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1. Introduction

A reasonable way to begin my Ph.D. Dissertation is to highlight the importance of
environmental protection. The Industrial Revolution was a major turning point in Earth’s
ecology and in the relationship between humans and their environment. The benefits of
accelerated human development, improved health and life longevity, public health, energy
usage and sanitation came at a cost though, and their full impact on the environment and
natural resources was only realized much later. The awakening to the implications of
unsustainable growth, the limited nature of natural resources and irreversible damage to the
environment resulted in the change of attitude; the need to preserve the environment became
apparent.

Among the problems to be solved, water purification and wastewater treatment are
of utmost importance. A significant proportion of water pollutants can be efficiently
eliminated by conventional water treatment methods; however, there are numerous
pollutants which are biologically and/or chemically resistant, toxic and for their degradation
alternative methods are required. Advanced oxidation processes (AOPs) are suitable
alternative methods showing great potential to be used in water treatment applications and a
subdiscipline of them is heterogeneous photocatalysis.

The potential of heterogeneous photocatalysis is that it enables the utilization of
sunlight — an alternative green energy source — for the excitation of a semiconductor
photocatalyst, on which the method is based on, enabling the development of truly
environmentally friendly water treatment systems. The method is non-selective, due to the
formation of reactive free radicals, which can be utilized to degrade a wide range of organic
contaminants in the water. By the end of the treatment even complete mineralization can be
achieved resulting in harmless end products such as water, carbon dioxide and inorganic
ions. However, it is important to highlight that at the present time the efficiency of
heterogeneous photocatalysis is inferior to ordinary water treatment methods in most cases,
thus for its practical application it is imperative to enhance the photocatalytic activity of the
semiconductors.

In my Ph.D. Dissertation | investigated some possibilities and their limitations in the
case of titanium dioxide (TiO2) based photocatalysts. It is worth mentioning that the
characteristics and effectiveness of photocatalysts are dependent on a vast number of
parameters and my aim was to explore these connections to the best of my knowledge.
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2. Literature review

2.1. Advanced oxidation processes

The expression ‘advanced oxidation processes’ (AOPs) is a collective term for
methods which aim to degrade pollutants of the given medium through reactions with
radicals. Applying these processes is practicable when there is no suitable microbiological
or other method available to degrade organic pollutants. The common characteristics of
AOPs that they are commenced by the activation of either the oxygen or pollutant, which
then interact with each other. During these processes reactive free radicals form, which then
interact with the pollutant, causing the possible formation of additional free radicals.
Through peroxides and peroxy radicals the complete degradation (mineralization) of the
pollutants can take place resulting in harmless end products like H20 and CO2 and inorganic
ions. The formation of free radicals can be initiated by radiolysis or by chemical,
photochemical and sonochemical means. For water treatment purposes the AOPs can be

categorized as follows:

1. Methods based on the application of different oxidants (e.g. ozone, hydrogen
peroxide);

2. Processes based on radiolysis;

3. Processes based on ultraviolet photolysis or high energy vacuum ultraviolet (VUV)
photolysis;

4. Methods based on heterogeneous photocatalysis, which processes occur on the

surface of illuminated photocatalysts (semiconductors).

In my Ph.D. Dissertation emphasis was put on studying heterogeneous photocatalytic

jprocesses.
2.2. Heterogeneous photocatalysis and its applicability spectra

A heterogeneous photocatalytic process occurs in multiphase systems in the
concurrent presence of light and photocatalyst, which can lead to the acceleration of a
chemical reaction. The discovery of its potential dates to the mid-1900s; however, when

Fujishima and Honda managed to split water using the energy of light in 1972, did the
10
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interest in it grow rapidly partly due to the oil crisis of 1973 [1]. In the last nearly half century
thousands of research articles were published regarding this topic. The potential of the
method not only lies in the possibility to transform the energy of light into chemical energy,
but to use UV, visible or even solar light for the excitation of the photocatalysts, enabling
their utilization in an environmentally friendly way for water treatment purposes.

Heterogeneous photocatalysis is based on the application of the so-called
photocatalysts, which are solid semiconductor materials, whose conductivity changes based
on environmental conditions. The function of semiconductors and their difference from
conductors and insulators can be described as follows. In a single atom the electrons can
only occupy specific energy levels. When multiple atoms bond, the electrons are shared
between them, and since the atoms are now interacting, their energy level shifts around. The
individual energy levels of numerous atoms — which build up the solids and interact with
each other — ‘smear’ into energy bands. The lower band (with lower energy) is called valence
band (VB), the higher band is the conduction band (CB) and the energy gap between them
is called band gap. In the ground state of the atoms all electrons are located in the valence
band, since their numbers are just enough to populate the energy levels of this band. For a
material to conduct, the electrons from the valence band must be able to jump to the
conduction band (resulting in the material entering into the so-called excited state). The
spacing of these energy levels determines whether the material is a conductor, insulator, or
a semiconductor. In the case of conductors, the bands overlap with each other, so the
electrons can easily move to the higher energy levels and this results in the spontaneous
occurrence and termination of the excited state. When the energy difference between the two
bands are too high the current cannot flow, since the electrons cannot jump from the lower
band to the upper one; these materials are the insulators. Semiconductors fall in the middle,
since they have a small enough band gap so electrons can jump from the valence band into
the conduction band provided sufficient amount of energy (equal or greater than the band
gap) is transferred to it (either in the form of electromagnetic radiation, heat or electric
current). When this happens, positively charged vacancies, the so-called holes (h*) remain
at the place of the electrons, which can take part in charge transfer reactions, similarly to
electrons (Fig. 1).

11
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hv
Energy (eV)
Adsorption
.
Conduction band (CB) 1 A+e DA
Reduction
Band gap
Oxidation
e
Valence band (VB) h*/ D +h*-> D*
Adsorption

Figure 1 Band structure of semiconductors.

If there are electron donors (D) and acceptors (A) on the surface of the excited photocatalyst,
that can donate or accept electrons in such way, that the energy of the band gap is equal or
greater than the activation energy of both reactions, then this can result in the initiation of a
series of chemical reactions. Moreover, it is important, that the charge transfer process must
be quicker than the recombination of the electron-hole pair, since the latter one results in
undesirable heat production instead of chemical reactions required for the utilization of the
photocatalysts.
These processes can be illustrated using the example of titanium dioxide (TiOz2) as
follows [2]: In the
TiO2 + hv = TiO2 (e~ + hY) (1)

excitation process (where h is the Planck constant and v is the frequency of the irradiation)
the photogenerated electrons and holes can take part in charge transfer (redox) reactions. It
is widely accepted, that in the presence of oxygen the photogenerated electrons can reduce
the oxygen adsorbed on the surface resulting in the formation of superoxide anion.

e+ 02> Oz (2

The photogenerated holes can either be trapped by water molecules or hydroxide ions
resulting in hydroxide radicals:

h* + H20 > «OH + H* (3)

h*+ OH - «OH 4)

12
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Or the surface adsorbed substrate (S) — an organic matter in this case — can react with either
the holes or the electrons depending on its redox characteristics:
S+e DS (5)

S+h* > es* (6)

The as-formed radicals can degrade the organic matter in the subsequent steps. Apart from
the redox reactions, the photogenerated electrons and holes can also recombine with each
other,

e +h" - heat (7)

or the electrons can be trapped
e > € trapped (8)

resulting in Ti(lll) centers in the conduction band.

Following the photoelectrocatalytic water splitting demonstrated by Fujishima and
Honda [1], scientist explored the application possibilities of semiconductors which are
virtually unlimited. They can be used as gas sensors to detect and quantify the components
of different headspaces [3-7], for the purification of air, elimination of foul gases and odor
control [2, 8-10], to fabricate superhydrophilic [11-13] self-cleaning [14-17] or antibacterial
surfaces [13, 18, 19], for the production of lithium ion batteries [20-23], for
photocatalytically-assisted organic synthesis [24] or even to apply them in cancer treatment
for the targeted Killing of tumor cells [13, 25, 26] just to name a few.

If two (or more) electrodes are attached to the semiconductor then its electrical
resistance can be measured which changes on exposure according to the different type of gas
interacting with the surface [6]. Thus, a given semiconductor can be utilized for the detection
of different gases like hydrogen, oxygen, ozone, carbon monoxide, hydrogen sulfide and
organic vapors for example acetone, methanol or ethanol.

The usage of photocatalysts in the energy industry is becoming increasingly
important as well, the development of dye-sensitized solar cells (DSSCs) bears considerable
interest in particular. Although this topic does not belong in the field of heterogeneous
photocatalysis in the strict sense, still, it uses semiconductors whose excitation is carried out
the same way, thus the application of semiconductors in photovoltaic systems is worth
mentioning. In these systems the photogenerated electron is migrated to a collector electrode
— in contrast with it being utilized to generate radicals — resulting in the generation of electric

current [27, 28]. The energy industry and heterogeneous photocatalysis are closely
13
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intertwined since the achievements of solar cell development are immensely beneficial for
heterogeneous photocatalytic applications as well, since the as-developed semiconductors
are very likely to be applicable in both processes [29].

Heterogeneous photocatalysis can play an important role in the reduction of carbon
dioxide as well [30, 31], which is of considerable importance since it is the most significant
long-lived greenhouse gas in Earth’s atmosphere. It also enables the production of hydrogen
gas, an alternative green energy source, as photocatalysts can transform electromagnetic
radiation (even solar energy) into chemical energy [23, 32-49]. The search for well utilizable
‘clean’ energy sources is one of the biggest challenges of the present time and the research
works regarding this topic holds great potential as the oxidation of hydrogen yields water
without carbon dioxide emission. In aqueous systems in the absence of molecular oxygen a
potential electron acceptor is hydrogen in the +1 oxidation state, resulting in the formation
of molecular hydrogen. For this to happen the photocatalyst must contain active sites where
the overpotential of hydrogen evolution is low, which is made possible most commonly by
the deposition of noble metals to the photocatalyst’s surface.

Probably the most important application of heterogeneous photocatalysis is to use
them for the protection of the environment; for water purification and wastewater treatment
in particular. The first successful attempt to apply photocatalysts for environmental
protection purposes dates back to 1977, when Frank and Bard removed cyanide ions from
aqueous solutions via their oxidation by valence band holes [50]. During my research work
I mainly focused on water treatment applications, thus in the following paragraphs | am
going to present this topic in more detail.

2.3. Titanium dioxide and its photocatalytic applications

For the practical application of a photocatalyst, it shall meet numerous requirements.
It shall not be used up during the reactions in which it takes part, it must be photostable,
biologically-chemically inert and non-toxic. Furthermore, it should be cheap, easily
accessible, widely available in great quantity and applicable against wide range of pollutants.
It is worth mentioning, that a photocatalyst being inert and being able to react with organic
pollutants at the same time can be somewhat controversial, and there are numerous
publications in the literature examining the adverse effects of photocatalysts on living
organisms, emphasizing the fact, that these materials should be applied with caution [51].

Taking these requirements into account titanium dioxide is one of the most thoroughly
14
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investigated and most suitable photocatalyst to be taken into consideration for practical
applications.

TiOz2 is an n-type semiconductor due to it being oxygen deficient, which means that
the charges are transferred via excess electrons. Natural titanium dioxide has four
polymorphs: rutile, anatase, brookite and the very rare akaogiite, although the two latter only
exist in the form of high-pressure minerals [52, 53] and their production is burdensome, thus
in practical applications only the first two is used. Metastable brookite and anatase transform
into thermodynamically stable rutile during calcination above 600 °C [54]. In all polymorphs
titanium (Ti*") is surrounded by six oxygen (0?) forming TiOs octahedra (Fig. 2) which are
connected to each other with two, three or four common edges in the case of rutile, brookite

and anatase, respectively.

(b) ©

Figure 2 Crystalline structures of titanium dioxide: (a) anatase, (b) rutile, (c) brookite. This
figure was taken from ref. [2], p. 333.

Rutile and anatase are tetragonal, while brookite has orthorhombic structure. The band gaps
of anatase and rutile are 3.23 eV and 3.02 eV, respectively, while in the case of brookite this
value varies from 2.96-3.4 eV [55]. In most cases anatase has superior photocatalytic
activity compared to rutile owing to different amount of hydroxyl groups and different
oxygen adsorption-light absorption properties [56, 57]. Although anatase is more commonly
used in photocatalytic applications, it is worth mentioning, that it can only be excited with
photons below 387 nm wavelength (when it comes to excitation via electromagnetic
radiation), thus it cannot utilize visible light (which consists ~40% of sunlight). Rutile, on
the other hand, can be excited to some extent with visible light (having a band gap equal to

411 nm), thus it often proves to be more suitable for photocatalytic applications under visible

15
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light irradiation and has more beneficial properties from certain aspects (e.g. stability,
chemical inertness) [58].

As mentioned above, titanium dioxide being a semiconductor can be used in various
ways, but probably its most important field of application is photocatalytic water treatment
[2]. Mainly due to human activities numerous substances are discharged into waters which
tend to be toxic, chemically stable, persistent, carcinogenic and liable to biomagnification
just to name a few. It is worth mentioning, that current municipal wastewater treatment
plants are unable to completely remove certain pollutants from wastewaters due to their low
concentration or resistant structure, but by the application of photocatalysis even these
problematic pollutants can be degraded [59]. The degradation efficiency of various
pollutants depends on various factors such as the type and concentration of the photocatalyst,
structure and concentration of the pollutant, composition and pH of the water to be treated,
type and intensity of the light source and concentration of the oxidants formed during the
treatment [60-62]. It is important to highlight, that despite its potential, the application of
TiO2 nanoparticles in wastewater treatment is still limited due to the following reasons: (i)
they are susceptible to agglomeration; (ii) without being fixed on a surface, TiO2 particles
have to be removed from the water to be treated which involves additional costs; (iii) the
intrinsic band gap of TiOz2 is too wide to utilize visible light [63]. There are extensive number
of publications in the literature in which titanium dioxide was applied to degrade all kinds
of pollutants such as phenol [40, 64-74], organic dyes [2, 60, 75-82], pesticides [83-87],
pharmaceuticals [88, 89] or to inactivate bacteria in disinfection processes [67, 68, 90-95].

Phenols are common pollutants to be introduced into the aquatic environment
through anthropogenic means. They are mainly used as precursors for plastics such as
polycarbonates and epoxide resins [96]. They occur in wastewaters in the form of phenol,
bisphenol, chlorophenol and nitrophenol originating from various herbicides, azo dyes,
medical goods, and water disinfection. They are highly toxic and suspected carcinogens;
thus, their removal from wastewaters is imperative. Phenol, being a poorly adsorbing
material, is degraded during photocatalytic applications mainly in the liquid phase via
hydroxyl radicals resulting in various intermediates (e.g. resorcinol, catechol,
hydroquinone). The degradation mechanism of phenol is rather complex; its degradation
pathway (Fig. 3) in the case of TiO2 under UV, visible and solar light irradiation is greatly

summarized in the comprehensive study of Ahmed et al. [62].
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Figure 3 Possible intermediates of phenol during its photocatalytic oxidation [71, 97-100].

One of the most important aspects this study highlights, is that it is possible to mineralize
even as resistant molecules as phenol through photocatalytic means resulting in harmless
end products like inorganic ions, carbon dioxide and water. Based on the above-mentioned
considerations, in my Ph.D. Dissertation (among others) | used mainly phenol as model
contaminant to determine the photocatalytic activity of the investigated TiO2 photocatalysts.

Oxalic acid is another widely investigated model pollutant which can be eliminated
by photocatalytic means [34, 40, 69, 101]. In contrast with phenol, it is a strongly adsorbing
compound. In different protolytic forms it frequently appears in domestic and industrial
wastewaters due to its application in pharmaceutical processes, detergents, metallurgy,
textile industry and as cleaning and decontaminating agents [102]. Another reason for its

recurrent presence is that it is a common intermediate during the oxidation of more complex
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compounds. Due to these reasons in some cases | used oxalic acid as model pollutant besides
phenol as well.

The most common, widely accepted reference TiO2 photocatalyst is Aeroxide P25,
which has been extensively investigated in the degradation of pharmaceuticals. Against well-
known analgesic and antipyretic drugs such as paracetamol and diclofenac, P25 proved to
be efficient to degrade them either yielding intermediates less harmful compared to the initial
material or deactivating them, thus enabling the possibility to discharge them into the
environment [103, 104]. Active compounds of contraceptives like 17-B estradiol,
nomegestrol and 17-a ethynylestradiol were demonstrated to be harmful both to humans and
wildlife and these materials were also successfully eliminated by photocatalytic
mineralization [59].

Another type of material representing serious risk are the cationic and anionic organic
dyes applied in the textile industry, which not only poses aesthetic problems, but the dyes
themselves or their intermediates can be carcinogenic. Contaminations conducted by dyes
are especially problematic in developing countries where wastewaters of textile industries
are discharged into the environment without any treatment. Dyes are commonly used as
model pollutants in photocatalytic oxidation reactions, partly because by using visible
spectrophotometry their concentration can be easily monitored; however, it should be taken
into account that dyes also absorb light in the visible range, and the influence of this photo-
absorption by them must be excluded for the evaluation of the real photocatalytic activity of
semiconductors. The most commonly used dye as model pollutant is methylene blue [76, 77,
81], although methyl orange [75, 76, 80], Rhodamine B [80] and various other azo dyes [60,
79] are frequently applied as well. Even though methylene blue has relatively large
molecular weight (Mr = 284 g-mol™) still, complete mineralization can be achieved provided
sufficient amount of time is ensured for the treatment [81].

There are numerous examples in the literature for the photocatalytic degradation of
pesticides. Pesticide is a collective term, including substances that are meant to control pests
and weeds, including insecticides, herbicides and other biocides. However, they pose a threat
to the soil, surface and groundwater when used improperly — from which carcinogens or the
ones having endocrine-disrupting effects are of particular concern [85] — resulting in various
adverse health effects, ranging from skin irritation to more severe effects such as affecting
the nervous system, hormones and causing reproductive problems. In the publication of

Kovacs et al. among various advanced oxidation processes heterogeneous photocatalysis (by
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applying Aeroxide P25 TiO2) was found to be the most effective for the mineralization of
pesticides [84].

