mills et al. [75]. Under anaerobic conditions,
and in the presence of a sacrificial electron acceptor (SED), MB will be reduced to
leuco-methylene blue (LMB), a colorless, reduced form of MB upon irradiation in the

presence of a semiconductor following Equation 5-4:

semiconductor
hv=Eg
MB +2H* +SED —————— LMB + SED?* (5-4)
However, LMB is known to be oxidized back to MB very rapidly by oxygen, i.e.

Equation 5-5:
LMB + 2H* + 2e™+ -0, —— H,0 + MB (5-5)

Both reactions (5-1) and (5-4) appears to give the same superficial result, which
is bleaching of the MB dye over ultra-band gap irradiation of a semiconductor, the
difference being that in reaction (5-4) the process is reversible, but in reaction (5-1) it is
irreversible. Thus, the initial observed photobleaching of MB is not necessarily due to
its oxidation. This misidentification between the two systems happens especially when
the reaction conditions favor the LMB formation such as a low, easily depleted
dissolved oxygen level and a low pH [75].

Furthermore, upon visible light irradiation, MB itself acts as a photosensitive
material that a dye photosensitized process can also occur. in which the electronically
excited state of the dye, MB¥, injects an electron into the conduction band of the

semiconductor to produce an oxidized dye radical, MB**, which is unstable and easily
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reduced back to MB in acidic milieu [76], and able to decompose in slightly alkaline

(pH =9.1) solution to form bleached products [77], i.e. (Equation 5-6):
MB* + semiconductor —— MB** + semiconductor (e") (5-6)

Hence, the similarity of the MB absorption spectra under visible light and the
subsequent reactions of the excited MB molecule is usually misinterpreted as a visible-
light activity of the scrutinized semiconductor [78].

In the current study, photocatalytic experiments for MB bleaching in the
presence of Ag/Ag,0, Ag/Ag,0/ TiO, mixtures, and Ag/Ag,0/ TiO, composites under
UV-vis and vis illumination are carried out. Under both illumination conditions, and
in the presence only of Ag/Ag,0, it is observed that the MB conversion is attained
rapidly (Chapter 2, Figure 2-4). As shown in Figure 5-6, in the presence of Ag/Ag,0,
the bleaching of MB cannot occur between photocatalytically generated reactive
oxygen species such as “OH or O3 and the probe compound, since the energetic
position of the CB of Ag,0 is less negative than E(0,/057) =-0.33 V vs. NHE [30] and
the energetic position of its VB is less positive than E(H,0/°0H) = 2.8 V vs. NHE.
However, the standard reduction potential for MB**/MB (1.08 V vs. NHE [75]) is
located within the bandgap of Ag,0 indicating that the light-induced valence band

holes can oxidize the adsorbed MB molecule (Equations (5-7) and (5-8)).

h
Ag,0 ——s Ag,0 [h* +e”) (5-7)
Ag,0 {h* +e”} + MB — Ag,0 {e”} + MB** (5-8)
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Figure 5-6. The electrochemical potentials (vs. NHE) of the valence and conduction bands of TiO, and
Ag,0, and the reduction potentials of some species (possibly) present in the surrounding electrolyte.

This figure is a reprint of Figure 2-6 in Chapter 2 (page 52).

Alternatively, MB bleaching in the presence of Ag/Ag,0 can be explained as well
by the excitation of MB by a suitable wavelength resulting in the formation of its singlet
excited state (MBS). This state has a short lifetime (nanoseconds) and a fraction of these
MBS molecules can undergo an intersystem crossing process forming the relatively
long-lived triplet excited state (MB") (Equation (5-9), MB* = MBS and/or MBT) [75]. Due
to the adsorption of the excited MB molecules on the surface of the Ag/Ag,0, an
interfacial electron transfer is occurring between the MB* and Ag,0 (Equation (5-10)).
Thus, this electron injection into the conduction band of Ag,0 can be considered

similar to a dye-sensitized process, which has been previously reported [75, 78].

h
Ag,0...MB — Ag,0....MB* (5-9)
Ag,0...MB* —— Ag,0{e”} + MB** (5-10)

Both mechanisms necessitate an electron transfer between Ag,0 and MB. Even
with the low surface area available for this reaction (cf. Chapter 2, Table 2-1), the

electron transfer between the solid and the dye molecule seems to be very efficient.
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According to Takizawa et al. [79], and taking into consideration the relative
positions of the redox potentials E(0,/05") = -0.33 V, E(MB**/ MB®) = -0.75 V, and
E(MB*/ MB") = -0.36 V vs. NHE, the one-electron oxidation of MB* by O, might be
possible (Equation (5-11)). However, the backward electron transfer yielding MB has
to be considered since the relative positions of the redox potentials of the two radicals

are close to each other’s (Equation (5-12)).
MB* + 0, — MB* + 03" (5-11)
MB*™ + 0;- —> MB + 0O, (5-12)

As beforementioned, Ag,0 is very sensitive to light and wundergoes
decomposition under illumination to Ag(0). Nevertheless, it has been claimed that
Ag(0) formed in Ag/Ag,0 behaves as an electron scavenger for the conduction band
electron of Ag,0, hence preventing the reduction of Ag* and stabilizing Ag,0 [3, 80,
81-83]. However, the possible reduction of Ag* might happen during the processes
given in the Equations (5-7) - (5-10), yielding Ag(0), since no other suitable electron
acceptor is available.

In this context, Wang and co-worker have studied the photoreduction of Ag*
and the stability of Ag,0 under visible light irradiation. They have ascribed the high
stability of Ag,0 NPs to the Ag-Ag,0 structure formed during the photodegradation
process of organic substances [3]. This was clarified by the partial in-situ reduction of
Ag* on the Ag,0 by photogenerated electrons forming metallic Ag in the first cycle of
photocatalytic runs as depicted in Figure 5-5 (a). After a certain amount of Ag(0) was
formed on the Ag,0 surface, the ensuing photogenerated electrons are transferred
through Ag(0) which acts as an electron pool to O, as schematically shown in Figure 5-

7. (b).
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Figure 5-7. Self-stabilizing process of Ag,0 photocatalyst under visible light irradiation; (a)
photogenerated electrons are captured by Ag* on the as-prepared Ag,0, and (b) photogenerated
electrons are captured by O, through Ag(0) formed during the initial light irradiation of fresh Ag,0.