By using titanium dioxide in photocatalytic applications not only organic water
pollutants but microbiological pollutants can be eliminated as well, resulting in the
disinfection of the treated water. The first photocatalytic water disinfection was conducted
by Matsunaga et al. in 1985, who carried out the photoelectrochemical oxidization of
microbial cells, killing them by the inhibition of their respiratory system [105]. Jacoby et al.
showed via 4C radioisotopic measurements that the organic matter content of bacterium
cells can be mineralized entirely resulting in carbon dioxide [106]. The merit of this
publication was that it also augured well the potential application of semiconductors to create

self-cleaning antibacterial surfaces.

2.4. Strategies for improving the photocatalytic activity of titanium

dioxide

As outlined above, titanium dioxide has immense potential to be used in various
applications; however, it has some important drawbacks which limit its practical application
possibilities. It cannot be excited efficiently by visible light and its photocatalytic activity is
usually not high enough to replace already existing technologies. This is the reason that a
large majority of titanium dioxide-related research works focus on enhancing its
photocatalytic activity (which often comes together with increasing its visible light
excitability). These methods can be categorized into two groups: morphological
modifications (such as increasing porosity or specific surface area) and chemical
modifications (altering the TiO2 structure with additional components) involving the
following methods: doping with various elements and oxygen rich modification, metal
deposition, construction of composites and dye sensitization [2, 63]. In my Ph.D. work |
have dealt mainly with oxygen rich modification and morphological modification;
moreover, with metal deposition and composites to a lesser extent. Accordingly, in the
following sections | am going to present these techniques in this order.

2.4.1. Doping and oxygen rich modification

One of the main drawbacks of TiOz that it can only be excited efficiently by UV light,
which contains only ~3-6% of the solar spectrum [92, 107], while visible light (taking up
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~44%) is the one, which comprise most of the solar energy that reaches Earth’s surface (Fig.
4) [108].

solar spectrum
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Figure 4 Composition of the solar spectrum that reaches the Earth’s surface. This figure
was taken from ref. [108], p. 986 and ref. [109], p. 313. Reprinted with permission from
AAAS.

Fig. 4 demonstrates that it would be plausible to use the Sun as light source for the
construction of environmentally friendly water treatment plants instead of artificial UV
lamps, which involves high investment, handling and maintenance costs [91, 92, 108, 110].
It is worth mentioning, that although near infrared light comprises ~53% of the solar
spectrum, it conveys insufficient amount of energy for certain photocatalytic processes to
occur, therefore developing photocatalysts which can utilize near infrared light remains to
be a challenge [111]. Doping is one of the most effective ways to enhance the photocatalytic
activity (and visible light response) of titanium dioxide.

Doping involves the incorporation of a given element in ionic form into the lattice
structure of TiO2. The purpose of doping is to optimize the optical properties of TiO2 to
enable visible light harvesting by modifying its relatively large band gap and electronic
structure and to reduce the recombination rate of the photogenerated charge carriers. The
inhibition of charge recombination (which is closely intertwined with the enhancement of
interfacial charge transfer) is due to the entrapment of valence band holes or conduction band
electrons in the defect sites [112]. In most cases the doped ions introduce additional energy
levels (defect states) into the band structure of the semiconductor between the VB and CB,
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enabling the entrapment of photogenerated electrons and holes (9, 10), thus allowing them
to migrate to the surface [113] and interact with acceptors/donors instead of recombination.

M™ +g- > MO-D* 9)

M™ + h* > M(O+L* (10)
The M™/M®™D* system’s energy level is somewhat below the CB, while the M™/M®*D*
system’s energy level is somewhat above the VB resulting in the red shift of the
photocatalyst (in the absorption spectrum) compared to intrinsic semiconductors. The reason
behind enabled visible light harvesting is that electronic transitions from the valence band to
the defect states or from the defect states to the conduction band is possible, because the
distance in energy between them is lower compared to the band gap, so these transitions are
allowed under sub-band gap irradiation [112]. Doping can also influence the crystallographic
plane structure of TiO2 which affects the photocatalytic activity. Different crystal surfaces
possess different surface energy levels in the case of CB and VB and these differences in
energy levels determine the movement of electrons and holes to different crystal facets [113,
114].

Doping methods can be categorized as follows: self-doping [115, 116], non-metal
and metal doping/co-doping and oxygen rich TiO2 modification [2, 113]. Probably the most
promising and frequently applied element as dopant is nitrogen [43, 66, 68, 69, 71, 87, 94,
117-121], since it can be introduced easily into the TiO2 structure (having comparable atomic
size with oxygen, high stability and ionization energy), but there are numerous examples in
the literature for the application of fluorine- [122], carbon- [87, 123, 124], sulfur- [68, 87,
121, 125], phosphorous [107], iodine- [67, 69], iron- [68, 69, 75, 120], silver- [126, 127],
gold- [127], platinum [127], cerium- [126] and cadmium-doped [93] titania just to name a
few. Lastly, oxygen rich TiO2 modification is a novel way to enhance the photocatalytic
activity (and visible light excitability) of titanium dioxide photocatalysts by the application
of hydrogen peroxide [2, 128-135]. It is worth mentioning that the classification of this
method is not consistent in the literature: it can be categorized both as a doping process [2]
or as a sensitization technique [130] (similar to dye sensitization) as well. Moreover, it is
also not consistent in the literature whether to use anatase or rutile phase TiOz2 to achieve the
best results in terms of photocatalytic activity: there are examples when rutile phase TiO2
proved to be more active [131] and vice versa [128] and in some rare cases amorphous TiO2

[130] showed the best performance. Since this is one of the techniques, | have applied during

21



Tamas Zsolt Gyulavari — Ph.D. Dissertation Literature review

my Ph.D. work to enhance the photocatalytic efficiency, | am going to describe it in more
detail.

It is well-known, that Ti(IV) salts form stable yellow solutions when dissolved in
hydrogen peroxide due to the formation of Ti(I\V) peroxo complexes. The exact structure
and ratio of Ti:O within the Ti(IV) peroxo complexes has not yet been fully clarified [136].
Based on the experiments of Mihlebach et al. in very acidic solutions below pH=1 peroxo
titanium complex is mononuclear (TiO20H") and between pH=1-3 it condenses to a
dinuclear species (Ti20s; in the form of Ti2(02)20a¢2") [137]. It was suggested, that in this
latter form the metal atoms are bridged by a p-oxygen and two p-peroxy groups and the
sixfold coordination is completed either by the ligand atoms of a chelating agent or H20. If
regular octahedral structure is assumed and the grouping of Ti-O-O-Ti atoms is planar, then
the Ti—O distance is 1.94 A, the O-O distance is between 1.32 and 1.488 A and the Ti-O—
Tiangle is between 103 and 107° resulting in a remarkably strain-free complex (Fig. 5). This
proposed structure would also explain the stability of titanium peroxo complexes which
slowly decompose releasing oxygen, although it can be stable even for a year according to
Cai et al. [138].

N 4
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Figure 5 Proposed structure of peroxo titanium complex. This figure was taken from ref.
[136].

Enrichment of TiO2 with oxygen is carried out by the application of hydrogen
peroxide either after or during its synthesis. In the former case typically commercial titanium
dioxides are applied whereas in the latter case hydrogen peroxide is added to the synthesis
mixture with the goal of enhancing the visible light excitability of as-prepared titania.
Takahara et al. examined the photooxidation of cyclohexane under visible light irradiation
using hydrogen peroxide with commercial titania and they have found, that the
photooxidation process only occurred when H202-treated samples were applied [131]. They

explained this phenomenon by assuming a weakened O-O bond in the complex directly
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cleaved by visible light leading to the formation «OH radicals. For the explanation of similar
findings Li et al. proposed that the as-formed peroxide complex undergoes a photoreaction:
an electron from the photoexcited complex can migrate to the CB of TiO: after
photoexcitation and this electron is transferred to a H202 species resulting in the generation
of OH" and *OH radical [132]. Similar mechanism and the same conclusions were drawn by
Shankar et al. who synthesized peroxo group-containing titania and examined the

photocatalytic activity by the photocatalytic oxidation of methanol solution (Fig. 6) [129].
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Figure 6 Proposed mechanism of the photocatalytic degradation of methanol via peroxo
titania. This figure was taken from ref. [129], p. 136.

Following the visible light excitation (1) of peroxo titania complex (ETi(IV)OOH) an
electron is transferred (2) into the CB of the TiOz, which then migrates to a H202 site (4)
where the adsorbed methanol is oxidized (5) by the as-formed «OH radicals. Concurrently
with this process, the peroxo complex after excitation in the form of =Ti(IV)*O*OH reacts
with OH" (3) resulting in =Ti(IV)-OH, H202 and molecular O2. In this publication it was
also proved by FT-IR measurements that the enhanced photocatalytic activity of the samples
could be attributed to the existence of peroxo species on the TiO2 surface. Etacheri et al.
synthesized oxygen rich, anatase phase titania applying TiO2:H202 1:2-16 ratios followed
by their calcination at 600-1000 °C [128]. They observed, that increasing amounts of

hydrogen peroxide resulted in the decrease of band gap, thus the photocatalysts could be
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excited more and more efficiently by visible light. The formation of peroxo titania
complexes was reinforced by FT-IR measurements in which the intensity of O-O, Ti-O-O
and Ti-O-Ti steadily increased by increasing amounts of applied H202. TiO2 sample
prepared by applying the largest amount of H202 (Ti:H202=1:16) proved to be the most
efficient in methylene blue degradation even surpassing the photocatalytic activity of
reference commercial Aeroxide P25 TiO2. The reason for the enhanced photocatalytic
activity and band gap narrowing was examined by XPS and photoluminescence (PL)
measurements and it was found that by increasing amounts of H202 the VB of the TiO2
shifted upwards; moreover, PL measurements also yielded the same conclusions, that in the
case of oxygen rich TiO2 decreased radiative electron-hole recombination rate was observed
due to the relatively smaller amount of oxygen vacancies in this sample. Savinkina et al.
compared post-synthesis and simultaneous sensitization methods of TiO2 photocatalysts
using methylene blue, methyl red and hydrogen peroxide and it was found, that sensitizing
titania during the synthesis (compared to post-synthesis sensitization) resulted in
significantly greater photocatalytic efficiencies, which was ascribed to the ability of
sensitizer to incorporate into the surface of nano-sized titania [134]. The most prominent
increase in activity was observed in the case of hydrogen peroxide, which was attributed to
the formation of peroxo complexes.

2.4.2. Morphological modifications

Morphological modifications are inherently different from chemical modifications as
they do not change the crystalline composition of the semiconductor, thus it is not suitable
for the enablement and enhancement of visible light excitability. However, the overall
efficiency of semiconductors can be significantly enhanced by controlling their morphology.
Morphological changes involve tailoring the size, specific surface area, shape, porosity and
surface properties. Titanium dioxide with different morphologies such as zero-dimensional
(microspheres, nanospheres), one-dimensional (nanotubes, nanowires, nanoneedles,
nanorods, nanobelts), two-dimensional (layers, films, sheets) and three-dimensional (hollow
spheres, porous spheres, urchin-like spheres) have been extensively investigated in the past
decade [2, 49, 94, 139-147]. TiO2 is most commonly applied in the form of monodispersed
nanoparticles (solid, i.e. non-porous, non-hollow) with the goal of gain the benefits of small
particle size (high surface area, more active sites, reduced bulk recombination) without the
detrimental effects associated with very small particle size (low crystallinity, surface
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recombination) [2, 63]. Larger diameter leads to lower surface area thus lower number of
adsorbed reactants which has a detrimental effect on the photocatalytic efficiency. It is worth
mentioning, that the photocatalytic activity of semiconductors is largely dependent on how
it is measured; the relative activities of photocatalysts with different specific surface areas
are in close relation with the properties of the model pollutant. Controlling the size and
morphology of TiO2 spheres is a challenge — due to the high reactivity of TiOz precursors —
which can be fine-tuned by the modification of surface charge and steric repulsion of the
particles [148]. In 1D TiO2 nanostructures high surface-to-volume ratio can be achieved
which results in reduced electron-hole recombination rate and high interfacial charge carrier
transfer rate; both properties are beneficial in terms of enhancing the photocatalytic activity
[142, 147]. Moreover, vectorial charge transfer and controlled porosity can also be
advantageous in this regard [72, 149]. 1D TiO2 structures already have important
applications including DSSCs [150], gas sensing [6, 151] and batteries [20]. TiO2 nanotubes
can also be used as photoanodes in electrochemically enhanced photocatalytic disinfection
which morphology can be more beneficial than TiO2 films, due to improved charge carrier
separation [94, 144]. 2D structures of TiO2 are also of great interest, since they possess
characteristics such as low turbidity/high transparency, high smoothness, and the possibility
for substrates to easily adsorb to the surface. These properties make them suitable for the
construction of self-cleaning coatings and surfaces [14, 15]. Similarly to 1D structures, TiO2
films can also be used in gas sensing [4, 5] and DSSCs applications [28]. Among the 3D
structures of TiOz, hollow, porous, and urchin-like spheres are worth highlighting due to
their various beneficial properties. As Xiang et al. summarized in their review, porous
spherical materials, similarly to 1D and 2D TiOz structures, can be used as solar cells and
for energy storage likewise, but they have also attracted considerable attention due to their
enhanced reactivity and light harvesting [143]. The pores in porous TiO2 particles can serve
as a light-transfer path enabling the incident photon flux to reach the interior surface and
more light waves to be captured. Urchin-like microspheres can similarly absorb incident
light more effectively and also, they are easier to separate from wastewater by filtration and
sedimentation methods. Since | did not deal with the above-mentioned morphologies but
with the hollow spherical morphology in my Ph.D. work, in the rest of this paragraph | am
going to highlight it in more detail.

By the fabrication of hollow spherical morphology TiO2 with low density, large

surface/volume ratio can be achieved with exceptional optical, optoelectronic, magnetic,
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electrical, thermal and chemical properties [27, 82, 152, 153]. Due to these features
semiconductor-based hollow spheres (HSs) are of great interest to be used as adsorbents,
thermal insulation materials, carrier materials for delivery of drugs, DSSCs and
(photo)catalysts [73, 145, 146, 154]. From the scope of potential photocatalytic applications
what makes (sub-micron scale) hollow spherical morphology intriguing, is that this size is
comparable to the wavelengths of UV and visible lights, thus the diffractions on the hollow
spheres and the multiple reflections within the hollow cavity can lead to more efficient light

harvesting, resulting in increased photocatalytic efficiency of the semiconductor [145, 146]
(Fig. 7).
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Figure 7 Schematic representation of the enhanced visible light harvesting of hollow
spherical TiO2z [73].
For the preparation of spherical hollow structures, the use of various methods (e.g.
hydrothermal, sonochemical, template based) have been reported [155], from which the most
commonly applied one is the template removal method [156]. Templates can be either hard
(metal, inorganic or polymer particles) or soft (supramolecular assemblies of surfactants or
polymers) [146] both having their advantages and disadvantages (hard templates enable
better control over the qualities of the product but harder to remove, while soft templates are
easier to eliminate, but the morphology is more difficult to control). One of the most
appropriate template materials are carbon spheres (CSs), due to their environmentally
friendly nature and the high hydrophilicity due to the polar -OH and -C=0 surface groups
[156]. CSs can be prepared by numerous synthesis techniques: arc-discharge, CVD,
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hydrothermal method et cetera [157]. A convenient route to produce micro- or nanosized
CSs is the hydrothermal dehydration and carbonization of different carbohydrates (most
commonly glucose) [158, 159]. The properties of these spheres are finely tunable, including
diameter, surface area, accretion and carbon layer arrangement [73, 157].

The beneficial effects of the hollow spherical morphology on the photocatalytic
activity were reported in numerous publications [21, 146, 155, 160, 161] including our
research group [73, 99]. Li et al. synthesized various TiO2 hollow spherical structures
together with a solid spherical TiOz reference and investigated their photocatalytic activity
using phenol as model contaminant [146]. The samples possessed similar crystalline
structure and specific surface area. They found that reference solid spheres had the lowest
photocatalytic performance, which was significantly surpassed by the hollow structures’
photocatalytic efficiency and this was attributed to their unique morphology, since the other
properties of the photocatalysts were similar. They successfully reinforced this finding by
destroying the hollow spherical structure via grinding, which resulted in the slight increase
of surface area, still, the photocatalytic activity dramatically decreased, falling back to the
efficiency of solid spherical reference. Ao et al. prepared TiO2-HSs by precipitation of TiO2
onto the surface of hydrothermally prepared CSs and demonstrated enhanced photocatalytic
activity in photocatalytic decomposition of methylene blue which was partly attributed to
the unique morphology [155]. It is important to mention that — as described previously —
even so there are numerous publications about the successful photocatalytic activity
enhancement due to the unique hollow spherical morphology, the exact mechanism of the
process is still unclear. Additionally, for the fabrication of visible light active titania
chemical modifications are required, morphology control by itself is not suitable to achieve
this, thus it is plausible to combine it with another technique e.g. noble metal deposition [2,
143].

2.4.3. Metal deposition

To extend the spectral response and increase the photocatalytic activity of TiO2 both
transition metals and noble metals can be used. As Pelaez et al. summarized, although there
are numerous examples in the literature, in which the deposition of transition metals yielded
positive results; however, in a lot of cases the results were mixed or negative due to the

following factors [2]:
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e They may act as recombination sites for the photogenerated electrons and holes
lowering quantum efficiency;

e They can cause thermal instability in the case of anatase titania;

e Despite decreasing the band gap (by introducing new energy levels between the VB
and CB) the photocatalytic activity either decreased or did not increase significantly
since transition metal deposition proved to be less effective than introducing them
into the TiO2 framework;

e Promoted charge carrier recombination at metal sites and photocorrosion impose
further limitations.

Noble metal deposition is a more frequently applied method to increase the
photocatalytic activity of titania [40, 43, 101, 162-168]. In this case the photogenerated
electron in the CB of the nanoparticle can migrate to the as-deposited noble metal and get
trapped, leading to more effective charge separation (meaning decreased e/h* pair
recombination) and enhanced photocatalytic activity [127, 169]. These deposited noble
metals can have a beneficial influence on the surface characteristics of TiO2 and possess
catalytic properties by themselves. From the point of photocatalytic activity and cost
effectiveness it is of great importance that the noble metals are applied in rather low amounts
(0.1-2 wt%), since higher amount can result in promoted charge recombination and
inactivation of the titania surface [167, 168]. Deposition of noble metals can also enable the
production of hydrogen, an alternate green energy source (as already described it in Section
2.2)).

2.4.4. Construction of composites

Composite materials are heterogeneous systems produced by the coupling of two or
more constituents. The chemical composition and shape of the constituents are different in
most cases. The main idea of them is to develop such new features for the composite
materials which the constituents do not possess by themselves and to compensate the
disadvantages of the individual components. The interface between the constituents plays a
pivotal role in the development of the characteristics of composites. Titanium dioxide
possesses excellent charge separation properties; however, the recombination of charge
carriers can easily occur as well. This can be alleviated — while enhancing the photocatalytic
activity of TiO2 at the same time — by adding such components to it which can (i) hinder the

recombination of charge carriers (either by trapping or transferring them to the other
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constituent); (ii) increase the surface area (thus increasing the number of active sites capable
of initiating charge separation); (iii) reduce its band gap; (iv) modify its shape and (v) modify
its surface properties [2, 72, 170-175]. In the topic of composites it is worth highlighting that
a promising direction is to make composites using different forms of carbon, e.g. carbon
nanotubes [94, 176-178], graphite oxide [179], activated carbon [180], graphene [181] and
graphene oxide [95].

2.4.5. Dye sensitization

Photosensitizers are molecules (such as Ru(bpy)s?*, Erythrosin B) that can be
activated by light and make the excitation process more efficient. When adsorbed on the
surface of a semiconductor (either by physisorption or chemisorption), the photogenerated
electrons of photosensitizers can migrate to the CB of the semiconductor, provided these
electrons has a more negative potential compared to the CB. Then, the electrons can similarly
take part in redox reactions. Dye photosensitization is one of the most effective ways to
increase the visible light excitability of TiO2 [2]. The mechanism of the photodegradation of
pollutants via dye sensitized TiOz is as follows: after the absorption of light, an electron from
the highest occupied molecular orbital (HOMO) must be excited to the lower unoccupied
molecular orbital (LUMO) of a dye. Then, the dye becomes a cationic radical while the
excited dye molecule transfers electrons to the CB of TiO2 which acts only as a mediator to
transfer electrons from the dye to the substrate on the TiO2 surface. This mechanism is
exploited in DSSCs [28, 150]. It is important to highlight, that the semiconductor can
degrade the photosensitizer in the process, thus it must be protected during application.
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3. Aims of the thesis

In the Research Group of Environmental Chemistry, led by Prof. Klara Hernédi,
multiple methods were already applied successfully to enhance the photocatalytic activity of
various semiconductor photocatalysts. This includes doping with various elements and the
development of composites in general. During my research work | set out to develop novel
titanium dioxide-based photocatalysts using other methods, examine their morpho-
structural properties and investigate their applicability for water treatment purposes.

My main goal is to enhance the photocatalytic activity of titanium dioxides
applying various methods and to determine the cause of the increased efficiency. | set out
to enhance the photocatalytic activity of TiOz photocatalysts via oxygen rich modification,
morphological modification, and noble metal deposition, then to compare their
photocatalytic activity with home-made control references and commercial titanium
dioxides. Oxygen rich modification involved anchoring peroxo groups on the TiO2 surface
and investigating the effects of applied H202 amount and pH. In the case of morphological
modification, my goal is to synthesize carbon spheres and use them as templates to fabricate
titanium dioxide hollow spheres. Subsequently, I am going to optimize the synthesis
parameters (applying differently treated carbons spheres and calcination temperature) for the
fabrication of TiO2 hollow spheres using both home-made TiO2 and commercial TiO:
precursor to develop the TiO2 coating. Finally, my aim is to further increase the
photocatalytic activity of TiO2 hollow spheres via Au and Pt deposition.

| am going to characterize the morpho-structural properties of the as-prepared
photocatalysts using various techniques (XRD, DRS, SEM, TEM, Nz adsorption, TG, IR,
Raman, XPS) and investigate their photocatalytic activities mainly under visible light
irradiation using phenol as model pollutant, and in some cases UV lamps as light source and
oxalic acid as model pollutant will be applied as well.

| also aim to conduct thorough investigation to reveal the causal relationship
between the observed morpho-structural properties and photocatalytic activities resulting
from the application of the various synthesis methods in order to better understand those
phenomena, which are significant in this regard for the subsequent development of future

photocatalysts.
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4. Experimental part

4.1. Materials

During this work, all materials were used without further purification. For the
synthesis of the titanium dioxide photocatalysts, the following materials were used:
titanium(IV) butoxide (Sigma-Aldrich, reagent grade, 97%); hydrochloric acid (VWR
Chemicals, 37%); hydrogen-peroxide (Sigma-Aldrich, 30%); sodium hydroxide (Molar; a.r.;
50%) and ultrapure Millipore Milli-Q (MQ) water.

For the preparation of the carbon sphere templates ordinary table sugar (sucrose,
Magyar Cukor Zrt., Koronas™); absolute ethanol (Molar Chemicals) and MQ water were
applied. For the purification of carbon sphere templates ethanol (Molar Chemicals, 96%);
acetone (Molar Chemicals, 99.96%) and MQ water were used.

For the deposition of gold and platinum nanoparticles HAuCls - 4 H20 (Sigma-
Aldrich, 99.9%) and H2PtCls (Sigma-Aldrich, 99.9%) were applied, respectively. Trisodium
citrate (Sigma-Aldrich, >99%), was applied to stabilize the growth of the noble metal
particles and for their reduction NaBHa4 (Alfa Aesar, 98%) was used.

For the determination of photocatalytic activities phenol (Spektrum 3D, analytical
grade) and in some cases oxalic acid (Sharlau, analytical grade) were used as model
pollutants.

As reference photocatalysts commercially available Evonik Aeroxide P25 (P25; 90
wit% anatase, 10 wt% rutile), Sigma-Aldrich anatase (AA; 100 wt% anatase), Sigma-Aldrich
rutile (AR; 96 wt% rutile, 4 wt% anatase), a rutile-phase titanium dioxide produced by US
Research Nanomaterials Inc. (US-R.N. Rutile; 100 wt% rutile) and our home-made titanium

dioxides were used.
4.2. Syntheses of the titanium dioxide-based photocatalysts

For the synthesis of rutile phase titanium dioxides via oxygen rich modification
the following synthesis method was used. Based on our previous findings [182], to obtain
pure rutile the H* concentration has to be set to a specific value, since both higher and lower
acid concentration can lead to the formation of anatase [183]. The optimal amount of
reactants (in molar ratio) was the following: Ti(O-nBu)s : HCI : H20 = 1 : 3 : 50.
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Consequently, different amounts of hydrogen-peroxide were added applying the following
molar ratios: Ti(O-nBu)a: H202 : HCI : H20 =1 : 1-4 : 3: 50 to form peroxo groups on the
surface of TiO2 (these samples were named as Rutile-H1-H4 according to the applied molar
ratio of H202 compared to Ti ions). Thus, 7.83 mL hydrochloric acid and 3.22 - 12.88 mL
hydrogen-peroxide were added in 19.84 - 12.46 mL MQ water during intensive magnetic
stirring, then 10.64 mL Ti(O-nBu)s was added dropwise (1 mL-min™) to the solution. Ice
bath was applied to prevent the decomposition of H202 caused by the exothermic hydrolysis
procedure. The addition of Ti(O-nBu)a to the solution resulted in the change of its color to
yellow then orange, and finally to dark orange indicating the formation of peroxo-titanium
complexes [136]. The solution was aged for additional 10 minutes during magnetic stirring,
then the bottom inorganic phase was isolated by a separating funnel after 60 minutes of phase
separation time. The sol was aged for 168 h at 40 °C then the temperature was raised for 48
h to 55 °C, since 40 °C was not sufficient to initiate the crystallization process in the presence
of H202, due to the high stability of peroxo-titanium complex [136]. In the latter step the
temperature had to be kept below 60 °C since above this temperature the formation of anatase
occurs [183]. The suspension was dried at 40 °C in a drying oven then ground in an agate
mortar. As-prepared materials were washed 4 times by centrifugation using MQ water. After
the purification, the obtained powders were dried at 40 °C and ground again in an agate
mortar prior the photocatalytic experiments.

For the fabrication of anatase and amorphous phase titanium dioxides via oxygen
rich modification the synthesis method of the Rutile-H2 sample was applied. The same
steps were taken until the point of phase separation and after that, the synthesis was modified
marginally. According to Tang et al. increasing the pH above 2 results in the formation of
anatase phase [183], consequently, the pH was set to 3 with proper amount of 2 M NaOH.
By the addition of NaOH it was observed, that the crystallization process commenced in less
than 24 hours (much sooner than at the original pH value), thus the sol was aged for 24 h at
40 °C, then for 24 h at 55 °C (sample denoted as Amorphous-H2) or 70 °C (sample denoted
as Anatase-H2). Finally, same as before, the as-prepared suspensions were dried at 40 °C
then washed 4 times with MQ water by centrifugation, dried again, then ground in an agate
mortar prior further experiments.

For the preparation of titanium dioxide hollow structures carbon spheres templates
were synthesized as the first step. In a Teflon®-lined stainless-steel autoclave (Viotal = 623

mL) 180.7 mL 0.15 M sucrose solution was prepared, and the pH was set to 12 using 2 M
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sodium hydroxide (Vrin/Viota = 29%). Then, the hydrothermal treatment of CSs was carried
out by placing the autoclave in a drying oven at 180 °C for 12 h. Subsequently, the brownish-
black product was collected as soon as the autoclave cooled down to room temperature, then,
the samples were centrifuged (4400 rpm, 120 min). To remove the residual organic
contaminants — formed during the hydrothermal synthesis — either vacuum filtration,
membrane filtration or centrifugation was applied to determine the best purification
technique. In the first case a vacuum filter apparatus was used (equipped with a Millipore,
Durapore PVDF membrane, 47 mm, 0.1 um) and the CS suspension was washed with MQ
water, then either with ethanol or acetone to determine the possible differences in the
characteristics of the resulting CSs. For the membrane filtration 250 mL of the CS
suspension was filtered through a polytetrafluoroethylene (PTFE) ultrafilter membrane in a
batch-stirred membrane reactor (Millipore, XFUF07601) under vigorous magnetic stirring
until the volume reduction ratio (VRR) was 5 (200 mL permeate, and 50 mL concentrate
were produced). Then, the concentrate was purified by various cycles of acetone or MQ
water addition, followed by repeated filtrations. One cycle meant the addition of 200 mL
acetone or MQ water and the subsequent filtration, until reaching the desired VRR=5 value.
The lowest degree of purification was carried out by the utilization of 1 acetone and 1 MQ
cycle, a standard purification by 3 acetone and 1 MQ cycles, meanwhile the most purified
CS was prepared by 5 acetone and 2 MQ water cycles, respectively. Total amounts of the
employed acetone and MQ water were 100-500 mL-g* CS and 100-200 mL-g* CS,
respectively. Lastly, in the case of centrifugation (which proved to be the most feasible
method) the CSs were washed in three cycles using solely acetone. The rate of centrifugation
was 13400 rpm and the total amount of acetone was 80 mL-g* CS. At the end of each
purification method the solid product was dried in air at 40 °C and was ground in agate
mortar. The samples were named as follows: CS-t-pH, where ‘t’ is the time of hydrothermal
treatment, ‘pH’ is the pH of the starting sucrose solution.

After the fabrication of CS templates, the synthesis method of Rutile-H2 was applied
for the morphological modification of TiO2-s. For a typical synthesis the TiO2 coating was
formed by using 3.5 mL MQ water, 1.3 mL H202, 1.58 mL HCI and 2.14 mL Ti(O-nBu)a.
During the separate preparation of TiO2 coating, the same steps were taken until the point of
phase separation, and after that, the synthesis was carried out as follows. The coating process
took place by adding 1.9 g of the previously prepared CSs to the bottom inorganic phase

(containing the titania) which was then sonicated for 10 minutes. The as-prepared suspension
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was aged for 48 h at 55 °C to initiate the crystallization process resulting the TiO2-CS
composites. Afterwards, CSs were eliminated by calcination using either muffle furnace
(Nabertherm B 180 type) without additional air supply or a tube furnace (Thermolyne 21100
type) under continuous air supply (0.5 dm*min™) with a heating rate of 5 °C-min* for 4 h at
400 °C resulting the TiO2-HSs (based on TG-DTG measurements applying ~400 °C was
sufficient to remove the CS templates [73]). The names of the TiO2 samples will be the
following: *H2_HS_X’, where H2 refers to our previous ‘Rutile-H2’ TiO2 whose synthesis
method was used for the coating process; HS refers to hollow structures, and X is the number
indicating the synthesis conditions.

For the synthesis of noble metal-modified titanium dioxides, the carbon spheres
purified by centrifugation (using either ethanol or acetone as solvent) were applied as
templates. The preparation of the TiO2 coating was based on the publication of Ao et al.
[155]. 0.1 g CS was added to 20 mL absolute ethanol in a beaker during vigorous magnetic
stirring, to which 1 mL Ti(IV) butoxide was added dropwise with a constant speed of 1
mL-min. Then, the beaker was covered, and the suspension was stirred for 4 hours. After
the formation of the coating, the samples were dried, and ultimately the CSs were eliminated
by calcination in the Thermolyne 21100 type tube furnace with constant air supply (0.5
dm3-mint) at either 500 or 800 °C applying 5 °C-min‘* heating speed, resulting in crystalline
TiO2-HSs. Subsequently, gold or platinum nanoparticles were deposited onto the surface of
TiO2-HSs at 0.25 wt% using either 1.6 mL HAuCl4 - 4 H20 or 1.3 mL H2PtCls, respectively,
for the modification of 800 mg TiO2-HSs. The photocatalyst was added to 87 mL MQ water,
to which 12.5 mL trisodium citrate was added. For the chemical reduction of noble metals 2
mL precooled NaBH4 (0.15 M) was applied, and the suspension was stirred for 30 min then
purified via centrifugation 3 times using MQ water. Finally, the samples were dried in air at
40 °C and were ground in an agate mortar. The as-prepared samples were named based on
the following: TiO2-HS*yz, where *HS’ stands for hollow spheres, ‘X’ is the solvent which
was used for the purification of the carbon spheres (‘Ac’ for acetone and ‘EtOH’ for ethanol),
and ‘y’ is the calcination temperature which was used for both the elimination of carbon

spheres and the crystallization of TiOz, and “z’ is the deposited noble metal.
4.3. Methods and instrumentation

A Rigaku Miniflex Il diffractometer was used for the X-ray diffraction (XRD)

measurements with the following parameters: Acuke = 0.15406 nm, 40 kV, and 30 mA, 20 —
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40 (26°) region. The average primary crystal size values were calculated using the Scherrer
equation. The weight fraction of the rutile and anatase phases were estimated from the peak
areas at 27.5 (26°) and 25.3 (20°), respectively.

Morphology of the samples was analyzed by a Hitachi S-4700 Type Il scanning
electron microscope (SEM) and a FEI TECNAI G? 20 X-Twin type transmission electron
microscope (TEM). The former was used to examine the general morphology, while the
latter to observe the hollow structure and the presence of noble metals on the surface of the
TiO2 samples. The average primary crystallite sizes were calculated by the Scherrer equation
(11), where K is the shape factor (which depends on the crystallite type), A is the wavelength
of the X-ray waves, PBs is the line broadening at half the maximum intensity in radian for the
sample, o is the instrumental broadening in radian (previously determined by using a silicon

single crystal) and 6 is the Bragg angle:

KxA
[(Bs—Bo)xcosb]

The weight fractions (W) of the crystal phases were determined from the peak areas of the

d = (11)

anatase (Aa), rutile (Ar) and brookite (As) peaks while ka and ks are correction factors
[184].

kaxXAp
A= kaoXAp+AR+kpXAp (12)
AR
WR = kaoXAp+AR+kpXAp (13)
kpXAp (14)

B= kaxXAp+AR+kpXAp
The recorded images were utilized to determine the diameter and the circularity [185] of the
spheres using the ImageJ software. The circularity (C) of the spheres was calculated based

on the following equation:

4TA
C=—
P2

(15)
where A is the area and P is the perimeter of the projection of the spheres [185]. During SEM
measurements the electron beam was produced using a cold field emission gun applying 10
KV acceleration voltage, while in the case of TEM 100 kV was set.

A Jasco-V650 spectrophotometer with an integration sphere (ILV-724) was used for
measuring the DR (diffuse reflectance) spectra of the samples (A = 220-800 nm). To obtain
the band gap energy the reflectance data were converted to F(A) values according to the

Kubelka-Munk theory. The band gap was obtained from the plot of [F(A) E]*? versus energy
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of the exciting light (E). In some cases the possible electron transitions were evaluated by
plotting the dR-d\? vs. A, where R is the reflectance and X is the wavelength [3].

Specific surface areas of the catalysts were determined by N2 adsorption at 77 K,
using a BELCAT-A device. The specific surface area was calculated via the BET method.