Reprinted with permission from ref. [3].

According to the literature [84, 85], the silver ions have been reduced to silver
colloids by the hydrated electrons in homogeneous solutions involving a series of
reactions. The mechanism can be proposed as an initial rapid reduction of a fraction of
Ag™* to form silver atoms (Equation (5-13)), followed by the growth of these atoms
forming silver particles. These silver particles contain both reduced silver atoms as
well as silver ions. i.e. Equation (5-14) and (5-15). These processes will be accompanied

by shifts of the redox potential towards higher values.

Ag* + ezq — Ag° E (Ag*/Ag®)=-18V (5-13)
Ag® + Agt —— Ag} E (2Ag*/Ag}) >-15V (5-14)
2Agt —— Ag, +2Ag* E (Agi/Ag,) <—0.44V (5-15)

This multielectron transfer has also been proved later by Bahnemann and co-
workers who have studied the primary processes of the light-induced deposition of
silver particles on TiO, in the presence of polyvinyl alcohol (PVA) using a nanosecond

XeF laser. They detected the photodeposition of metallic silver cluster containing > 12
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silver atoms on TiO, by detecting their absorption spectra with a maximum at 380 nm
[86].

In the presence of Ag/Ag,0/ TiO, mixtures under UV-vis-light irradiation, the
T™M 41 (with 20% TiO;), and TM 11 (with 50% TiO,) were not significantly able to
bleach MB suspension. However, MB bleaching using TM 14 (with 80% TiO,) was
relatively faster (Chapter 2, Figure 2-4 (a)) indicating that the rate of MB degradation
increased with increasing the amount of TiO, in the prepared Ag/Ag,0 / TiO,
mixtures. Nevertheless, the corresponding calculated rates for these composites were
lower than those obtained for MB suspensions containing the single components

(Ag/Ag,0 or bare TiO,) as depicted in Figure 5-8.
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Figure 5-8. Initial rates (r0) of MB bleaching using TM mixtures and TC composites with different mass

ratio of TiO, under UV-vis-light and only vis-light. The samples with 0 % of TiO, refer to 100 % of
Ag/Ag,0, the 20 % of TiO, to 80 % of Ag/Ag,0, the 50 % of TiO, to 50 % of Ag/Ag,0, and 80 % of TiO, to

20 % of Ag/Ag,0.

These results correlate well with the optical properties of the catalysts presented
in Chapter 2, Figure 2-3 (a). However, the optical properties of the samples are not the

only criterion to explain these reaction rates. The specific surface area (SSA) decreased
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with increasing Ag/Ag,0 loadings (Chapter 2, Table 2-1). Assuming that the TiO, does
not change during the synthesis process of the composites, the decrease of the SSA
suggests that the growth of Ag/Ag,0 has blocked a fraction of available surface sites on
the TiO, surface. Therefore, as the loading of Ag/Ag,0 in the mixtures increased, more
UV photons can be absorbed by Ag,0 leading to the decrease of the light absorption
ability of TiO,. The generation of charge carriers is then decreasing in the TiO, and,
consequently, the rates of MB bleaching decreased. Nonetheless, the rate of MB
bleaching determined for the TiO,-rich mixture TM 14 suggests that some of the
photogenerated charge carriers were not used for MB degradation but contribute to
the undesired reactions between excited TiO, and Ag/Ag,0, reducing Ag* to Ag(0).

To confirm this hypothesis, XRD and XPS measurements have been performed
after two experimental runs of MB bleaching. The XRD results of the TC 41 composite
are depicted in Figure 5-9. As revealed by XRD results, the intensities of Ag(0) peaks
are increased when those of Ag,0 disappeared confirming the reduction of Ag* during
the light-induced bleaching of MB under UV-vis illumination. These experimental
XRD findings proved that Ag/Ag,0 as a co-catalyst is not stable even when Ag(0) was

formed on its surface.
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Figure 5-9. XRD patterns of TC 41 after two experimental runs of MB bleaching under UV-vis light.
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The XPS results are presented in Chapter 2, Figure 2-9, and confirm similarly
the light-induced reduction of Ag* yielding Ag(0), since the intensities of the Ag 3ds ,
and Ag 3d;,, peaks decrease and those of the Ag(0) 3ds,, and Ag(0) 3d;,, peaks
increase after two photocatalytic runs of MB bleaching under UV-vis light.

Similar to the current study, Hu et al. have also observed the formation of Ag(0)
in both Ag,0 and Ag,0/TiO, after four cycles of tetracycline degradation [17]. Zanella
and co-workers have also reported the photo-transformation of Ag,0 to Ag(0) in Ag,0
deposited on TiO, [87]. In another study conducted by Ren et al., the light-induced
decomposition of Ag,0 in Ag,0/TiO, suspensions has been observed. The authors
suggested that the formation of Ag(0) contributes to stabilizing the Ag,0/TiO,
photocatalyst [18]. Chen et al. have as well reported the stabilization of Ag,0/TiO,
photocatalysts by the Ag(0) formed at the initial stage of the photocatalytic experiment
[72]. Mandari et al. have synthesized plasmonic Ag,0/TiO, photocatalysts and
observed the formation of Ag(0) by light-induced reduction of Ag,0 [88]. The
photoreduction of Ag(I) to Ag(0) has also been reported for simultaneously Ag(0)
deposited and Ag(I) co-doped TiO, photocatalyst [89]. Moreover, the formed Ag(0) has
been proven to act as an electron sink for the photogenerated electrons demonstrating
strong visible-light absorption ability owing to its surface plasmon resonance (SPR) [3,
10, 14, 80]. Considering this, the deposition of Ag on the surface of Ag,0 has been
recognized as an effective way of suppressing the photocorrosion of Ag,0. [20, 73, 90,
91]. However, once all Ag,0 has been reduced, the photocorrosion has also been
completed.