IR spectra were recorded by using a Bruker Equinox 55 spectrometer. Samples were
ground with KBr pressed into thin pellets (thickness ~0.3 mm) and the spectra were recorded
with a spectral resolution of 2 cm™.

Raman spectra were taken by a Thermo Scientific DXR Raman microscope utilizing
532 nm laser irradiation.

Thermogravimetric analysis (Netzsch STA409 PC connected to a Pfeiffer QMS 200
mass spectrometer system) of the CSs was performed in oxygen flow (40 cm*min™) with 5
°C-min! heating rate using ~100 mg sample.

XPS measurements were performed on a Specs Phoibos 150 MCD system employing
a monochromatic Al-Kq source (1486.6 eV) at 14 kV and 20 mA, a hemispherical analyzer
and charge neutralization device. Samples were fixed on a double-sided carbon tape and care
was taken to ensure that the sample particles covered the tape. Experiments were performed
by operating the X-ray source with a power of 200 W, while the pressure in the analyzing
chamber was in the range of 10-°-101° mbar. The binding energy scale was charge referenced
to the C1s at 284.6 eV. High resolution O1s and Ti2p spectra were obtained using analyzer
pass energy of 20 eV in steps of 0.05 eV for analyzed samples. Analysis of the data was

carried out with the Casa XPS software.
4.4. Evaluation of photocatalytic activity

The experiments were carried out in a double-walled glass vessel (V = 100 mL)
which was surrounded either by four conventional energy saving compact fluorescence
lamps (Duwi 25920/R7S, 24W) for the visible light measurements or 6 fluorescent tubes
(Vilber-Lourmat T-6L UV-A, 6W) for the UV experiments. The light intensities — previously
measured by iron(I11) oxalate actinometry [100] — were luv = 9.23+0.01 x 10® einstein-L-
Lst and Iwis = 1.07#0.03 x 10° einstein-L st for the visible light and UV lamps,
respectively. During the visible light illumination, the spectrum of the lamps was slightly
modified by circulating 1 M sodium-nitrite (Molar Chemicals, min. 99.13%) aqueous
solution in the thermostating jacket (T = 25.0 °C). The NaNO: solution absorbs UV photons,
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therefore provides solely visible light irradiation for the suspension. The photoreactor

settings and the emission spectra of the lamps are represented in Fig. 8.
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Intensity (a.u.)

Ll Ak SN

300 400 500 600 700
350 400 450 500 550

‘Wavelength (nm) Wavelength (nm)

Figure 8 Reactor settings equipped with visible light-emitting lamps (a; by using NaNO2
cut-off solution), UV lamps (b) and their corresponding emission spectra (c, d).

During the tests, air was introduced to the reactor (40 L-h™*) to provide constant concentration
of dissolved oxygen. The examined TiO2 samples were suspended in the solution of model
contaminant in 1.0 g-L* concentration. Prior the photocatalytic experiments the suspensions
were sonicated in dark for 10 minutes, then during the measurements they were vigorously
stirred to ensure their proper mixing. The photocatalytic degradation reaction was initiated
by switching on the lamps — after the suspensions were stirred in dark to reach
adsorption/desorption equilibrium (10 mins for phenol and 30 mins for oxalic acid) — which
was then followed by sampling at regular time intervals.

Changes in phenol concentration (Co, phenol = 0.1 mM) were measured by a Hitachi
HPLC system equipped with a Lichrospher RP 18 column using methanol/water mixture

(50:50) as eluent. It consisted of a Merck Hitachi L-7100 low-pressure pump equipped with
37



Tamas Zsolt Gyulavari — Ph.D. Dissertation Experimental part

a Merck-Hitachi L-4250 UV-Vis detector. Detection wavelength was set to the lower
wavelength absorption maximum of phenol (Adetection = 210 nm). Changes in oxalic acid
concentration (Co, oxalic acid = 1 mM) were measured by the same HPLC system equipped with
a Grom-Resin ZH-type column using 19.3 mM sulfuric acid as eluent (Adetection = 206 nm).
Reusability of the most active TiO2-s of each chapter were examined by three
consecutive phenol degradation measurements to determine the degree of the possible

photocatalytic activity loss due to the repeated applications.
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5. Results and discussion

5.1. Oxygen rich modification of rutile phase TiO2-s [186]

Prior my research work it was established in our research group, that non-doped
commercial Aldrich rutile (AR) had notable photocatalytic activity during the photocatalytic
degradation of phenol and the best disinfecting properties in comparison with many doped
home-made and reference TiO2-s [68]. AR possessed this efficiency despite its large average
primary particle size (~315 nm) and very low specific surface area (3 m?-g*) despite the fact,
that generally high specific surface area is preferred in photocatalytic processes. Based on
this finding pure rutile phase TiO2-s with different particle sizes (and specific surface areas)
were synthesized and characterized in one of our earlier publication [182]. Rutile as crystal
phase was selected due to one of my goals being the fabrication of visible light active TiO2-s,
and rutile can absorb visible light to some extent thanks to its narrower band gap compared
to anatase [55]. Consequently, from our previous work the sample denoted as Rutile-O
(possessing the smallest primary particle size and highest photocatalytic activity) was
selected as a base material for the oxygen rich modification (by applying different amounts

of H202 during the synthesis) to further enhance its photocatalytic efficiency.
5.1.1. Characterization

The crystal phases of the reference and as-prepared TiO2-s were determined by X-
ray diffraction measurements (Fig. 9). The crystal phase distributions and the average
primary particle sizes — estimated by the Scherrer equation — were presented in Table 1. The
crystalline phase of the synthesized TiO2-s was rutile (>99 wt%) and they had very small
particle sizes (D = 5.2-7.3 nm). Aeroxide P25 contained 90 wt% anatase and 10 wt% rutile
(Danatase = 25.4 nm and Drutile = 40 nm), while US-R.N. Rutile contained >99 wt% rutile (D
= 30 nm). The specific surface areas of our own rutile titania varied within 178 and 285
m?2-g! (Table 1). Examining the results, it can be deduced, that applying hydrogen peroxide
during the synthesis increased the specific surface area (from 178 m2-g* to 237-285 m?-g)
compared to Rutile-O TiOx.
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Figure 9 X-ray diffraction patterns of the investigated rutile phase TiO2-s.
Phase composition
Titanium- Anatase Rutile
dioxide W% Particle size W% Particle size
(nm) (nm)
Rutile-O - - >99 5.2
Rutile-H1 - - >99 7.3
Rutile-H2 - - >Q9 7
Rutile-H3 - - >99 6.8
Rutile-H4 - - >99 6.9
Aldrich rutile 4 315 ™M 96 315 TEM
Aeroxide P25 90 25.4 10 40
US-R.N. Rutile - - >99 30

Table 1 Phase composition and the average primer particle sizes of the investigated
TiO2-s.

The light absorption of the TiO2-s was determined by diffuse reflectance
spectroscopy (DRS). As it can be seen in Fig. 10 at the top, the Rutile-H1, Rutile-H3 and
Rutile-H4 samples possess greater light absorption in the visible light region compared to
the Rutile-O, Rutile-H2 TiO2-s. The band gap energies obtained by the Kubelka-Munk
method were 3.07, 3.00, 3.05, 2.91, 2.92 and 3.02, 3.11 for Rutile-O, Rutile-H1-Rutile-H4
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and reference photocatalysts US-R.N. Rutile and P25, respectively. Based on the results
reported by Flak et al. [3], by plotting the first-order derivatives of the DR spectra as a
function of wavelength, the dependence of the excitability from the wavelength can be
determined more reliably. By applying such an approach, we found that Rutile-H2 TiO2 had
the highest visible light absorption (visible light excitability) properties as it can be seen in
Fig. 10 at the bottom.
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Figure 10 DR spectra of the investigated TiO2-s (top) and their first order derivatives
(bottom).
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Surface properties were determined by FT-IR spectroscopy. The FT-IR spectra (Fig.
11) showed, that our own TiO2-s had a broad band centered at 3400 cm™, with a sharp band
at 1630 cm™* which can be attributed to the stretching and bending vibrations of the surface
OH groups [187, 188]. Peaks at 1334 cm™, 1533 cm™ and 2357 cm™ represent bonds
containing carbon [187, 189, 190], which can be attributed either to residual contamination
from the TiO2 precursor, or to the CO2 adsorbed on the surface. In our TiOz2-s (Rutile-H1-
H4), the IR absorption signal at 687 cm™ corresponding to Ti-O-O stretching vibrations
(representing peroxo groups) [128-130, 190] did not appear (and its intensity did not change
with the H202 amount), meaning that either these TiO2-s did not have peroxo groups on the
surface, or their quantity were below the threshold of detection of the IR spectrometer.

—US-R.N. Rutile| Ti-0-0
—Rutile-H4 I
—Rutile-H2

—Rutile-H1
—Rutile-O

Absorbance (a.u.)

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm-?)
Figure 11 FT-IR spectra of the investigated TiOz-s.
5.1.2. Photocatalytic activity
Following the morpho-structural characterization, the photocatalytic activities of the
samples were investigated. As mentioned in the experimental section, the photocatalyst
suspensions were left to be stirred in dark for 10 min to reach adsorption/desorption

equilibrium. As expected, the changes in the concentration of phenol were negligible, (and

within the range of experimental error of HPLC system), since phenol adsorbs poorly on
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titania surface [191]. The possibility of photolysis during the degradation of phenol was also
excluded previously [69].

The phenol decay curves are presented in Fig. 12. Rutile-O had comparable
photocatalytic performance to P25 (17% of the phenol was degraded), while Rutile-H3 and
Rutile-H4 TiO2-s had negligible photocatalytic activity. Our own Rutile-H2 TiO2 possessed
by far the best photocatalytic efficiency compared to the other TiO2-s in the series (26% of
the phenol was degraded after 4 hours of irradiation), exceeding the photocatalytic activity
of reference photocatalysts Aeroxide P25 and US-R.N. Rutile as well. The reusability of
Rutile-H2 TiO2 was also determined by three consecutive phenol degradation measurements
(the results are represented in the inset of Fig. 12). Results pointed out, that the photocatalyst

had notable reusability, as it retained 98.4% of its initial photocatalytic efficiency after the

measurements.
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Figure 12 Decay curves of phenol under visible light irradiation. The reusability of
Rutile-H2 TiOz is represented in the inset.

5.1.3. Further characterization and establishing connection between the results of

morpho-structural characterization and photocatalytic activity

From the acquired results, it can be assumed that Rutile-H2 may have different

properties compared to the other TiOz-s. To investigate the cause of the prominent
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photocatalytic activity, the measurements concerning the characterization of the
photocatalysts were re-evaluated. XRD measurements could explain it in various ways. It is
well-known, that the coexistence of anatase and rutile phase via their synergic effect can
lead to increased photocatalytic performance [192]; however, in this case pure rutile phase
titanium dioxides were obtained. Another explanation could be that higher specific surface
area generally leads to higher photocatalytic activity [182], but in the series Rutile-H2 TiO2
had the second lowest value (apart from Rutile-O) and Rutile-H1, Rutile-H3, Rutile-H4
titania (with higher specific surface area) possessed lower photocatalytic activity. Therefore,
the increase of photocatalytic activity in the case of Rutile-H2 TiO2 cannot be explained by
its specific surface area. The next investigated parameter was the band gap values estimated
from the DR spectra. It is generally accepted, that band gaps in the visible light region in
most cases correspond to visible light activity [193]; however, as it was already stated in the
previous section, all of the home-made TiO2-s had comparable band gaps and all in the
visible light region (2.91-3.05 eV = 406.5-426 nm nm). Even though examining the first
order derivatives of the DR spectra (Fig. 10 at the bottom), important differences can be
seen, namely that the visible light absorption of Rutile-H2 TiO2 underwent a red shift which
could be beneficial for the photocatalytic efficiency in the case of visible light irradiation
[166]. Examining the descending part of the spectra (from right to left) the order of light
absorption was in good accordance with the measured (decreasing) photocatalytic activities.
Based on the results of the XRD and DRS measurements, it can be concluded, that the reason
of the increased photocatalytic activity in the case of Rutile-H2 must be surface-related,
therefore FT-IR measurements were performed. The IR spectra did not show any significant
bands which could be attributed to the increased photocatalytic performance (e.g. notably
increased quantity of lattice defects or hydroxyl groups [194]); moreover, the presence of
peroxo groups could not be observed. It was deduced, that either the investigated titania
samples did not have peroxo groups on the surface, or their quantity was below the detection
limit of the IR spectrometer. This latter aspect was investigated via XPS measurements.

To identify H20: residues O1s spectra were analyzed (Fig. 13) in-detail for three of
our samples and in terms of peroxo groups, commercial AR TiO2 was also investigated. The
main component (80 — 93 at%, Table 2) of the spectra was the lattice oxygen located at
530.0 — 530.2 eV [194]. The second component (6 — 8.2 at%, Table 2) was the surface OH
groups, denoted as OH_O and detected at 531.0 — 531.4 eV [194]. Surface OH groups can
be responsible for the hydrophilic character of the photocatalyst, which was already
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correlated with the activity (higher surface OH concentration — increased hydrophilicity —
increased photoactivity towards the degradation of phenol). However, in our case the change
in the concentration of OH_O was not significant and thus cannot be directly responsible for
the observed photocatalytic activity [194]. Adsorbed water (denoted as H20_O) was also
detected at 532.9 eV [195], which can be associated with the hydrophilic character of the
sample, similarly to the OH_O. The amount of H20 fixed on the surface was 1.4 — 2.75 at%
from the total oxygen content. Moreover, a low-binding energy oxygen was detected at 528.6
eV, which belongs to surface oxygen defects and usually appears together with Ti* (in our
case this was also detected, but not shown) [196]. The most important signal was identified
at 532.0 eV, which was attributed to peroxo group originating from the H202. Named as
oxygenated species, they were found in layered oxide electrodes applicable in lithium
batteries [197].
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Figure 13 High-resolution O1s XPS spectra of Rutile-O, Rutile-H2, Rutile-H3 and
reference AR. Samples Rutile-H2 and AR were re-used three times to investigate peroxo

group stability.
. Samples
Species (at%o) - - -
Rutile-O Rutile-H2 Rutile-H3 AR
Oxide_O 92.45 82.56 90.67 81.08
H,0 O 1.42 1.53 2.65 2.75
OH_O 6.13 8.16 6.68 7.27
Low O - 2.51 - -
Peroxo_O - 5.24 - 8.9

Table 2 The identified oxygen-containing species’ concentration in the investigated

samples.
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The absence of H202 during the synthesis procedure resulted clearly in the absence
of the signal at 532.0 eV. It was interesting that in the sample Rutile-H3 no peroxo group
signal was detected, although, the OH_O component’s maximum values shifts from sample
to sample (three components fit with the presence of peroxo group was also attempted in
case of Rutile-H3, with the same FWHM, Gaussian peak shape). This interesting behavior
was also observed in the case of DR spectra, where the electron transition bands shifted
towards the visible light region in the case of Rutile-H2, while the mentioned bands were
located in the near UV region (samples Rutile-O and Rutile-H3). Peroxo_O was anchored
on the surface of Rutile-H2 in 5.24 at% which means 3493 ppm out of the total bulk mass
(estimation based on atomic radii and weight, bulk density and an average of 7 nm diameter,
sphere-like TiOz particles), a rather low number. Despite this, Rutile-H2 was the most active
sample in the visible light degradation of phenol (as well as in the degradation of Rhodamine
B and formation of «OH compared to Rutile-O, which was investigated complementarily in
separate measurements [186]). It was deduced that the detected peroxo groups must be
responsible for the enhanced photocatalytic activity.

The stability of the peroxo groups was also investigated (in the case of Rutile-H2
sample). After the measurements the catalyst preserved its activity after the applied re-usage
period (26.2%, 24.9% and 24.7% of phenol was degraded after the first, second and third re-
use, respectively). The difference observed in the data can be attributed as experimental
error. This was followed by the XPS measurement of the re-used catalyst. As it can be
observed in the O1s spectrum, the main species’ dominance was not changed (lattice oxygen
— Oxide_O at 530.0 — 530.2 eV [194] and surface OH groups OH_O at 531.0 — 531.4 eV
[194]) compared to catalyst before use (Fig. 13). The first major difference was the absence
of low binding energy oxygen (previously at 528.6 eV [196]), which was present in the
original sample. This points out that locally the Ti** oxidized to Ti*" (which was also
observable in the Ti2p spectrum — not shown here), most probably due to the oxidation by
the photogenerated holes [198]. Furthermore, it cannot be excluded that some of the
amorphous matter crystallized at the surface of the catalyst, eliminating the previously
mentioned Ti** which can be considered as crystal defects [198]. This change was
accompanied by the slight increase of water-related oxygen, which is plausible, assuming
that the Ti atoms whose coordination sphere is more likely occupied by hydroxyl groups
(Ti*") can efficiently adsorb water as opposed to Ti** [199]. Most importantly, the amount

of peroxo groups decreased to ~54.5% of the initial quantity after the experiment, from 5.24
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to 2.83 at% from total oxygen. As a basis of comparison, the stability of peroxo groups was
also determined for commercial AR as well in the same way, and it was found that from the
initial 8.9 at% value their quantity decreased to 5.29 at% (59.4% of the initial amount). This
shows that these groups may possess a relative stability over medium time interval. Also, it
should be mentioned that the reusability experiment was carried out until total
mineralization, exposing the catalyst to a further 24 hours of UV light (3-24 hours in total).
However, the activity remained largely unchanged, most probably due to the disappearance
of existing recombination centers (Ti%* - this specie is still considered with both positive and
negative effects on the activity), which presumably compensated the loss of the peroxo
groups.

It was very interesting that from our own samples, the mentioned peroxo groups were
found only in the case of sample Rutile-H2. To elucidate this phenomenon, the literature
concerning titanium peroxo complexes was thoroughly examined. Peroxo complexes of
titanium evolve from mononuclear to binuclear complexes depending on the pH. In our case
the pH slowly increased as the crystallization of titania occurred (at 55 °C). Moreover, the
starting molar ratio of H202 and HCI differs, making possible several scenarios [136, 137]:

e Starting point — hydrolysis (pH<1):

Ti(H20)6*"+ H202 — TiO2(H20)4?* + 2H* + 2H20
e Deprotonation (pH = 1-3):

TiO2(H20)4** — TiO2(OH)(H20)3* + H*
e Mono-bi nuclear transformation (pH>3):

2 TiO2(OH)(H20)3" — Ti205(0OH)*(H20)s
Considering the above-listed steps, in the case of Rutile-H1 the amount of H* is too high,
therefore no deprotonation is favored. Hence, when the polycondensation occurs (at higher
pH values), the peroxo groups are not included in the newly formed crystals. When the
amount of H202 was too high (in the case of Rutile-H3 and Rutile-H4), all the above-
mentioned steps occurred. In this case the possibility of two neighboring Ti atoms being
included in peroxo complexes is very likely, and these entities (multi peroxo compounds)
are unstable and decompose at 55 °C, leaving the system in the form of O2. When the amount
of H202 was optimal, the obtained surface peroxo groups were stable, as on the Ti atom only
one peroxo complex bridge was included with another Ti atom.

A plausible explanation for the increased photocatalytic efficiency caused by the

peroxo groups could be following the steps listed below:
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e The photogenerated electrons can move freely on the surface of the catalyst, and in
some cases interparticle electron transfer can also occur;

e When the surface does not contain any foreign atoms or specific surface groups, the
electron has no preferred localization site;

e Peroxo groups, as they contain two oxygens, can manifest their electron attracting
inductive effect. Accordingly, specific electron traps can be created, which can
decrease the surface mobility of the electron;

e As the electrons are less mobile, their transfer to molecular oxygen is facilitated,
resulting the well-known superoxide radical (which finally can yield «OH radicals

[62]), causing the enhancement of photocatalytic activity.

5.2. Oxygen rich modification of amorphous and anatase phase TiO-s
[200]

Following the successful anchoring of peroxo groups on the surface of the Rutile-O
TiO2 and the enhancement of its photocatalytic activity, our aim was to investigate the
possible beneficial effects of peroxo groups in the case of amorphous and anatase phase as
well, since normally it is considered to be more active for photocatalytic applications [56].
The synthesis method of Rutile-O (which was based on the publication of Tang et al. [183])
is very sensitive for the concentration of acid: both lower and higher acid concentration can
lead to the formation of anatase phase, which was reinforced by Cai et al. as well [138].
Consequently, during the synthesis of the following TiO2-s the pH was set accordingly to
obtain amorphous and anatase phase TiO2-s with the aim of further enhancing their optical
properties and photocatalytic activity.

5.2.1. Characterization

Following the synthesis of the as-described photocatalysts, firstly, the crystal phases
of the TiO2-s were identified (Fig. 14) and the mean crystallite sizes (when it was lower than
100 nm) were calculated using the Scherrer equation (Table 3). It was found that Aldrich
anatase (AA) contained only anatase (D = 85 nm), Aldrich rutile (AR) contained mainly (96
wt%) rutile (D ~315 nm, determined from TEM micrographs [69]) and a small amount of
anatase (4 wt%), while Aeroxide P25 (P25) — similarly to section 5.1.1. — contained 90 wt%
anatase (D = 25.4 nm) and 10 wt% rutile (D = 40 nm). Rutile-H2 contained only rutile (D =
7 nm), Amorphous-H2 TiO2 was almost completely amorphous, while the crystal phase of
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Figure 14 X-ray diffraction patterns of the investigated home-made (a) and reference (b)

TiO2-s.
Phase composition
o Anatase Rutile Brookite
Titanium
dioxide W% Eanlcle W% I_Dartlcle W% I_:’artlcle
size (nm) size (nm) size (nm)
Amorphous-H2 - - - - - -
Anatase-H2 76 10.9 17 8.7 7 275
Rutile-H2 - - >99 7 - -
AR 4 315™ 96 315™" - -
AA 100 85 - - - -
P25 90 25.4 10 40 - -
. Specific Io phenol
r ,
Tlican_lum surface area |Band gap (eV) _O,phenol _ (10_12 M 112 3'1)
dioxide » 1 (10 10 M s 1) _
(m"g") surface normalized
Amorphous-H2 120 2.34 51.3 42.7
Anatase-H2 176 2.29 31.1 17.7
Rutile-H2 237 3.11 18.3 7.7
AR 3 291 38.4 1280.3
AA <10 3.26 6.2 68.5
P25 49 3.11 12.3 25.0

Table 3 Phase composition, average primer particle sizes, band gaps and specific surface

areas of the investigated TiO2-s.
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Anatase-H2 TiO2 contained mainly anatase (76 wt%, D=10.9 nm) and non-negligible
amounts of rutile (17 wt%, D=8.7 nm) and brookite (7 wt%, D=27.5 nm) as well. Rutile is
generally more active in the case of visible light excitation [201, 202], still, anatase is
considered to be more active for photocatalytic applications [56]. There are some instances
in the literature, where mixtures of brookite with anatase and rutile proved to be highly
photoactive, because of the presence of junctions among different polymorphic TiO2 phases
which enhanced the separation of photogenerated electron-hole pairs [53]. It is well-known
that synergistic effect between anatase and rutile phase can occur leading to reduced
recombination rate of photogenerated charge carriers [192]. Moreover, amorphous TiO2
generally known nearly inactive due to the facilitated recombination of photogenerated
electrons, although in some rare instances amorphous TiO2 was observed to be more active
than crystalline TiO2 [130]. As it was presented until now, different crystal phases and
amorphous material were also present in the investigated samples. Therefore, the next step
was to investigate their optical properties to gain insights concerning their band-structure.

Light absorption properties of the investigated TiO2-s were characterized by DRS
measurements (Fig. 15) and band gap values (Table 3) were calculated by using the
Kubelka-Munk method [203].

1.0
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Figure 15 DR spectra of the investigated TiO2-s.
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In the case of AR and Rutile-H2 slight absorption in the visible light region was detected,
whereas as expected, reference AA and P25 titania possessed insignificant visible light
absorption properties. Most importantly, results pointed out that self-made Amorphous-H2
and Anatase-H?2 titania had greatly enhanced visible light absorption, (a redshift of 131 and
143 nm was observed, respectively, compared to the Rutile-H2 photocatalyst, which was
synthesized without the modification of pH) which is in good accordance with the yellow
color of the catalysts. The first-order derivatives of DR spectra was plotted as a function of
wavelength to determine the visible light excitability properties more reliably [3] (Fig. 16).
By applying such an approach, it was found, that the excitability of the latter two self-made
titania extended even past the ~550 nm region, which may be a sign of a color center present
(e.g. Ti**) in very low concentrations. Furthermore, in sample Amorphous-H2 two electron-
transition bands were observed in the derivative spectrum, one being in the visible (as

already detailed above), while the other one is in the UV region, at 325 nm.

— P25
AA
—AR
— Rutile-H2
Anatase-H2
—— Amorphous-H2

dR/dA (a.u.)

300 350 400 450 500 550 600
Wavelength (nm)

Figure 16 First order derivative DR spectra of the investigated TiO2-s.

The cause of this peculiar peak and the wide visible light absorption was further investigated.
There are numerous instances in the literature in which by applying different approaches

(e.g. doping, deposition of noble metals) successful enhancement of visible light excitability
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was observed which corresponded well with the resulting photocatalytic efficiency [89, 166,
186, 204]. Presumably, the greatly enhanced visible light excitability of Amorphous-H2 and
Anatase-H2 peroxo-titania will be beneficial for the photocatalytic efficiency. However, as
all the samples are TiO2-s and no doping sources were added, the key to the structure of the
materials once again was expected to be found on the surface of these materials. For this,
and for the further characterization of the amorphous Amorphous-H2 sample FT-IR and
Raman measurements were carried out.

The results of the FT-IR spectroscopy measurements are shown in Fig. 17 in the case
of Amorphous-H2 and Anatase-H2 samples. Compared to Rutile-H2 TiOz, similarly, the
broad band centered at 3400 cm and the sharp band at 1630 cm™ can be detected, which
represent the stretching and bending vibrations of surface OH groups [187, 188], and the
small peak at 2357 cm™ representing bonds containing carbon [187, 189, 190] can be
attributed either to adsorbed COz2 or residual contamination from the TiO2 precursor. At 900
cm™ a new peak was observed, which can be attributed either to free or complexed -O-O-
vibrations [190, 205] or the vibration of Ti-O bonds within the triangular peroxy titanyl
group [189, 206, 207]. Most importantly, in the case of Amorphous-H2 sample, Ti-O-O
stretching vibrations (representing peroxo groups) [128-130, 190] could be detected, in
contrast with Rutile-H2 (and Anatase-H?2) titania, where it was deduced, that the quantity of
the peroxo groups was under the threshold of detection of the IR spectrometer and it was
only observable by the more sensitive XPS measurements. These apparent differences could

be crucial regarding the photocatalytic efficiencies of the investigated TiO2-s.
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Figure 17 FT-IR spectra of the home-made Amorphous-H2, Anatase-H2 and Rutile-H2
TiO2-s.
Consequently, the Raman spectra of the samples were recorded taking into account
the following issues:
e sample Anatase-H2 contained mostly anatase and low amounts of rutile and brookite
as well,
e sample Amorphous-H2 was amorphous, no specific signs of any crystal phases were
present;
e both above-mentioned samples showed unique optical properties.
The reference sample in this case was AA, which is a pure anatase phase TiO2. As it can be
seen in Fig. 18, sample AA showed the characteristic bands of anatase at (140, 394, 514 and
636 cm™) [208]. These bands were also present in sample Anatase-H2, which is supported
by the information obtained from XRD. However, the amorphous Amorphous-H2 sample
showed weak bands of amorphous titania, most probably underway to be crystallized as
anatase (bands at 514 and 636 cm™). Even considering this, there were bands, which did not
have any correspondence with any titania phase, such as the one located at 367 cm, a weak
band at 420 cm™ and an intense one at 900 cm™. These unidentified bands seem to be related

with the unknown band detected in the DR spectrum.
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Figure 18 Raman spectra of home-made Amorphous-H2, Anatase-H2 and reference AA
titania.

As described in Section 4.2, both Amorphous-H2 and Anatase-H2 samples were obtained
using NaOH. This synthesis method showed similarities with the synthesis of
peroxotitanates used for ionic exchange application [209, 210]. Furthermore, in these two
works, the unidentified bands were attributed to different sodium titanates (NaxH2-xTiz07).
This new phase may be responsible for the unidentified DRS peak as well, located at 325
nm. This means that the sign of sodium must be detectable. To reinforce this statement, and
for the further characterization of the samples, XPS measurements were carried out (Fig.
19).
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Figure 19 High-resolution O1s and Ti2p XPS spectra of Amorphous-H2.

In the first instance, the elemental composition was examined, and it was found that
along the expected elements (Ti and O), sodium (Nals binding energy at 1072 eV) was
detected as well, bringing further evidence to the presence of sodium titanates. Furthermore,
it should be noted that the values given below are valid for the surface of the materials and
they are not total mass reported concentrations. In the Ti2p spectrum of the samples
Amorphous-H2 and Anatase-H2 apart from Ti**, Ti®* was also detected in both samples,
which may be responsible for the enhanced visible light absorption properties [198]. In terms
of photoactivity the results are controversial in the literature, therefore this issue will not be
considered. The amount of Ti** in Amorphous-H2 was 35.6% from the total amount of Ti
(0.65% from the total mass), while in the case of Anatase-Hz2 this value was 25.5% (0.41%
from the total mass). This relatively high amount suggests the presence of low binding
energy oxygen (peak location at 529.15 eV), which was successfully detected in both
samples (20.0% for Amorphous-H2 and 17.0% for Anatase-H2). Moreover, surface
anchored OH group oxygen (531.10 eV) [194], lattice oxygen (530.5 eV) [194], adsorbed
water oxygen (532.71 eV) [195] were identified as expected, and more importantly, oxygen
from peroxo groups in both samples at 531.80 eV was also found [197]. This was anticipated

based on the applied synthesis procedure and the band detected in the IR spectrum. However,
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the peroxide type oxygen was detected by IR only in sample Amorphous-H2. This result is
in good accordance with the XPS measurements, as in sample Amorphous-H2 14.7%, while
in sample Anatase-H2 only 8.0% was the ratio of this oxygen type. The fact that the
abundance of peroxo group-related oxygen is higher in amorphous samples was also
observed by Zou et al. [130]. Finally, the peak located at 529.15 eV may be attributed to
titanate oxygen as well [211] (a clear deconvolution could not be carried out as the two
species are very close in terms of binding energy), a further evidence in favor of titanates.
As discussed previously the samples may contain titanates, thus, to reinforce their

presence the following points were taken into consideration:

e The presence of Na — detected as Nals in XPS,

e Titanate O — detected in Ol1s XPS,

e Electron transition band at 325 nm in DR spectrum,

e Raman bands associated with different titanates.

If indeed there is titanate in the mentioned sample, it should be soluble in low concentration
aqueous solution of weak organic acids, such as oxalic acid [212], therefore, the following
experiment was carried out. Oxalic acid of 0.1 mM, 0.5 mM and 1 mM containing the
Amorphous-H2 TiO2z in 1 g-L* concentration were prepared in which the sample partially
dissolved, resulting in the color of the solution to change to yellow (the color of the
photocatalyst). The degree and rate of partial dissolution increased as the acidity of the
solution increased (by applying more concentrated oxalic acid).

5.2.2. Photocatalytic activity

Following the morpho-structural characterization, the photocatalytic activity of the

samples was investigated using phenol; the decay curves are presented in Fig. 20.
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Figure 20 Decay curves of phenol under visible light irradiation.

Similarly to Section 5.1.2. visible light was applied for the excitation and the
photocatalyst suspensions were left to be stirred in dark for 10 min to reach
adsorption/desorption equilibrium and as expected, the changes in the concentration of
phenol were negligible. Reference photocatalysts AA and P25 (which consist of entirely or
predominantly anatase phase) had low, but notable photocatalytic efficiency, which can be
explained by the formation of phenolic complexes on the surface of undoped titanium
dioxides which can ultimately lead to the slight absorption of visible light via direct electron
transfer between the surface complex and TiO2 conduction band [213-216], resulting a
measurable photocatalytic efficiency in the case of pure anatase, as it was already observed
in our previous publications [68, 69]. Additionally, in the case of P25, its rutile content also
contributed to the measured phenol degradation. All other investigated TiO2-s had higher
efficiencies as it was expected, and our own peroxo-titania where the pH was modified
during the synthesis had higher photocatalytic activity compared to the reference Rutile-H2,
which was obtained without pH modification. Most importantly, it was found, that

Amorphous-H2 TiO2 surpassed the photocatalytic efficiency of every investigated titania
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(49% of the phenol was degraded), our own and reference photocatalysts alike, including the
most efficient visible light active commercial Aldrich rutile.

As expected, initial phenol degradation rates (rovalues in Table 3) followed the same
order (AA<P25<Rutile-H2<Anatase-H2<AR<Amorphous-H2) as decay curves; however,
surface normalized photocatalytic efficiencies (Table 3) differed significantly. Aldrich rutile
had by far the highest value, which suggests, that peroxo group-containing titania with higher
particle size leads to outstanding surface normalized photocatalytic activity. In association
with this statement it should be noted that in our previous work [182] it was also proved that
the catalysts with higher particle size possessed higher surface normalized photocatalytic
efficiency. Additionally, it should be highlighted, that the absolute photocatalytic activity of
Amorphous-H2 was 1.65 times higher than Anatase-H2 photocatalyst’s activity despite its
1.47 times lower specific surface area. Therefore, the surface normalized photocatalytic
efficiency of Amorphous-H2 was more significantly (2.41 times) higher than the Anatase-
H2 catalyst’s (in comparison with the absolute activities). However, it should be mentioned
that the absolute activity is more important from the practical point of view.

Additionally, with the applied HPLC method, two main oxidation byproducts of
phenol (pyrocatechol and hydroquinone) were detected, and no significant trends were
observed in their concentration evolution during the degradation process.

5.2.3. Further characterization and establishing connection between the results of

morpho-structural characterization and photocatalytic activity

The high visible light activity of Amorphous-H2 TiO: raised important questions
concerning the source of the catalytic property. The first step of the activation is the
absorption of visible light photons. This criterion was satisfied for Rutile-H2, Amorphous-
H2 and for Anatase-H2 samples, which were active in visible light. The source of visible
light absorption (recorded by DRS) was the presence of Ti®* centers (proved directly by
XPS), and peroxo groups (demonstrated by IR and XPS). The latter one was discussed in-
detail in our previous publication [182] and Section 5.1.3.

The main difficulty in identifying the key property is that sample Amorphous-H2 is
amorphous according to XRD, while Anatase-H2 is a mixture of crystalline anatase, rutile
and brookite, while Rutile-H2 is pure rutile. In the case of the latter one, the source of the
visible light activity was the presence of the rutile phase (the band gap of rutile is 3.02 eV)
and the successful anchoring of peroxo groups. Anatase-H2 contains predominantly anatase
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phase and the quantity of peroxo groups is higher than in Rutile-H2, while the brookite phase
could also contribute to the visible light activity [53]. In the case of Amorphous-H2, the
amount of the peroxo groups is very high (it was detectable even by IR spectroscopy), and
DRS measurements showed similar visible light absorption properties compared to Anatase-
H2 with an additional electron transition band, observed in the first derivative of the DR
spectrum. Examining more thoroughly the literature concerning amorphous semiconductors
and their applicability it was found, that the semiconductive properties and band-structure
of the materials are rather dependent on the interatomic bond length, instead of periodicity
and ordered structures [217]. By considering this issue, it was demonstrated successfully that
the band gap of amorphous materials should be higher compared to the crystalline materials,
but concomitantly, this favors the appearance of localized states below the conduction band
and above the valence band (similarly as in case of doping). These localized pseudo inter-
band-gap states may be directly resulted from the presence of titanates/peroxo-titanates
deduced by different means in the previous section (greater variability of Ti-O bond length
— manifested in different oxygen species detected by XPS) and Ti**. This would explain the
double electron transition bands observed during the DRS measurements, one attributed to
the band gap of the material (~3.4 eV) and the other one the inter-localized state transitions
(visible light absorption band). Therefore, the steps explaining the photocatalytic activity of
the highly active Amorphous-H2 sample may be the following:

e Absorption of the visible light photons.

e Charge carrier generation.

e Fast separation of the charges in the localized states.

e Degradation of model contaminant.
The mechanism proposed above may be valid not just in this case but in other cases as well,
where poorly crystalline materials exhibit photocatalytic properties.