Under visible light irradiation, the situation is, however, completely different
and the rate of MB bleaching is found to decrease with increasing amounts of TiO, as
shown in Figure 5-8 and in the graphs given in Chapter 2, Figure 2-4 (c). Ag/Ag,0
shows high photoactivity of MB bleaching, although it remains below the
photoactivity observed for Ag/Ag,0 under UV-vis-light. The MB degradation using a
suspension containing only TiO, is very low, which is expected considering that the

latter cannot be excited under vis-light due to its large band gap (3.06 eV). Moreover,
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the interfacial electron transfer from excited MB to TiO, which is thermodynamically
possible (cf. Figure 5-6) obviously did not contribute significantly since no MB
bleaching was observed in the presence of bare TiO, under vis-light illumination.
Among all mixtures, TM 41 shows a very slight significant conversion during vis-light
irradiation implying that the vis-light absorption of the Ag,0-rich mixture increases
with the increasing amount of Ag,0, while the other mixtures, namely, TM 11 and TM
14 are completely inactive under these illumination conditions. As discussed before,
the limited photocatalytic activities of the mixtures under vis-light illumination can be
explained based on the interfacial electron transfer between Ag,0 and MB inhibited by
the TiO, layer. With increasing TiO, content, the Ag,0 surface is increasingly covered
with TiO, as displayed in the SEM images given in Chapter 2, Figure 2-2. Thus, the
interfacial electron transfer is hindered by TiO, NPs, and the TiO,-rich mixtures (TM
11 and TM 14) exhibit rates of bleaching almost the same as the rate of MB photolysis.

Previous investigation of MB degradation under vis-light using TiO,/Ag,0
showed that the MB degradation efficiency increased with the increasing amount of
Ag,0. However, an optimum degradation efficiency existed in the Ag,0 amount
present in the TiO, / Ag,0 catalyst. Moreover, and after conducting successive
photocatalyst tests under vis-light illumination, the formation of Ag(0) has been
observed [93]. Many authors have reported that when silver oxides are supported on
TiO,, the photoreduction of Ag,0 to Ag(0) limits the photocatalytic performance of the
composite by increasing the recombination rate of the electron-hole pairs [73, 88, 93].
On the other hand, other researchers stated that the photo-reduced Ag(0) increased the
photoactivity of the composite by capturing photoelectrons and thus impeding the
charge carrier recombination [94-96].

In the presence of Ag/Ag,0 7/ TiO, composites, the rate of MB bleaching is
significantly higher in comparison with that of Ag/Ag,0/ TiO, mixtures under UV-
vis-light and only vis-light irradiation as evidenced in Figure 5-8 and Chapter 2,
Figure 2-4. Considering the Ag/Ag,0/ TiO, composites, the bleaching of MB is found

to be higher under UV-vis-light than under vis-light irradiation which has been also
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observed previously by Kumar et al. [73]. Moreover, and as observed and extensively
discussed for the TM samples, the rates of MB bleaching using the composites are
lower than in suspensions containing only Ag/Ag,0 or TiO, . XRD and XPS
measurements carried out after two experimental runs of MB bleaching over TC 41
(Figure 5-9 and in Chapter 2, Figure 2-9 (c, d)), also confirm the photoreduction of
Ag,0 forming Ag(0) which has been also previously observed [94]. These results prove
that Ag,0 is not stabilized by Ag(0) as claimed by several authors [3, 18, 20, 72, 81, 82].

Under vis-light irradiation, all TC composites exhibit higher activity than the
corresponding TM mixtures. As seen for TM materials, the rates of MB bleaching
decrease with increasing amounts of TiO,. In the presence of Ag,0-rich composites, the
reaction rates for MB bleaching are increasing compared to the rate of photolysis under
visible light illumination. This is explained with an interfacial electron transfer from
excited MB to Ag,0 as widely discussed before. However, the experimental result is
astonishing when considering that the surfaces of the composites are smaller than the
surfaces of the corresponding TM mixtures. A possible explanation may be that in the
TC materials, the Ag/Ag,0 was prepared in-situ in a TiO, suspension. Therefore, the
Ag/Ag,0 was attached to the surface of the TiO, particles. In contrast, in the TM
mixtures, large Ag/Ag,0 particles were covered by TiO,, hindering the electron
transfer from excited MB to the Ag,0, as discussed above.

According to the above-mentioned experimental results, a plausible schematic
illustration for the photocatalytic degradation of MB by Ag,0, Ag/Ag,0/ TiO,mixtures,

and Ag/Ag,0/ TiO, composites under vis-light irradiation is shown in Figure 5-10.

MB
MB** MB MB%—"
N MBY,_
~ o~
e-

Ag,0O Ag,0O

Figure 5-10. Proposed mechanism for MB bleaching over Ag,0, Ag,0 -containing mixtures, and

composites under vis-light illumination. This figure is a reprint of Figure 2-7 in Chapter 2 (page 54).

172



Chapter 5. Summarizing Discussion and Conclusions

After all, and regardless of whether the photogenerated electrons reduce Ag™* or
become stored in Ag(0), Ag/Ag,0/ TiO, is not performing as a photocatalyst, because
the material changes irreversibly during the photocatalytic reaction of MB as
confirmed by XRD and XPS data. Therefore, it was decided not to do any further
investigation on Ag/Ag,0/ TiO, materials, and the subsequent work will focus on

another transition metal modified TiO,, which is Co-doped TiO,.

5.2.2. Oxytetracycline Hydrochloride Oxidation in the presence of Co-doped TiO,

In this section, another pharmaceutical compound that belongs to the
tetracycline group of antibiotics, namely oxytetracycline hydrochloride (OTC HCl), has
been chosen as a model compound to study the photocatalytic performance of cobalt-
doped TiO, (Co-TiO,) photocatalysts.

Under the identical experimental conditions employed for MB bleaching, the
photolytic and the photocatalytic degradation of OTCHCl upon UV-vis-light
irradiation in the presence of Co-TiO, as well as bare of TiO, are compared with each
other.

OTC HCI (Figure 5-11) is the most important pharmaceutical among the broad-
spectrum antibiotics belonging to the tetracyclines class and frequently detected in
different environmental compartments such as waste, surface, ground, seawater,
sediments, and soil around the world. Because of its high stability, OTC cannot be
degraded biologically or using conventional treatment processes. Thus, AOPs have
been proposed as promising alternative approaches to eliminate this contaminant of
emerging concern (CEC) from the aquatic environment [97]. Nevertheless, and due to
the various limitations including the formation of byproducts, the selective
functional, photosensitive groups, and contact time, heterogeneous photocatalysis
using TiO, [98, 99-103], and modified TiO, [104, 105] have been attracting
considerable attention in the recent years and have been considered as a promising

process for the mineralization of tetracyclines present in the aquatic environment.
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Figure 5-11: The chemical structure of oxytetracycline hydrochloride.

After the characterization of the synthesized Co-TiO, samples (Section 5.1.2),
photocatalytic experiments for OTC HCl degradation under UV-vis-light irradiation
have been carried out using Co - TiO, -HT, Co - TiO, -R, TiO, -HT, TiO, -R, and
commercial Degussa P25 as benchmark materials. The initial rates of the OTC HCI

degradation reactions are shown in Table 5-2.

Table 5-2. Initial rates (ry) of OTC HCI degradation in the presence of TiO,-R, Co-TiO,-R, TiO,-HT, Co-
TiO,-HT, and commercial P25.

Catalysts ro [OTC HCl] UV-vis
(mg L™'min™1)

TiO,-R 3.45
Co-TiO,-R 8.83
TiO,-HT 3.87
Co-TiO,-HT 4.05
P25 3.34
Photolysis 1.26

The initial reaction rates of the light-induced degradation of OTC HCl as shown
in Table 5-2 is considerably increased when cobalt was doped in TiO,. For the Co-TiO,-
R composite, the rate was found to be almost 2.5 times higher than the rate obtained
with pure TiO,-R. On the other hand, the Co-TiO,-HT shows an increase up to 4.05 mg
L 'min~'. These results correlate very well with the UV-vis absorption data and the
SSA reported in Section 5.1.2, since the catalyst which has higher SSA and lower band

gap energy, namely, Co - TiO, -R, exhibits better photocatalytic activity. This
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enhancement is attributed in part to the high SSA, which allows adsorbing more
substrate (OTC HCI) on the surface of the catalyst, and in another part to the high ability
of this catalyst to absorb UV-vis-light, which facilitates the electron-hole pair
generation. Nonetheless, a complete conversion of OTC HCl is observed in the presence
of all prepared catalysts, even bare TiO,. Notably, the initial reaction rates observed
for Co-Ti0, and TiO, composites are greater than those for Degussa P25.

Iwasaki et al. have reported the reflux synthesis of Co-TiO, for the photocatalytic
degradation of CH;CHO under UV-vis-light irradiation. They concluded that Co-doped
TiO, has a higher photocatalytic activity under vis-light as well as under UV-vis-light
irradiation than bare TiO,. Furthermore, the photoactivity under vis light irradiation
was found to strongly depend on the valence state of Co ions in the dopant and to its
concentration rather than to the specific surface area and the crystallinity of anatase
[106]. Moreover, the visible response completely vanished when Co (III) was used as a
dopant instead of Co (II). In another study conducted by Hamadanian et al., Co-TiO,
NPs were prepared by sol/gel method using methyl orange as the probe compound.
Among the Co-doped samples, the 0.5% Co/TiO, catalyst exhibited the highest
photocatalytic activity under visible light irradiation suggesting that the factors
responsible for the activity were the surface area and the light absorption of the
photocatalysts [41].

In the presence of Co-TiO, catalysts, the cobalt doping introduces new energy
levels (3d orbital) just above the VB of TiO, thus decreasing the band gap energy of
the photocatalyst, as shown in Figure 5-4, Section 5.1.2. Hence, more photons from
the visible range can be employed for the excitation of the doped photocatalyst and
consequently more charge carriers are available to initiate the photocatalytic reaction.
The photogenerated electrons in the CB of Co-TiO, are easily transferred to adsorbed
molecular oxygen (0,), forming a superoxide radical anion 05" (-0.33 V vs. NHE).
This 05~ combines later with protons forming hydrogen peroxide H,0, (0.89 V vs.
NHE). Subsequently H,0, is further reduced by ecp generating *OH (0.38 V vs. NHE),

which further converts OTC HCl to mineralized products. On the other hand, the
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photogenerated holes accumulate in the VB of Co-TiO, and either directly oxidize the
pollutant, or they are consumed by water oxidation reaction yielding *OH (1.89 V vs.

NHE). This hydroxyl radical further oxidizes OTC HCI. (Equations 5-16 to 5-23).

hv A=400nm)

Co-TiO, Co-TiO, (ecgt hyg) (5-16)
hiz + OH- — *OH (5-17)
e * 0 —— O3 (5-18)
Hi, + 0y =——= HO; (5-19)
07 + HOy + Hfj ——— H,0, + 0, (5-20)
ecg + H,0,———— OH~ + *OH (5-21)
OTC + °*OH ——— Okxidized products (5-22)
OTC + hjy =~ —— Oxidized products (5-23)

On the other hand, OTC HCl might be converted indirectly using the ecp of Co-
TiO,. In this case, OTC HCl might act as an electron scavenger on the surface of TiO,
(Equations 5-24 and 5-25). It should be considered that OTC is pH dependent and has
four species at different pH ranges and each species has a distinctive electric charge
state (Figure 5-12), which may affect the photocatalytic and photolytic degradation at
different wavelengths, and at pH 5 the OTC changed to its zwitterionic form

H,0TC* [107].

+ _ pHS5 _
HOTC* + e OTC (5-24)

hv A <450 nm)

OTC™ photolytic products (5-25)
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Figure 5-12. Molecular structure of OTC with the different pH-dependent species. Reproduced with

permission from ref. [108].