The stability of Amorphous-H2 and Anatase-H2 was also investigated after which
the TiO2 samples were recollected, and XPS measurements were performed, similarly to
samples Rutile-H2 and AR. In Section 5.1.2. Rutile-H2 TiO:2 retained its photocatalytic
activity (only 5.7% reduction was observed after 3 reuses); however, after the second re-use
cycle the observed degradation rate was lower than 5% of the original activity in the case of
Amorphous-H2 TiO2 and 27.5% in the case of Anatase-H2 titania. For the explanation of
this a plausible correlation between the obtained activity decrease and morpho-structural
properties was sought together with establishing a trend within the samples.
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XPS measurements were carried out for the samples which were collected after the
reutilization experiments. Before the measurements the powder was washed and dried (to
remove any adsorbed organic material, which may influence the O1s XPS spectrum). It was
found that the peroxo group ratio diminished in the case of sample Amorphous-H2 from 14.7
at% to 1.3 at%, and in the case of Anatase-H2 from 8 at% to 3.02 at% (from the total amount
of surface oxygen atoms), which correlates well with the findings of Shankar et al. where
the decomposition of peroxo species after the experiments was confirmed by FT-IR and UV-
Vis spectroscopy [129]. Concurrently, the OH_O O1s signal (surface OH group related
oxygen) increased by 12.1% and 2.09%, while the Oxide_O O1s signal (lattice oxygen)
increased by 1.3% and 3.89% for Amorphous-H2 and Anatase-H2, respectively. These
changes in the O1s spectra were attributed to the transformation of the peroxo groups into
the as-described oxygen species. In the Ti2p spectra a decrease of Ti®* was observed from
35.6% to 26.5% (from the total amount of surface titanium atoms) in the case of
Amorphouse-H2 and 25.5% to 16.4% in the case of Anatase-H2, which resulted in a 9.1%
increase in the ratio of the Ti** species in both cases. The changes were ascribed to the poor
resistance of Ti** species against oxidation. From the observed results it was established that
by illuminating the surface of the catalyst the following reactions probably occurred:

e The Ti* centers which were located near to a surface peroxo group, transformed

from Ti* to Ti*" as follows: Ti** — Ti*" + e

e The above-mentioned electron can be captured by a photogenerated hole, or can act
as a reductive agent as follows: Ti-O-O-Ti(eroxo)* 2 €+ 2H" — 2 Ti-OH*

(* the proton originates from the slightly acidic phenol solution, while the resulting

entities are surface anchored hydroxyl groups).

This redox couple may be the main cause of the activity deterioration. If this should be the
case, then it must be valid for the other samples as well, a fact which may take the
explanation to the second aspect mentioned above.

Finally, the as-obtained results — with the addition of AR TiO: as reference — were
compared in terms of the crystallinity, peroxo group amount and photocatalytic activity of
the samples. The main correlation found concerning the different samples were the
following: as the crystallinity increased (evaluated by comparing the diffraction peak areas
of self-made samples to commercial titania diffraction peak areas consisting of 100%
crystalline phase; <1%, 25%, 72% and 100% crystalline phase was calculated for

Amorphous-H2, Anatase-H2, Rutile-H2 and AR respectively), the stability of the peroxo
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group increased as well and the activity decrease was less or none at all (>95%, 72.5%, 5.7%
and <5% activity decrease for Amorphous-H2, Anatase-H2, Rutile-H2 and AR, respectively;
Table 4).

Titanium N Peroxo group amount (at%)| Remaining Activity
. Crystallinity (%0) peroxo groups
dioxide Before After (%) decrease (%0)
Amorphous-H2 <1 147 1.3 8.8 >95
Anatase-H2 25 8 3.02 37.8 72.5
Rutile-H2 72 5.24 2.83 54.5 5.7
AR 100 8.9 5.29 59.4 <5

Table 4 Comparison of samples Amorphous-, Anatase-, Rutile-H2 and AR in terms of
crystallinity, photocatalytic activity and peroxo group amount (from the total oxygen
content) considering the phenol degradation experiments.

This finding is in good accordance with the fact, that highly active titania systems are known
to contain sometimes oxygen vacancies/Ti%* centers in highly crystalline structures [194,
196]. Nevertheless, it can be found in the literature the so-called black titania, which contains
a relatively high amount of Ti* which is also crystalline and stable, suggesting that this
specie is stable when it is in a crystalline structure or embedded in one [218]. If amorphous
and crystalline structures are compared it is evident, that in the amorphous one the above-
mentioned redox reaction couple is facilitated, while in crystalline structures it is inhibited
due to the neighboring stabilization effects (fact demonstrated by the detection of Ti®* after
calcination in air) [194, 196]. Therefore, the following correlation was deduced, that a certain
degree of crystallinity is needed to preserve the activity enhancement conferred by the
peroxo groups, but other aspects may also contribute to the stability, which were not

investigated.
5.3. Morphological modification [73, 99]

Following the oxygen rich modification of anatase, rutile and even amorphous phase
TiO2-s the most efficient rutile phase TiO2 (Rutile-H2) was selected for the further
enhancement of its photocatalytic activity, since this sample proved to be the best, taking
into account the stability and photocatalytic activity as well. Accordingly, as the next
techniques for the enhancement of the photocatalytic activity the fabrication of composites
and morphological modification — namely the development of hollow spherical structure —
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was investigated based on the following points. Carbon materials have the potential of
improving the photocatalytic activity of TiO2 by (i) narrowing the band gap of the
semiconductor; (ii) decreasing the recombination rate of photogenerated charge carriers; (iii)
providing more active reaction/adsorption centers in greater amounts and higher surface
area; (iv) acting as a photosensitizer for the photocatalytic reactions; (v) prolonging the
lifespan of charge carriers [36, 179, 219]. There are numerous examples described in the
literature where most of these advantageous effects were observed even when amorphous
(i.e. not crystalline) carbon was used [220-222]. Conversely, the hollow spherical
morphology can enhance the photocatalytic activity via enhancing the light trapping
properties of the photocatalyst [21, 73, 99, 146, 155, 160, 161].

Since in our case the fabrication of hollow spherical TiO2-s is preceded by the
construction of TiO2-CS composites, in this chapter it was investigated, whether the

composite or the hollow spherical TiOz by itself result in better photocatalytic activity.
5.3.1. Characterization
5.3.1.1. Characterization of carbon sphere templates

Following the synthesis of CS templates, firstly, the effect of the duration of
hydrothermal treatment was studied on the yield and the size distribution. The relationship

between the yield (determined from mcs/msucrose) and synthesis time is shown in Fig. 21.
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Figure 21 The effect of hydrothermal treatment duration on the yield of the carbon
spheres.
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After the first (three-hour long) synthesis the yield was very low (1.4%), which can
be explained by the low nucleation rate of the CS seeds. By increasing the reaction time, the
yield also increased, although after twelve hours the growth rate of yield decreased, and the
process was most probably underway to saturation due to the consumption of the sucrose.
Based on these findings, sufficient yields can be achieved by applying 12-hour reaction time.
The size and morphology of the CSs were investigated by SEM measurements (Fig. 22).
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Figure 22 Morphology of carbon spheres prepared at different synthesis times (indicated
in the upper left corner of the SEM pictures). Particle size distributions of CSs are shown
in the histograms right to the corresponding SEM micrographs.
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Already after the first three-hour long synthesis (CS-3-7), well-defined sphere
structures were observed. The diameter of the spheres was around 350 nm with a rather
narrow size distribution. Six hours of hydrothermal treatment resulted similar product
(CS-6-7) compared to the sample CS-3-7. The size distribution shifted towards bigger
particle sizes; the average particle size was around 590 nm. Wider size distribution was
observed in the case of the CS-12-7 sample compared to CS-6-7, and the average size of the
spheres also increased to ~660 nm. In this sample accreted spheres were also observed in a
relatively low amount. This trend (increasing size and size distribution, appearance of
accreted spheres, shift towards bigger particle sizes) continued in the case of sample CS-18-7
(d ~700 nm). Overall, at shorter synthesis times the nucleation of CSs was more significant,
and later on the nucleation slowed down and the growth of CS became the dominant process.
Based on these results, further experiments were carried out applying 12 hours of synthesis
time.

As the next step, the effect of pH was investigated on the morphology of the CSs
(Fig. 23).
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Figure 23 The effect of pH on the morphology of the prepared carbon spheres.

The pH values of the sucrose solutions were set to 3 and 12 before the hydrothermal

treatment (the sample of pH 7, CS-12-7, has already been described in the previous section).
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With increasing pH, only a slight increase was observed concerning the yields: 23%, 26%
and 28% vyields were calculated for the CS-12-3, CS-12-7 and CS-12-12 samples,
respectively. The effect of pH can be clearly seen in the case of sample CS-12-3 (synthesized
under acidic conditions) and CS-12-12 (synthesized under basic conditions). CS-12-3 had
an average particle size of 810 nm with rather wide particle size distribution and contained
accreted particles. In the case of sample CS-12-7 similar particle size distribution was
observed compared to CS-12-3; however, the average particle size decreased to around
660 nm. CS-12-12 showed narrower size distribution compared to the previous samples. The
average particle size was around 400 nm and the presence of accreted particles was not
prominent. According to these results it was established that the pH of the sucrose solution
has significant impact on the size of the prepared CSs, for which a plausible explanation can
be the following: Firstly, sucrose undergoes dehydration resulting HMF (5-
(hydroxymethyl)-2-furaldehyde) which then take part in polymerization and aldol
condensation reactions [158, 159, 223]. It is reported that aldol reaction of cyclic and
aromatic ketones/aldehydes are more favorable under alkaline conditions [224]. Thus, this
may lead to faster accumulation of polymerized species which eventually results rapid
nucleation. Subsequently, particle growth is more decisive in the later period of the
hydrothermal process resulting increased number of smaller particles. In acidic media, the
nucleation is somewhat elongated, followed by particle growth resulting larger particles and
wide particle size distribution. Since sample CS-12-12 could be synthesized with reasonably
good yield and the CSs were quite uniform, thus it has been selected to be used studied
further and used as template for the preparation of TiO2 hollow structures.

CS-12-12 sample was studied with various techniques. XRD was used to investigate

the possible crystallinity of the CSs (Fig. 24a).
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Figure 24 X-ray diffraction pattern (a), Raman (b), FT-IR spectra (c) and TG curve (d) of
CS-12-12.

Only one broad peak was observed around 22° (26°), which was attributed to amorphous
carbon [225]. Reflection at ~26.5° was not detected which would indicate well-structured
graphitic segments, and no other crystalline impurities were detected. Then, Raman
spectroscopy was used to analyze the CSs (Fig. 24b). In the Raman spectra the typical
Raman features of carbon materials were observed: the D (~1350 cm™) and G (~1580 cm™)
bands. The D band can be attributed to the presence of sp* hybridized carbon atoms and the
G band is an indicator of conjugated sp? carbon atoms. Both D and G bands are broad,
indicating a rather amorphous structure. The high intensity G band compared to the D band
implies that most of the material consists of conjugated carbon framework. FT-IR
measurements were applied to investigate the surface properties of the CSs (Fig. 24c). The
broad band between 1800 and 3800 cm™ was attributed to physisorbed water and the
stretching vibrations of structural OH groups. Peaks at 2970 and 2922 cm™* can be assigned
to C-H stretching vibrations, and bands at 1701 and 1611 cm™ indicate C=0 stretching
vibration and C=C vibration (most probably in the aromatic ring), respectively. In the case
of the band at 1611 cm™, some oxygen containing groups (e.g. cyclic ethers) could appear
in the same region as well. The signals in the spectral range of 1100-1400 cm™ correspond
to C—OH stretching vibration and OH bending vibration, indicating the presence of hydroxyl
groups in large quantities [226-230]. The thermal behavior of CSs was also investigated
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(Fig. 24d). Two intense weight losses were observed during the heating of CSs in oxygen
atmosphere. The first interval was 220-250 °C and the second 410-440 °C, and in between
the two another region was detected where a moderate mass loss took place. The former is
most probably due to the decomposition of various oxygen containing functional groups
while the latter is due to the combustion of the carbon itself [231, 232]. After these
measurements the synthesis and characterization of the CSs were repeated, but this time
acetone was used to purify the CSs and the results were practically identical, thus for the
preparation of TiO2 coating and subsequent measurements the CSs purified with the more
economical acetone were applied (unless stated otherwise). To sum up the results, our CSs
contained amorphous carbon with no graphitic domains; however, Raman and FT-IR results
indicated the presence of conjugated/aromatic segments as well as various oxygen
containing functional groups.

As the last parameter the effect of the applied purification method (used in order to
eliminate the various contaminants formed during the hydrothermal synthesis) was
investigated on the properties of the resulting CSs. According to X. Sun and Y. Li, during the
hydrothermal synthesis of carbon spheres the following steps occur (in accordance with the
LaMer model [233]): (i) after reaching the necessary concentration and temperature of the
solution, aromatic compounds and oligosaccharides form (indicated by the increasing
viscosity and the orange/red color of the solution), then polymerization occurs, (ii) the
solution reaches supersaturation resulting in nucleation followed by the cross-linking of
linear/branchlike oligosaccharides and other macromolecules, (iii) the as-formed nuclei
grow uniformly and isotropically by the diffusion of solutes reaching its final size [229]. In
the case of the previously discussed and characterized CSs, they were purified with vacuum
filtration; however, it resulted in quite low flux (leading to unsatisfactory CS yield) due to
the fouling of the filter. Consequently, membrane filtration (which enabled magnetic stirring
to be applied during the filtration) was used in order to increase the yield, then similar
morpho-structural characterization was carried out (compared to sample CS-12-12). This
method also enabled the investigation of purification efficiency in terms of the quantities of
solvent used during the purification. These CSs were denoted as CS_1, CS 2 and CS_3;
purified by the application of 1, 3 and 5 acetone washing cycles and 1, 1 and 2 MQ washing
cycles, respectively. As expected, the different purification method did not change the
structure and morphology of the CSs (verified by XRD and SEM measurements); however,

based on the FT-IR measurements surprisingly no differences were observed in the surface

68



Tamas Zsolt Gyulavari — Ph.D. Dissertation Results and discussion

properties either (Appendix 1), from which it can be presumed, that by the utilization of
these CSs no considerable difference should be observable in the properties of the resulting
HSs. Membrane filtration as a purification method did not prove to be feasible and
economical enough either: until achieving VRR=5 volume reduction ratio in every cycle,
still high amount of residuals (~20% of the initial amount of the given cycle) can remain in
the solution (and higher VRR would be very hard to achieve, due to the observed significant
flux reduction, despite the intensive stirring). Because of this as the last technique
centrifugation was investigated which can result in several orders of magnitude higher
purification efficiency of the CSs. Ultimately, this method proved to be the most appropriate
for the purification of the CSs from the economic and feasibility point of view, and most
importantly, yield-wise. The CSs purified this way had similar characteristic properties as

before (like in the case of CSs purified with vacuum filtration or membrane filtration).
5.3.1.2. Characterization of TiO>-CS composites and TiO; hollow structures

As the next step, TiO2-CS composite (denoted as ‘H2_CS_0’) was synthesized by
coating the CS templates with the previously described ‘Rutile-H2’ titanium dioxide and
was compared to the TiO2 hollow structure (denoted as ‘H2_HS_0’), which was obtained by
the calcination of the composite in muffle furnace. The as-prepared composite and hollow
structure were characterized by XRD (Appendix 2a) and it was found, that both contained
anatase phase (72%, 62% and D = 9.7 nm, 14.2 nm for H2_CS_0and H2_HS_0 respectively)
to a larger extent, compared to rutile phase (28%, 38% and D = 16.4 nm, 17.9 nm, for
H2_CS_0and H2_HS_0, respectively). The main difference in the diffraction patterns of the
2 samples was the level of crystallinity (the intensity of the diffractions of H2_HS 0 was
much higher), which can be explained by the result of calcination (as well as the increase in
crystallite sizes). This result is in good accordance with our previous observations, that
applying amorphous carbon results in the coating being amorphous as well, and similarly,
using crystalline carbon template results in crystalline coating, respectively [234].
Afterwards, these samples were characterized by IR measurements (Appendix 2b) and as
expected, all the peaks observed earlier in the previous section in the case of CSs, also
appeared in the case of the composite sample. Additionally, a less intense peak at 1029 cm™
was detected, which can be attributed to residues of disaccharides [235, 236]. The broad
absorption band between 400-600 cm™ can be assigned to the transverse optical vibration of
Ti—-O bonds [206], proving the presence of TiO2 coating layer. Most importantly, these
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measurements were followed by the evaluation of photocatalytic activity (Appendix 2c),
and it was found, that H2_CS_0 possessed less than half of the photocatalytic efficiency of
the H2_HS 0 sample. Finally, SEM measurements were also carried out before (Appendix
2d) and after (Appendix 2e) the elimination of CSs and it was found, that the spherical
morphology was damaged during the treatment and only a few spherical entities could be
detected. To sum up, it was observed, that compared to Rutile-H2, the presence of carbon
spheres significantly decreased the crystallinity and photocatalytic activity of the sample.
Concurrently, compared to H2_CS_0 composite sample, after calcination the H2_HS 0
sample possessed higher crystallinity as expected, and consequently, higher photocatalytic
activity. Based on that discovery (and that the composites always had lower photocatalytic
activity then their hollow spherical counterpart in the case of the subsequent samples as
well), the composite samples (and H2_HS_0 TiOz) were not investigated and discussed
further, and more emphasis was put on the characterization of hollow structures, since
despite the increased photocatalytic activity of the hollow structural TiO2 (compared to the
composite material), the photocatalytic activity of Rutil-H2 still has not been exceeded,
presumably partly due to the imperfect morphology, thus we aimed to improve it by fine-
tuning the synthesis parameters.