In parallel to the photocatalytic degradation of OTC by Co-TiO, and TiO, under
UV-vis-light a direct photolysis mechanism is also involved by the excitation of the
OTC molecule to its excited state (OTC*) (Equation 5-26), since around 38% of OTC was
decayed without a photocatalyst within 30 min with an initial rate of 1.26 mg

L 'min~! as shown in Table 5-2.

hv pH 5
0TC ——— OTC* —— OTC photolytic products (5-26)

It is assumed that the excited OTC HCI molecule injects an electron into the
conduction band of the Co-TiO,, resulting in the formation of the OTC radical cation
(OTC**) which readily undergoes degradation yielding degradation products

(Equations 5-27 and 5-28).

hv
0TC —— OTC* (5-27)
OTC* + Co-Ti0, ——— OTC'* + Co-TiO, (e”) (5-28)

Itis well known that OTC is sensitive to UV [109] and solar light [110] in aqueous
solutions. OTC has been proposed to be a potential photosensitizer generating reactive
oxygen species (ROS) depending on the solution pH and the wavelengths of
irradiation [108, 111]. For instance, Zhao et al. have observed that at pH 5.5, at which

the OTC changed to its zwitterionic form H,0TC* (Figure 5-12), the photolysis of OTC
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cannot occur under visible light irradiation due to the poor visible light absorption,
while only minor photolysis of OTC was observed under solar light. In contrast, a self-
photosensitization pathway with the detection of singlet oxygen during the photolysis
of OTC at high pH has been observed. At pH 8.5 which represents the fraction of
HOTC™, and at pH 11.0 in which the OTC mainly exists as OTC?~ (Figure 5-12), the OTC
photolysis was enhanced under visible and solar light. Thus, it has been concluded
that the self-photosensitized reactions only take place with the negatively charged
states (HOTC™ and OTC?™) [108].

This was explained by the change of the internal electrostatic force in the
OTC molecule as a function of the solution pH. For instance, at pH 5 the positively
charged dimethylammonium group for H;0TC*, HOTC*, and OTC~, might slow down
the electron transfer from the tricarbonyl group to an excited state by electrostatic
forces for HOTC* under solar/visible light irradiation. On the other hand, at pH 8.5
(OTC™) the phenolic diketone loses a proton thus "activating" the electron transfer from
the excited state due to electrostatic forces from the positively charged
dimethylammonium group. Moreover, at pH 11.0 (OTC?~), the dimethylammonium
loses another proton to become neutrally charged. In this case, the electrostatic force is
entirely removed from the system thus the electrons from tricarbonyl and phenolic
diketone can be more easily activated to excited states, leading to a fast OTC photolysis
rate. As evidenced by the experimental results of Zhao et al., the photolytic mechanism
of OTC at pH > 5 might involve the combined paths (1) and (2), while the mechanism
for OTC photolysis at pH 5.5 may involve path (1) only, as shown in Figure 5-13 [108].
At pH 8.5 and 11.0, 4-benzoquinone and tert-butyl alcohol or methanol were used to
scavenge 05~ and °OH, respectively. However, OTC photolysis was found not to be
affected in the presence of these quenchers, suggesting that path (3) does not
contribute to the OTC photolytic mechanism [105]. This mechanism including the
formation of !0, and 03~ has been earlier proposed in the literature by Seto et al. [112].
Based on these results, one concludes that the self-photosensitized reactions mainly

occur with negatively charged states, that is OTC™ and OTC?".
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Figure 5-13. Photolytic degradation of OTC. Reprinted with permission from ref [108].

After all, based on the experimental results of the current study, the mechanism

given in Figure 5-14 is proposed for the OTC HCl degradation under UV-vis irradiation.

As explained before Co-TiO, composites enhance the light-induced degradation rate

of OTC HCl under UV-vis irradiation due to their high SSA and strong light absorption.

However, direct photolytic degradation can still take part in the overall process.
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Figure 5-14. Schematic illustration of the photolytic and photocatalytic mechanism of OTC HCl upon UV-

vis-light using Co-Ti0, NPs. This figure is a reprint of Figure 3-5 in Chapter 3 (page 100).
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5.3. Photocatalytic Reforming of Methanol Yielding H,

5.3.1. H, Evolution in the Presence of Ag/Ag,0, Ag/Ag,0 / TiO, Mixtures, and
Ag/Ag,0/Ti0, Composites

As mentioned in Chapter 1, photocatalytic fuel synthesis by converting
wastewater using sunlight is a promising alternative to provide clean energy. For this
purpose, the Ag/Ag,0 and Ag/Ag,0/ TiO, systems prepared in Section 5.1.1 have been
investigated for the photocatalytic hydrogen evolution from aqueous methanol under
UV-vis-light irradiation. The photocatalytic experiments have been conducted under
solar illumination as described in detail in Section 2.6.4.2. in Chapter 2. The results are
shown in Chapter 2, Figure 2-5.

Ag,0 / TiO, systems have been well investigated in great detail for the
photocatalytic H, formation [88, 113-117]. From a thermodynamic point of view,
Ag/Ag,0 is completely inactive for the proton reduction reaction since the CB potential
of Ag,0 (+ 0.3 V vs. NHE at pH 7) does not meet the requirements for H, formation
(—0.41 V vs. NHE at pH 7) as depicted in Figure 5-6, and as reported in the literature
[118]. Therefore, the excitation of TiO, is a prerequisite for the photocatalytic H,
evolution. However, TiO, is a relatively inactive material for the photocatalytic
reduction of protons and high evolution rates of H; are obtained only in the presence
of a suitable co-catalyst [119, 120]. As can be seen from Figure 2-5 (a) in Chapter 2,
pure TiO, shows an extremely low photocatalytic activity with regard to H, evolution
from aqueous methanol. Thus, the deposition of Ag/Ag,0 as an electrocatalyst at the
TiO, surface to accelerate the interfacial electron transfer is likely to be beneficial. A
significant increase in the amount of H, evolved during six hours of illumination is
observed when using TiO,-rich mixtures (TM 14) which consequently correspond to
an increase in the reaction rates. This enhancement can be explained by presuming
that Ag,0 absorbs a significant portion of the photons being inactive under these
illumination condition, and thus no more photons are available for the H, evolution
reaction. However, this portion is decreasing with increasing TiO, amount in the

mixture. Instead, the electron transfer from the conduction band of TiO, to the Ag,0
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conduction band is thermodynamically favorable, resulting in the reduction of Ag* to
Ag(0). These electrons are thus not available for the desired H, evolution reaction.
Obviously, the higher the mass fraction of TiO, in the physical mixture the lower these
undesired electron losses, resulting in increasing the rates of H, evolution.

Very recently, Ag,0/TiO, prepared by a simple mechanical grinding for the
photocatalytic methanol dehydrogenation under UV-vis irradiation has been
reported. It has been observed that the addition of inactive Ag,0 to titania caused a
significant increase in H, formation for almost all samples except Ag,0/P25. Hence, it
has been concluded that the Z-scheme mechanism was responsible for this
enhancement in which the photo-reduced Ag(0) on the Ag,0 surface acts as a sink for
the photogenerated electrons resulting in H, formation, and methanol works as a hole
scavenger at the TiO, surface to hinder the hole-electron recombination [117]. In a
study conducted by Lalitha et al, bare Ag,0 was found to be active for the
photocatalytic H, production from aqueous methanol under solar light illumination
with a maximum amount of 140 pmol h™!. A mechanical mixture of 1 wt.% Ag,0/TiO,
has also been prepared and an amount of 760 pmol h™* has been reported. According
to these results, a synergistic activity has been observed when Ag* interacted with
TiO,. These authors have concluded that a structure-activity correlation has been
established in which Ag* interacting with the surface layers of TiO, plays an important
role in maintaining the continuous hydrogen production activity under solar
irradiation rather than Ag(0) [114].

As compared to the Ag/Ag,0/ TiO, mixtures (TM), Ag/Ag,0/ TiO, composites
(TC) are found to be more active for promoting the light-induced H, evolution, and
almost all TC composites exhibit higher H, evolution activity. In term of H:formation
rates, the order of the photocatalytic activity is TC 11 >TC 14 > TiO, > TC 41 > Ag/Ag,0.
Among all composites, TC 11 was the most active system demonstrating a higher
evolution rate than all other samples (Chapter 2, Figure 2-5 (b)). In the current study,
this composite has also shown the highest photocatalytic activity for MB bleaching

under UV-vis illumination (section 5.2.1). This can be explained by the synergetic
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effects present between Ag(0), Ag,0, and TiO, as illustrated in Figure 5-15. Under solar
irradiation, TiO, is excited by UV photons resulting in the formation of electron-hole
pairs in this semiconductor. The photogenerated ecg migrate to the Ag(0) attached to
the surface of TiO,. As known, the metal co-catalyst is acting as an electron pool since
its Fermi level is lower than the TiO, CB, moreover, Ag(0) has a low overpotential for
the reduction of water [120]. An interfacial electron transfer from Ag(0) to protons is
occurring yielding H,. The VB hole of the TiO, particle is then filled by an electron
from an attached Ag,0 particle. Methanol is subsequently oxidized by the thus formed
hole in the valence band of Ag,0. According to this mechanism, Ag(0) acts as an
electrocatalyst for the hydrogen evolution reaction, while Ag,0 is an electrocatalyst for

the methanol oxidation.

H,
X—H+
=
CH,OH
HCHO + 2H*

Figure 5-15. Proposed mechanism of H, evolution from aqueous CH;OH under UV-vis illumination.

This figure is a reprint of Figure 2-10 in Chapter 2 (page 61).

Mandari et al. have reported that in-situ formed Ag(0) islands may also transfer
electrons to TiO, through surface plasmon resonance (SPR) excitation thus improving
the photocatalytic H, production on Ag,0 / TiO, photocatalysts [88]. The same
mechanism is proposed in this study, involving the oxidation of methanol at the Ag,0
surface through an electron transfer to the valence band of the excited TiO,, as stated
before [17, 21, 94]. Nevertheless, the mechanism proposed here in the presence of the

TM mixtures and TC composites does not contradict the mechanism discussed for
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Ag/Ag,0/ TiO, materials, with a significantly more negative conduction band energy
of Ag,0 than that of TiO, [88, 121, 122].

The photocatalytic activities of the TC and TM discussed here are therefore
determined to a large extent by the competition between interfacial electron transfer
to protons, and to Ag* in Ag,0. Variations in the TiO,, Ag, and Ag,0 mass fractions
may impact the hydrogen evolution rate. Increasing the mass fractions of Ag and Ag,0
reduces the number of photons to be absorbed by TiO,, hence the H, evolution rate
decreases, and, on the other hand, decreasing the mass fractions of metallic Ag and
Ag,0 may slow down the interfacial electron transfer to the proton thus negatively
affecting the oxidation reaction, respectively. These opposing effects could be the main
reason for the differences observed here in the H, evolution rates in the presence of TC

composites and TM mixtures.

5.3.2. H, Evolution in the Presence of Co-TiO,

The Co-TiO, photocatalysts prepared in Section 5.1.2 have also been further
examined for the photocatalytic H, evolution from aqueous methanol under UV-vis-
light irradiation. The results are presented in Figure 5-16 (a, b). As can be seen, neither
pure TiO,-R nor TiO,-HT show a significant photocatalytic activity for the hydrogen
evolution reaction. Using Co-TiO,-R and Co-TiO,-HT composites, the formed amount
of H, still extremely low and close to the detection limit. To understand the reaction
pathways of Co-TiO, electrons and holes produced under illumination and to examine
the effect of Co-doping on the behavior of these electron-hole pairs, EPR study of Co-

TiO, and bare TiO, have been conducted and are displayed in Figure 5-17.