As the next step, we investigated if by the application of variously purified carbon
spheres and different synthesis parameters the beneficial properties of the unique
morphology can be utilized, thus surpassing the photocatalytic activity of the reference
Rutile-H2 TiOz2. The applied CSs, the name of the TiO2 samples and the various synthesis

conditions were summarized in Table 5.

CS purification method Weshing Tio, T10,:CS Furnace Quality of HSs
cycles weight ratio
Membrane filtration 3 H2 HS_1 0.84 Muffle (without air .
supply)
Membrane filtration 1 |H2_HS 2| 0.26 Muffle (without air .
supply)
Membrane filtration 3 |H2_HS_ 3| 0.26 Muffle (without air .
supply)
Membrane filtration 5 |H2_HS_ 4| 026 Muffle (without air o
supply)
Centrifugation - H2_HS_5 026 Muffle (without air o
supply)
Centrifugation . H2_HS_6 0.6 Tube _(W|th constant e
air supply)

Table 5 Applied synthesis parameters during the preparation of TiO2-CS composites and
HSs (*: no HSs; **: moderate quality HSs; ***: good quality HSSs).
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For the first synthesis of composite and HS, membrane filtered CS was applied, and the
applied quantity of the precursor was three times higher compared to the one written in the
experimental section. After performing the coating and subsequent SEM measurement, it
was found that the quantity of TiO2 precursor was too high, which resulted in the formation
of irregular TiO2-CS composite (in terms of shape) and TiO2 nanoparticle aggregates
(Appendix 3). Accordingly, after calcination (sample denoted as ‘H2_HS 1’) no regular
HSs were observed therefore the quantity of the TiOz precursor was reduced to one third (as
the volumes are described in the experimental section), which resulted in successful coating
of the CSs. By the utilization of CSs purified by membrane filtration with increasing amount
of acetone/water (denoted as CS_1, CS_2 and CS_3) further TiO2-HSs were synthesized
(denoted as ‘H2_HS_2-4") which displayed the desired hollow structural morphology based
on the SEM micrographs; however, the morphology was still imperfect, as a significant
amount of damaged structures were also observed. The quality of HSs was mostly uniform,
which is in good accordance with the IR results, since the features of the CSs’ surface was
generally identical. At this point, the crystallinity of the as-prepared TiO2-HSs, and reference
photocatalysts (Aeroxide P25, Rutile-H2 and Rutile-H2_calc) was determined by XRD
measurements (Fig. 25a). The crystal phase distributions, average primer particle sizes were
presented in Table 6.
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Figure 25 X-ray diffraction patterns of the home-made predominantly anatase phase TiO2-
s and P25 (a), and our home-made rutile phase TiO2-s (b).
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Phase composition
Titanium Anatase Rutile
dioxide Wi% Part(ﬁ::e])sue Wi% Part(lglleq)sae
H2_HS 1 87.72 9.7 12.28 10.7
H2_HS_2 66.42 10.3 33.58 9.7
H2_HS 3 56.91 9.3 43.09 10.8
H2_HS 4 64.1 15 35.9 12.9
H2_HS 5 20 12.3 80 129
H2_HS_6 4.8 18 95.2 155
Rutile-H2 <1 - >99 7.3
Rutile-H2_calc <1 - >99 14.1
Aeroxide P25 90 254 10 40
o . Specific To,phenol
H2_HS_1 - 89 3.14 8.1 9.1
H2_HS 2 1202 70 3.14 6.03 8.6
H2_HS_3 1137 65 3.15 5.26 8.1
H2_HS 4 1237 46 3.13 7.02 15.3
H2_HS_5 880 40 3.13 24.63 61.6
H2_HS_6 943 46 3.13 13.65 29.7
Rutile-H2 - 237 3.11 18.3 7.7
Rutile-H2_calc - 39 3.09 3.4 8.8
Aeroxide P25 - 49 3.11 12.3 25.1

Table 6 Phase composition, average primary particle sizes, band gaps, and specific surface
areas of the investigated TiO2-s.

Samples H2_HS 1-4 contained predominantly anatase (1 0 1) phase (main diffraction peak
at 25.6 20°). The size of the primer crystallites, which were the building elements of the
hollow structures varied between 9.3 and 15.0 nm. Reference photocatalysts Rutile-H2 (D =
7.3 nm) and Rutile-H2_calc (D = 14.1 nm) contained only rutile (1 1 0) (main diffraction
peak at 27.2 26°). The size increase (and concurrent considerable loss of specific surface

area) of Rutile-H2_calc can be explained by the result of calcination.
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To sum up the results so far, the synthesis parameters applied in the case of sample
H2_HS 1 were not adequate, but after the reduction of precursor quantity (samples
H2_HS 2-4) the coating process was successful (in the case of all the subsequent samples).
However, the morphology was still imperfect (because of the considerable number of
damaged spheres formed during the calcination) and our samples contained mainly anatase
phase which is not excitable by visible light. Additionally, in the publication of Mahyar et
al. they showed, that media with different polarity (a series of primer alcohols) can set up
the formation of different crystal phases [237]. Based on this, it was assumed, that by
applying different solvents for washing the surface of the CSs, differences in the quality of
the surface can be induced, influencing the forming crystal phase composition of the
deposited TiOz2. Since our goal was to synthesize visible light-active TiO2-s, to which rutile
phase is more advantageous (as it is excitable by visible light), further on only acetone was
used as purifier solvent, and the more feasible centrifugation was applied as the purification
method of CSs (resulting in sample H2_HS 5). Moreover, since after the reduction of
precursor quantity the coating process was always successful, and the damaged structures
were obtained only after calcination, another sample was synthesized where tube furnace
with air supply was used for the elimination of carbon spheres (sample H2_HS_6) in contrast
with using muffle furnace without additional air supply (samples H2_HS_1-5). Applying
such synthesis parameters, samples H2_HS 5-6 both possessed good quality hollow

structural morphology (Fig. 26), and predominantly rutile phase (Fig. 25b).

n |
5.00um

Figure 26 SEM micrographs of the H2_HS 5 (a) and H2_HS_6 (b) samples.

Based on their greater rutile content and more importantly, the regular morphology, it was
expected that these TiO2-s (H2_HS_5-6) should have increased photocatalytic efficiency
under visible light irradiation compared to the other TiO2-s in the series (H2_HS 1-4), as
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rutile absorbs visible light to a certain extent (having a band gap of 3.02 eV [55]) whereas
anatase does not, and the hollow structure may enable the better utilization of visible light,
as this was already proved in the case of UV irradiation of TiO2z hollow structures [21, 155].
To sum up, it was deduced, that the quality of HS morphology is largely dependent on the
precursor quantity and the purification method of carbon spheres.

The light absorption of the TiO2-s was determined by diffuse reflectance
spectroscopy (DRS). As it can be seen in Fig. 27 the TiO2-HSs possess greater light
absorption in the visible light region compared to reference Rutile-H2 and Aeroxide P25.
The band gap energies — determined from the derivative DR spectra — were 3.14, 3.14, 3.15,
3.13, 3.13, 3.13 eV for H2_HS_1-6 photocatalysts, and 3.11, 3.09, 3.11 eV for Rutile-H2,
Rutile-H2_calc and Aeroxide P25, respectively.
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Figure 27 DR spectra of the investigated TiO2-s.

Based on the DRS results, samples H2_HS 1-6 possess very similar values, thus possible

differences in their activity presumably will not be attributable to their band gaps.
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Figure 28 IR spectra of the investigated TiO2-s.

Surface properties of TiO2-HSs were characterized by FT-IR spectroscopy (Fig. 28). In the
FT-IR spectra a broad band centered at 3400 cm™ with a sharp band at 1630 cm™ were
observed, which can be associated with the stretching and bending vibrations of the surface
OH groups [187, 188], moreover, the bands around 480 and 540 cm™ corresponds to Ti-O
bond [206]. The shape of these latter bands in this region varied in accordance with the
different crystal phases; anatase had less defined Ti—O stretch band as it possesses less
ordered structure (compared to rutile), consequently, in the case of mixed crystal phases, the
infrared absorption bands also represented this transmission between the two crystal phases
[238].

5.3.2. Photocatalytic activity

Similar as before, after the morpho-structural characterization the photocatalytic was

investigated using phenol and the results are presented in Fig. 29.
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Figure 29 Photocatalytic decomposition of phenol solutions under visible light irradiation
(Cphenol = 0.1 MM, cTio, = 1.0 g-L).
Samples with higher anatase content (H2_HS 1-4) possessed significantly lower
photocatalytic efficiency compared to samples with higher rutile content (H2_HS 5-6), as it
was expected. H2_HS 5 TiO2 had outstanding photocatalytic performance, exceeding the
photocatalytic activity of Aeroxide P25 and even our previous, peroxo group containing
Rutile-H2 TiO2 with high visible light activity, which could be explained by its rutile
content, and more importantly, its morphology, resulting in presumably the enhanced
utilization of light source. Based on these results, it was deduced, that the activity gain caused
by the hollow structural morphology significantly over-compensated the activity loss caused
by the disappearance of peroxo groups during calcination. Moreover, H2_HS 5 TiO2
possessed not only the highest absolute photocatalytic activity, but the lowest specific
surface area (out of the TiO2 series synthesized by the application of CSs), thus, the highest
surface normalized photocatalytic efficiency as well (8 times higher than the Rutile-H2; see
in Table 6). It is important to highlight, that the photocatalytic activity of all samples
possessing hollow structural morphology surpassed the photocatalytic efficiency of Rutile-

H2_calc TiO2, which can be considered as the appropriate reference in terms of measuring
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the activity gain by the morphology, since it was synthesized similarly (including the
calcination step), just without the application of carbon sphere templates.

The stability of the sample H2_HS 5 — possessing the highest photocatalytic activity
— was investigated by XRD and SEM measurements after 3 consecutive phenol degradation
tests, and this sample was named as ‘H2_HS_5_re’. During the 3 runs the photocatalytic
efficiency of H2_HS 5 re did not decrease; the standard deviation was less than 2%. Based
on the XRD diffractograms sample H2_HS 5 re entirely retained its initial crystal phase
composition (80% rutile and 20% anatase) and its morphology as well (Appendix 4),
proving this catalyst to be particularly stable.

Lastly, it is important to mention, that although samples H2_ HS 5 and H2_HS 6
possessed very similar characteristic properties (high rutile content, similar morphology,
band gap, crystallite size and specific surface area), still, sample H2_HS 5 was nearly twice
as efficient compared to H2_HS 6, despite the latter having larger specific surface area and
higher rutile content (the only difference was that in the case of H2_HS 5, carbon spheres
were eliminated in muffle furnace without additional air supply, whereas in the case of
H2_HS 6 tube furnace was used with constant air supply). In order to ascertain the cause of
this result, these two samples (together with H2_HS 2 TiO2 as a reference sample with low

photocatalytic activity) were characterized further by XPS measurements.

5.3.3. Further characterization and establishing connection between the results of

morpho-structural characterization and photocatalytic activity

The studied materials were obtained by a synthesis process which involved two
crystallization steps, the first being the deposition of titania onto the surface of the carbon
spheres and its subsequent crystallization at 55 °C for 48 h, while the second one was the
removal of the carbon templates by calcination, while a recrystallization process occurred.
The mentioned two synthesis steps are rather complex, suggesting that a more focused
analysis was needed concerning the obtained nanostructures’ surface quality’. In a lot of
cases, the main reason behind the varying photoactivity of a catalyst is the presence of
different induced defects (e.g. Ti®* [198]), which may act as active centers on the surface of

the catalyst, therefore, in the first instance Ti2p spectra (Figure 30a) of the chosen materials

1 The concertation of a specific element was given in at% in the case of all samples, while the distribution of
specific oxidation states is given in % from the total amount of that specific element.
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were investigated. It was found, that Ti** (458.3 eV — 2p*?, 464.1 eV- 2p®?) was the main
Ti species identified, accompanied by a small amount of Ti®* centers (456.8 eV — 2p*?, 462.3
eV—-2p%2) which is an important species possibly contributing to achieve high photocatalytic
activity [196]. The content of Ti** and Ti* was nearly the same in all samples (2.24-2.49%
Ti** and 97.76-97.51% Ti*"), pointing out that possible differences in the photoactivity may
lie elsewhere. The O1s spectra (Figure 30b) revealed that low binding energy oxygen (527.5
eV) was present, which is usually associated with Ti** centers [194], but the content of this
species was nearly identical in the samples. Furthermore, surface OH associated oxygen
(531.3 eV) and lattice oxygen (529.7 eV) were also detected, which are usual components
in such samples. The first significant difference between the three samples was the higher
content of OH_O (8.97% compared to 5.02% and 4.97%, respectively) in sample H2-HS 2,
suggesting a higher water affinity (hydrophilicity) [194], a potential parameter which might
define the photocatalytic activity of this sample.

The elimination of organic compounds and carbon can induce interesting structural
changes [117, 194, 196], including surface sensitization, carbon deposits and optical
response changes. Residual carbon can also have various effects on the photocatalytic
activity of titania [117]. Since the synthesis of the investigated samples included the
elimination of CSs, it was crucial to investigate the C1s spectra of the samples in detail. In
the C1s XPS spectra (Figure 30c, d and e) three carbon species/bond types were identified:
C-C at 284.5 eV, C-O-C at 286.0 eV and O-C=0 at 288.6 eV.
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Figure 30 The core XPS spectra of samples H2_HS 5 (a - Ti2p; b — O1s; ¢ — Cls),
H2_HS 2 (d - C1s) and H2_HS 6 (e — C1s) pointing out the influence of the calcination
and/or the quality of the carbon spheres on the surface chemistry of the titania hollow
spheres.

As the hollow nanostructures were obtained by the removal of carbon, the oxidized carbon’s
presence was not a surprise. However, in sample H2_HS_5 the amount of oxidized carbon
was higher (15.19%) than in H2_HS 2 (7.72%) and H2_HS 6 (9.78%). The more
pronounced presence of oxidized carbon in the most efficient H2_HS 5 sample points out,
that the removability of carbon spheres was higher in this case, reinforced also by the lower
content of total carbon (8.91 at%, compared to sample H2_HS 2 —20.18 at% and H2_HS 6
— 30.72 at%). The presence of carbon at such concentration values is known and not
unprecedented, even without applying additional carbon source, as it was shown in a
previous paper of our research group [194].
Comparing sample H2_HS 6 with H2_HS 5 the following observations were
made:
e The total amount of carbon in sample H2_HS 6 (30.72 at%) was determined to be
higher than in sample H2_HS 5 (8.91 at%).
e Insample H2_HS 5, the ratio of O-C=0 bonds was higher (15.18% from the total

amount of carbon species) than in the case of H2_HS 6 (12.38 % from the total
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amount of carbon species), pointing out a more efficient carbon removal (oxidation)
process in the case of the latter sample.

e The above listed observations emphasize the fact that as the carbon was more
efficiently eliminated from the samples (shown by the lower carbon content and
higher amount of oxidized carbon species), the photocatalytic activity was higher
(sample H2_HS 6 possessed only 52.6% of the photocatalytic activity of sample
H2_HS 5), because in the case of the samples with lower photocatalytic activity, the
surface available for the photocatalytic process could be partially blocked and
therefore more hydrophobic as well. Simultaneously, if the ratio of the O-C=0 in the
surface deposited carbon was higher, again supports the observed activity increase,
since polar functional groups facilitate the direct contact between water (the matrix

of the photocatalytic process) and the surface of the photocatalyst.
5.4. Noble metal deposition

Although enhancing the photocatalytic activity of Rutile-H2 TiO2 via morphological
modification was successful, the resulting hollow spherical morphology was not perfectly
homogeneous. Based on the SEM images we managed to synthesize regular spherical TiO2-
s, which indeed had an inner cavity, presumably resulting in the enhancement of the light
trapping properties of these TiO2-s to a certain extent. However, based on the subsequent
TEM analysis, a significant portion of these TiO2 hollow structures were still dense (non-
hollow), excluding the hollow cavity visible in the SEM figures. Thus, in the next section
another synthesis method was applied for the fabrication of truly hollow spherical TiOz-s,
and the TiO2 sample possessing the best characteristic was selected for the deposition of Au
and Pt noble metals for the further enhancement of its photocatalytic activity. This kind of
combination of photocatalytic-activity-enhancing methods (i.e. combining morphological
modification with noble metal deposition) is relatively novel; the number of publications in
this topic is scarce [143, 161, 165, 239].

5.4.1. Characterization
5.4.1.1. Characterization of TiO2 hollow spheres

Firstly, CSs were prepared then purified via centrifugation (as per detailed in the

previous sections) using various solvents (acetone or ethanol) because based on our previous
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experiences and the publication of Mahyar and Amani-Ghadim [237], applying solvents of
different polarity can result in the formation of titanium dioxides with different crystal phase
compositions and characteristics, making the investigation of both acetone and ethanol usage
worthwhile. By the utilization of these CSs, TiO2-HSs were prepared (Table 7) applying
different calcination temperatures (500, 800 °C) using tube furnace under constant air supply
(accordingly to the synthesis method of Ao et al. [155]), which were characterized by XRD,
SEM and TEM in order to determine which TiO2-HS possesses the best characteristics to be

used as the base material for the deposition of noble metals.