183



Chapter 5. Summarizing Discussion and Conclusions

74 ——TiOR —e—TiO,HT

—~—Co-TiO,R

2.5+

: —— Co-TiO-HT
? 2.0

3 =
£ 5 [=]
R £
c 215
S *1 c
g s
© 34 2
Ll (]
I o o~
I
0.5
14
0 0.0
! ! ! ! r T T T T T
0 2 4 6 8 0 2 4 6 8
Time (h) Time (h)

() (b)
Figure 5-16. Light-induced hydrogen evolution from aqueous CH3; OH in the presence of (a) TiO,-HT and
Co-TiO,-R, (b) TiO,-HT and Co-TiO,-HT.

According to the EPR results (Figure 5-17), bare and Co-doped TiO, show the
same characteristic peaks in the dark which is assigned to the paramagnetic centers in
the TiO, crystal lattice [123]. Upon UV-vis illumination of bare TiO, samples, three
signals are observed. Signal (A) is assigned to the surface trapped hole, that is the
radical Ti**0°-Ti** OH- [124, 125], signal (B) is attributed to the Ti** formed by trapping
the photogenerated electrons [126, 127], and signal C is ascribed to the trapped
conduction band electrons [127, 128]. When Cobalt is introduced to the TiO, crystal
lattice, a decrease in the vacancy peaks is observed. Such a trend has also been
observed for Co and has been explained as a detrimental effect on the formation of
oxygen vacancy defects [129]. The intensity of signal (B) is also reduced indicating that
the cobalt ions are trapping the electrons instead of Ti**. Moreover, signal (C) is
vanishing suggesting that the photogenerated electrons are trapped in sites other than
Ti, thus reducing the intensity of the Ti** signal. These EPR results lead to the
conclusion that in the Co-TiO, composites part of the photoinduced electrons are
trapped by cobalt which might also work as a recombination center for the electron-

hole pairs.
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Figure 5-17. In situ EPR spectra at 77K of (a) TiO,-HT, (b) Co-Ti0,-HT, (c) TiO,-R, (d) Co-TiO,-R in the

dark and after 10 min of UV-vis-light irradiation (Xe lamp, A = 300 — 450 nm).

Accordingly, the low photocatalytic activity observed for bare materials (Figure

5-16), suggests that the electrons could be trapped as Ti* species instead of reducing

protons, which is consistent with the above EPR results. This observation is in good

agreement with published studies [130, 131]. In the presence of Co-TiO,-HT and Co-

TiO,-R composites, the evolved amount of H, is remaining low and close to the

detection limit of the equipment employed here. Considering Figure 5-4, a significant

decrease of the band gap is observed for the Co-TiO, samples which allows more

photons to be absorbed as compared with bare TiO, under the illumination conditions

employed in this investigation. Considering this, higher activity of the Co-TiO,
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samples is expected. However, the photocatalytic activity of Co-TiO, is not enhanced.
These results suggest that the recombination rate is increased in these composites [49,
132]. This can be explained by a decreased number of oxygen vacancy defects since
these defects act as active sites on the photocatalyst surface thus delaying the
recombination of photogenerated electrons and holes. The other possibility is that the
electrons can be trapped rapidly and are then not available for H* reduction via
interfacial charge transfer, which is in accordance with the EPR data. Similar findings
have been reported by Hwang et al. who found that only Cr and Fe doped TiO, can
generate significant amounts of molecular hydrogen from aqueous methanol [133]. In
another study conducted by Wu et al., 0.4 wt.% Co** modified TiO, (P25) was found to
decrease the photocatalytic hydrogen evolution activity from aqueous ethanol [134].
After all, and as the evolved amount of hydrogen in the presence of both Co-
TiO, photocatalysts is extremely low with no significant effect of Co-doping on the
photocatalytic H, formation, deposition of Pt on the surface of these composites has
also been performed here to study same photocatalytic reactions under identical

experimental conditions.

5.3.3. H, Evolution in the Presence of Pt loaded Co-TiO,

The photocatalytic hydrogen production from aqueous methanol has been
investigated for platinized Co-TiO, and TiO, samples, and the continuous hydrogen
production profile of all samples is depicted in Figure 5-18. The improved hydrogen
evolution activity by Pt loading onto TiO, corresponds to general experience [120,
135]. The platinized Co - TiO, photocatalysts show a drastic enhancement of the
photocatalytic H, evolution in comparison with Co-TiO, and pure TiO, materials and
even outperforms that of the well-known platinized photocatalysts Pt/P25 and Pt
/UV100.
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Figure 5-18. Light-induced hydrogen evolution from aqueous CH30H in the presence of all prepared

photocatalysts. This figure is a reprint of Figure 4-8 in Chapter 4 (page 137).

The rate of H, production is found to greatly improve for all platinized samples,
and a maximum of 317 + 44 umol h™! is observed for Pt/Co-Ti0,-HT. However, Pt/Co-
TiO,-HT and Pt/Co-TiO,TiO,-R exhibit almost similar H, production rates as Pt/TiO,-
HT and Pt/TiO,-R, respectively (within the limits of the experimental error). These
results confirm again that cobalt species do not improve the H, evolution activity.

Accordingly, the high photocatalytic activity obtained with all platinized samples can
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only be attributed to the improved charge carrier separation by the Pt NPs deposited
on the surface of the photocatalysts.

It is worth mentioning that the H, evolution rate in all prepared catalysts is
decreasing with the irradiation time (Figure 5-18). To explain this, the possible
mechanism of the photocatalytic degradation of methanol has to be taken into
consideration. Reaction pathways for photocatalytic reforming of methanol on Pt/(Co)-
TiO, may involve the following reaction equations (Equation (5-29) — (5-35)).

Upon solar simulated irradiation, electron-hole pairs are generated:

h
(C0)-Ti0, —— egz + hig (5-29)

The photogenerated holes oxidize methanol yielding formaldehyde (HCHO)
according to [136]:

CH;0H + hi{z —— “CH,0H + Hi (5-30)

The H3, generated during the total process are transferred to the metal loaded
semiconductor photocatalyst where they are reduced by the photogenerated electrons

to molecular hydrogen [136].
2Hi,  + 25— Hy(H (5-32)

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

the following equations [136]:

HCHO + h{ + *OH —— H}, + HCOOH (5-33)
HCOOH ——  HCOO~ + Hj, (5-34)
HCOO™ + 2h{y  ——— Hig + CO, (5-35)
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2Hi, + 2ecg —— Hy(h) (5-32)

Chiarello et al. have also examined the photocatalytic hydrogen production
from methanol oxidation over Pt deposited on TiO,. In their study, they demonstrated
that methanol undergoes oxidation up to CO,via the formation of formaldehyde and
formic acid. They concluded that the amount of methanol in the feed gas mixture
should be kept low (0.1-0.7) because complete methanol oxidation to CO, decreases
quickly with increasing the amount of methanol producing carbon monoxide from
formic acid [120].

Overall, one can conclude that no significant impact of Co-doping on the
photocatalytic H, activity of the platinized samples is observed under the
experimental conditions used in the current study. This result is in accordance with
the flatband potential results (Figure 5-4) where no significant impact of cobalt doping
has been recorded within the limits of the experimental errors. After all, the obtained
results can be summarized as illustrated in Figure 5-19. Under simulated solar light
irradiation, electron/hole pairs are produced in the CB and the VB of Co-TiO,,
respectively. Subsequently, the electrons migrate from the TiO, CB to Pt. Thus, Pt
islands act as electron sinks decreasing the charge carrier recombination, whereas the
holes left in the TiO, valence band oxidize aqueous methanol. Hence, the presence of

Pt seems to counteract the decrease of the photocatalytic activity due to Co-doping.

Energy (eV) > ‘\ /
vs. NHE (pH 7) 4 P
hv > E
- 2H"
‘ -
0.5 — cB __€ =

Figure 5-19. Schematic illustration of H, evolution over Pt/Co-TiO, photocatalysts. This figure is a

reprint of Figure 4-10 in Chapter 4 (page 141).
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5.4. Conclusions

This study aims to combine the removal of organic pollutants from water and
the production of molecular hydrogen as a renewable fuel by the investigation of
TiO, modified with transition metals, which are Ag/Ag,0/ TiO, and Co-TiO,.

In conclusion, the experimental results of the first part of this study show that
the synthesized Ag/Ag,0 / TiO, mixtures (formed by mechanical grinding) and
Ag/Ag,0/ TiO, composites (in situ-prepared) enhance the rate of the light-induced
bleaching of aqueous methylene blue (MB) under both UV-vis and visible illumination,
in comparison to the bleaching in homogeneous solution. However, bare Ag/Ag,0
remained the most active material under both illumination conditions. This result
leads to the conclusion that the bleaching of MB is initiated by an interfacial electron
transfer from the photo-excited organic compound adsorbed on the Ag,0 surface to
the conduction band of this semiconductor. This electron transfer seems to be inhibited
by increasing the amount of TiO, layers covering the Ag,0 in the Ag/Ag,0 7/ TiO,
mixtures and composites. Irrespective whether MB undergoes a photocatalytic
reduction reaction leading to its photobleaching or acts as a sensitizer, Ag* present in
Ag/Ag,0 is confirmed to be reduced yielding Ag(0).

For thermodynamic reasons, Ag,0 cannot transfer an electron to a proton at the
experimental conditions used in this study. With increasing the mass fraction of TiO,
in Ag/Ag,0 / TiO,, electron transfer from the TiO, conduction band to the Ag,0
conduction band (which is thermodynamically favorable) is used to reduce Ag* to
Ag(0) and therefore is not available for the H, evolution reaction. However, an increase
in the rates of H, formation has been identified at increasing amounts of TiO, in the
Ag/Ag,0/ TiO, mixtures suggesting that the fraction of photons absorbed by Ag,0
where they are being inactived decreases. Consequently, it can be concluded that
Ag/Ag,0 is not a (photo)stable material since it is reduced yielding metallic Ag.

Since Ag/Ag,0 containing photocatalysts were found to be unstable the focus of

the subsequent work was shifted to Co-TiO, photocatalysts.
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The experimental results of the second part of this study demonstrated that both
photocatalysts, namely Co-TiO,-R (reflux synthesis) and Co-TiO,-HT (hydrothermal
synthesis) enhance the degradation rate of oxytetracycline hydrochloride (OTC HCI)
under UV-vis irradiation. These results are found to agree well with the SSA and the
UV-vis-light absorption data, indicating that the high SSA along with the decreased
band gap have a major influence on the photocatalytic performance of the
photocatalyst. On the other hand, the homogeneous photolysis of OTC HCI was found
to occur with over 30%. Therefore, and despite the observed complete degradation of
OTC HCl in the presence of Co-TiO, photocatalysts, the use of such complex organic
molecules can be assumed to be unsuitable for the evaluation of the photocatalytic
activity of semiconducting materials.

As a second test reaction for the photocatalytic activity of the Co-TiO, materials,
the UV-vis-light-induced evolution of H, by the reforming of aqueous methanol has
been investigated evincing that no significant impact of Co -doping on the
photocatalytic H, generation can be detected with the evolved amounts of H, being
close to the detection limit. Therefore, and in order to obtain significant amounts of
tuture renewable energy fuels (i.e., H), Pt is chosen as a co-catalyst loaded on Co-TiO,
composites.

The third part of this study focuses on the photocatalytic H, activity over Pt/Co-
TiO, photocatalysts. Higher H, formation rates are observed and related to the Pt NPs
which act to improve the separation of photogenerated charge carriers (ecg and hyg)
thus enhancing the methanol oxidation at the same time. Accordingly, it can be
concluded that Pt apparently offsets the decrease of the photocatalytic activity due to
Co-doping.

In summary, the obtained experimental results within the frame of this doctoral
thesis contribute to the evaluation of the photoactivity of the investigated
semiconducting materials in both water treatment and fuel synthesis. Despite the
increased photocatalytic activity, limitations, and challenges concerning the stability

of the used semiconductor need to be overcome. Furthermore, attention should be
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focused on the selected organic contaminants to ensure that the photolytic mechanism

will not be confused with the photocatalytic degradation. Organic contaminants such

as methanol can perform the role of electron donors, thereby reducing the hydrogen

generation costs whereas at the same time serving the dual role of hydrogen

production as well as organic pollutant degradation.
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