CS Calcination .
Sample name | purification |temperature Anatase Rutile
solvent (°C) (Wt%%) (Wt%%)
TiO, no HS"%,| acetone 500 97 3
Tio, HS"’,, acetone 500 87 13
TiO, HS g0 acetone 800 - 100
TiO, HS™",, ethanol 500 96.6 3.4
TiO, HS™ gy, ethanol 800 125 87.5
TiO, HS"’:,-Au|  acetone 500 90 10
TiO, HS"%,-Pt|  acetone 500 91.9 8.1
Da Dy |Diameter| .. . Specific
Sample name Circularity [surface area
(nm) | (nm) (nm) 2 1
(mg”)
TiO, no_HS".,| 35 | 66.9 | 1313 0.99 ~6
TiO, HS"%, | 26.5 | 30.1 | 1198 0.99 ~6
Tio, HS %, | - | 283 | 1129 0.94 ~6
Tio, HS®M,,, | 18.1 | 20.9 | 948 0.98 ~6
Tio, HS®M,, | 35.1 | 32.4 | 1122 0.93 ~6
TiO, HS"%-Au| 22.2 | 205 | 1635 0.98 ~6
TiO, HS"°,,,-Pt| 22.9 | 29 1333 0.98 ~6

Table 7 Crystal phase compositions, diameters (median), circularities and specific surface
areas of the TiO2-HSs samples.

The SEM and TEM micrographs of the TiO2-HSs are shown in Fig. 31. Based on the
SEM measurements it was observed that the samples synthesized at similar conditions (Fig.
31awith Fig. 31b and Fig. 31c with Fig. 31d), i.e. same solvent and calcination temperature,
similar characteristics could be observed (similar morphology and diameter/circularity
values) (Table 7). Based on our previous experiences the most critical step during the

synthesis of HSs via template removal is the elimination of CSs by calcination. In the case
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Figure 31 SEM micrographs of samples TiO2_HS"%s00 (a), TiO2_HSF®Hsq0 (b),
TiO2_HS"%00 (c) TiO2_HSE©Hgy0 (d) and their corresponding TEM figures (e-h,

respectively).
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of samples calcined at 500 °C (Fig. 31a and Fig. 31b) well-defined spheres were observed
possessing near perfect morphology, which were not damaged during calcination. The
circularity values, medians and the diameter distribution histograms are summarized in
Table 7 and Appendix 5, respectively. Based on the TEM images of the samples calcined
at 500 °C (Fig. 31e and Fig. 31f) it was confirmed that they had regular hollow cavities, as
intended. The theoretical thickness of the TiO2 shell — evaluated from the quantities of the
reactants — was calculated to be 70 nm from the relative weight fractions of CS and TiO2
coating (determined from the volume and density of these species). This value is in
reasonably good accordance with the one obtained from the TEM micrographs, which was
calculated to be ~60 nm. Increasing the calcination temperature to 800 °C (Fig. 31c and Fig.
31d), resulted in hollow structures with raspberry-like surface, in contrast with the smooth
surfaces detected in the previous cases. It was also observed that the high temperature also
caused the inner diameter of the hollow cavity to be smaller (Fig. 31g and Fig. 31h), which
could be explained as the result of sintering of the nanoparticles [240].

Subsequently, XRD (Fig. 32) and nitrogen adsorption measurements were carried
out and the results (crystal phase composition, primary crystallite sizes, specific surface
areas) are summarized in Table 7. As expected, the samples calcined at lower temperature
(500 °C, TiO2_HS"%00 and TiO2_HSF©Hs00) mainly consisted of anatase, while samples
calcined at the higher temperature (800 °C, TiO2_HS"%o0 and TiO2_HSF®Hgq0) contained

predominantly rutile phase and larger crystallites.
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Figure 32 X-ray diffraction patterns of the investigated titania.
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As for the N2 adsorption measurements, despite having relatively low crystallite sizes
(18-35 nm), the corresponding specific surface areas were surprisingly low (~6 m?g* in all
cases).

Summarizing these results, it was established, that sample TiO2_HS”00 possessed
the best characteristics to be used as base material for the determination of photocatalytic
activity gain caused by the unique morphology (highest circularity value, regular hollow
cavity). Additionally, it was also the most appropriate from the economic point of view,
since for the synthesis of this sample the CSs were purified by acetone, which is cheaper
than ethanol, and for the elimination of the CSs only 500 °C temperature was applied making
its production the most cost-effective. Therefore, later on, for the deposition of noble metals
this sample was selected as base material. Lastly, after the TiO2_HS"s00 sample was chosen
as base material, a reference sample was also synthesized in the same way just without the
application of CS templates (denoted as ‘TiO2_no_HS*%u0’), to investigate the possible
effects of the hollow structure. This sample was also examined via SEM and TEM

measurements (Fig. 33).

Figure 33 SEM (a) and TEM (b) images of reference non-hollow sample
TiO2_no_HS"%p.

Based on the SEM micrographs (Fig. 33a) it was observed that it also contained well-
defined spheres with relatively high diameter (~1300 nm), comparable to prior samples.
Then, this sample was investigated by TEM measurements as well (Fig. 33b) and it was
found that it contained solely solid spheres, which, most importantly, makes it most suitable
for the investigation of the effects caused by the hollow morphology in the case of our other

samples. For the formation of spherical morphology (in the absence of CS templates in the
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case of sample TiO2_no_HS"%q0), a plausible explanation can be that according to the
Ostwald ripening phenomenon, the formation of larger structures is thermodynamically
favored as there are less molecules on the surface in an energetically less stable position,
making the formation of the spherical shape (with the least specific surface area) feasible
[241]. As for the relatively high diameter (low specific surface area), it was already observed
in our research group, that applying a precursor containing relatively long alkyl chains can

result in slower hydrolysis making the formation of larger structures favored [242].

5.4.1.2. Further characterization of reference TiO»-s and TiO2-HSs modified with

noble metals

Following the deposition of 0.25 wt% gold and platinum noble metals on the
TiO2_HS*%00 sample TEM images were recorded (Fig. 34a and Fig. 34c, respectively). It
was observed, that even after the deposition process the regular hollow spherical morphology
remained intact, the noble metals were evenly distributed on the surface and no aggregation
occurred. Additionally, HRTEM images were utilized to measure the d-spacing of the TiO2
shell, the gold (Fig. 34b) and platinum (Fig. 34d) nanoparticles to confirm their presence.
Accordingly, the measured 3.4 A value was attributed to the TiO2 (101) crystallographic
plane, 2.4 A to the Au (111) plane and 2.0 A to the Pt (200) plane.

Then, XRD measurements were carried out to determine the influence of the
chemical deposition process on the properties of the TiO2_HS"%00 base material (Fig. 32,
Table 7). It was found that after the deposition process the noble metal-containing samples
largely retained their crystal phase composition as expected. The rutile crystal phase content
of ~8-13 wt% of the base material and noble metal-containing samples could be beneficial
in terms of the photocatalytic activity of these samples similarly to the well-known
commercial reference P25 TiO2 [192]. The non-hollow TiO2_no_HS*%go sample also

contained rutile crystal phase in 3 wt%.
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Figure 34 TEM images of samples TiO2_HS”%q0-Au (a, b) and TiO2_HS"%00-Pt (c, d).

As the next step, the light absorption properties were investigated via DR
measurements (Fig. 35). The band gap energies were determined from the first derivative
spectra of the TiO2-s, due to it being more precise, as mentioned before [3]. As expected,
rutile phase TiO2-s possessed lower band gaps (3.02 eV for TiO2 HS"%o0 and
TiO2_HSF©"g00) compared to the anatase phase TiO2-s (3.1 eV for TiO2_no_ HSA%op,
TiO2_HSF©Ms500 and 3.14 eV for TiO2_HS"%00). The band gap after noble metal deposition
(3.13 eV for both TiO2_HSA%00-Au and TiO2_HS%qo-Pt) did not change significantly
compared to the base material (TiO2_HS"%00, 3.14 eV). The inflection point at ~542 nm in
the derivative spectrum can be attributed to the plasmon resonance of the gold nanoparticles
in the case of sample TiO2-HS"%00-Au. The surface properties were examined by FT-IR
measurements (Fig. 36). Bands at 424, 515 and 620 cm™* can be attributed to the transverse
optical vibrations of the Ti—O bonds [190, 206, 243].
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Figure 35 First order derivative DR spectra of the as-prepared photocatalysts.
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Figure 36 FT-IR spectra of the investigated photocatalysts.
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The shape of these bands varied in accordance with the different crystal phases; anatase has
less defined Ti—O stretch band as it possesses less ordered structure (compared to rutile),
consequently, in the case of mixed crystal phase compositions, the infrared absorption bands
also represented this transmission between the two crystal phases, similarly as before [238].
The doublet at 2340, 2358 cm™ is characteristic of adsorbed CO2 [187]. Additional bands
which could be ascribed to leftover carbon from either the TiO2 precursor or the CS
templates were not observed, from which it was concluded that during the calcination

process these were entirely eliminated from the system.
5.4.2. Photocatalytic activity

The photocatalytic activity of the non-hollow, spherical reference sample
(TiO2_no_HS"%q0), the base material (TiO2_HS”%00) and the noble metal-containing
samples (TiO2_HS"%s00-Au and TiO2_HS"%s00-Pt) was investigated by the photocatalytic
degradation of phenol and oxalic acid under UV and visible light irradiation and the results
were summarized in Fig. 37 (UV irradiation) and Appendix 6 (visible light irradiation).
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Figure 37 Photocatalytic activity of the investigated photocatalysts under UV light
irradiation.

In the case of the spherical, but non-hollow TiO2_no_HS"%go reference sample negligible
photocatalytic activity was observed under visible light irradiation (~3-4% model pollutants
were degraded) and by applying UV irradiation 26% phenol and 36% oxalic acid were
degraded after the 240-minute-long measurements.

As the next step, the hollow spherical base material (TiO2_HS”s00) was investigated,
to determine the possible achievable effects of the unique morphology on the photocatalytic
activity. In almost every case, the enhancement of photocatalytic activity was observed
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(except in the case of oxalic acid degradation under visible light irradiation). In the case of
visible light irradiation only negligible differences were observed; however, under UV light
irradiation a notable 166% and 135% enhancement was detected for phenol and oxalic acid
degradation compared to the non-hollow reference TiOx.

By the deposition of noble metals on the surface of the hollow spherical base catalyst
TiO2_HS"%00, in almost every case the photocatalytic activity increased (except in the case
of TiO2_HS"%00-Au during the decomposition of phenol under UV light irradiation).
Applying visible light irradiation 156% and 66% increase were observed for phenol for
sample TiO2-HS"%00_Au and TiO2_HS"%s00-Pt, respectively, and 780% and 200% for oxalic
acid, respectively. At the same time, in the case of UV irradiation these values were -20%,
41% and 18%, 18%, respectively.

5.4.3. Establishing connection between the results of morpho-structural

characterization and photocatalytic activity

For the explanation of the obtained results, numerous factors can be considered, as it
was established in the literature that the following parameters play an important role in the
photocatalytic activity of noble metal-deposited titania: (i) properties of the TiO2 (crystallite
size, specific surface area, crystal phase composition, surface features, etc.) [56, 57, 162,
174]; (ii) properties of the noble metal (size, shape, amount) [40, 163, 164, 173]; (iii)
properties of the model pollutants (adsorption ability, charge carrier-scavenging attributes,
features of intermediates, etc.) [162-164, 174]; (iv) the emission spectrum of the light source
and the temperature during the photocatalytic experiments [44, 121, 244].

Generally, it can be said that the investigated titania decomposed oxalic acid to a
greater degree compared to phenol. It is well-known, that phenol is a poorly adsorbing
compound and the degradation of pollutants takes place by the utilization of the generated
*OH radicals; moreover, the forming degradation intermediates with different adsorption
properties can also block the active sites of the photocatalyst hindering the further
degradation process. Conversely, oxalic acid can adsorb to the surface of TiO2 extremely
well facilitating its degradation by the generated charge carriers; furthermore, oxalic acid is
a hole scavenger resulting in the efficient separation/increased lifespan of electrons [164].

In the case of oxalic acid degradation, the addition of Au and Pt nanoparticles resulted
in the increase of photocatalytic activity in all cases (under both UV and visible light
irradiation), reaching nearly 100% degradation efficiency in the former case. This result is
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in good accordance with literature data where the same results were observed in the case of
commercial (predominantly) anatase phase TiO2-s (Aldrich anatase, Aeroxide P25) [162,
164]. The photocatalytic activity enhancement of TiO2-HS%00-Pt can be explained by a
double charge trapping mechanism: oxalic acid acts as a hole scavenger, whereas the Pt
separates the electron from the TiO2 nanoparticle [163]. In the case of TiO2_HS"%s0-Au the
photocatalytic activity enhancement can be associated with the results of our previous work,
where the highest degree of photocatalytic activity gain was observed in the presence of
spherical gold nanoparticles [40], similar to the present results (Fig. 34b).

As for the phenol degradation tests, only in the case of TiO2_ HS"%00-Au sample
under UV light irradiation was a photocatalytic activity decrease observed, which is in good
accordance with the literature data: it is well-known, that in the case of commercial Aeroxide
P25 (which has similar crystal phase composition compared to our samples) the deposition
of gold nanoparticles results in the photocatalytic activity decrease of phenol under UV light
irradiation [40, 69, 162, 173]. However, in the case of the gold-deposited sample under
visible light irradiation a photocatalytic activity enhancement was observed, which can be
explained by the fact, that the electrons formed by surface plasmon resonance excitation can
be efficiently injected into the conduction band of TiO:2 leading to enhanced charge
separation [245]. The fact, that the surface resonance peak of gold is located in the visible
light range, could explain the observed photocatalytic activity enhancement under visible
light irradiation. In the case of TiO2_HS"%s00-Pt sample the photocatalytic activity increased
after the deposition of platinum under both visible and UV light irradiation. The
photocatalytic activity gain in the case of visible light irradiation could be attributed to the
rutile content of the sample, since electron trapping by platinum on rutile is much more
significant than on anatase [246]. However, the photocatalytic activity enhancement
observed in the case of our TiO2_ HS"%g0-Pt sample under UV irradiation could not be
attributed to literature data, as normally the deposition of platinum nanoparticles on
Aeroxide P25 (possessing similar crystal phase composition) leads to decreased
photocatalytic activity [164, 247]. For the deeper understanding of the as-mentioned results
in the next paragraph the unique hollow spherical morphology of our samples was taken into
account.

It is well-known that light waves (used for the excitation of the photocatalysts) cannot
only interact with matter but with each other as well, which is called wave interference.

Constructive interference occurs, if the crests of one wave overlap the crests of the other
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wave. For this to happen, the distance between two waves must be equal to an integer
multiple of the wavelength and as a result, the crests combine to produce a wave with greater
amplitude. If we excite our photocatalyst with such light waves with greater amplitude, then
the excitation process can be more efficient resulting in higher photocatalytic activity. Based
on this theory, the following steps were taken: the emission spectra of the applied lamps
(Fig. 8, bottom right side) were compared to the diameter distribution histograms (Appendix
5) and it was ascertained, that what proportion of the hollow spheres happens to be precisely
in the range where the travelled distance is the integer multiple of the wavelength of the
emission maxima. For the calculations the most intense domain of the emission spectrum
(360+10 nm) was taken into account. Then, the percentage of the hollow spheres with valid
resonance condition — where the constructive interference of the light waves can most
probably occur — was counted, by dividing the diameter of the hollow spheres by the
wavelength of the light source. After these calculations were carried out, the as-calculated
data were compared to the photocatalytic activities (Fig. 37, left side) and these results are
represented in Fig. 38.
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Figure 38 Comparison of the ratio of TiO2-HSs with enhanced light trapping properties to
the observed amount of degraded phenol model pollutant under UV light irradiation by the
end of the 240-min-long experiments.

It can be seen in the figure, that the observed photocatalytic activity (TiO2_HS"%s00-Au <

TiO2_HS"%00 < TiO2_HS"%00-Pt) indeed corresponds well to the increasing ratio of hollow
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spheres with valid resonance condition. Since it is well-known, that the excitability of a
photocatalyst correlates with the intensity of the light source, and that the intensity of a wave
is proportional to the square of its amplitude, then it can be expected, that after constructive
interference occurs resulting in the increase of the amplitude, the light waves with higher
intensity could indeed cause the enhancement of the photocatalytic activity.

To sum up, based on the results of the photocatalytic activity experiments, it was
observed that in almost every case the reference TiO2_no_HS"%s0 sample proved to be the
least efficient and compared to that, the fabrication of hollow spherical morphology (base
material TiO2_HS"%00) indeed increased the photocatalytic activity, as did the deposition of

noble metals in most cases.
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6. Conclusions

In the course of my research work various methods were successfully applied to
increase the photocatalytic activity of TiO2-based photocatalysts. During the investigation
of morpho-structural properties and photocatalytic activities significant findings were
discussed about their causal relationship.

A series of nanosized rutile phase titanium dioxide was obtained by the addition of
different amounts of hydrogen peroxide during the synthesis method. The optimal ratio of
the added hydrogen peroxide was found to be nri:nH,0, = 1:2. Other ratios did not result in

the appearance of peroxo groups in the series. Photocatalytic activity measurements showed
that Rutile-H2 had superior photocatalytic performance for phenol degradation under visible
light irradiation compared to the other TiO2-s in the series, exceeding the photocatalytic
activity of reference photocatalysts (Aeroxide P25 and US-R.N. Rutile). The reason for the
enhanced photocatalytic activity was deduced to be due to the resultant effect of the electron
attracting inductive effect conveyed by the presence of peroxo groups and the enhanced
visible light absorption. The Rutile-H2 TiOz2 retained its superior photocatalytic activity even
after 3 consecutive phenol degradation tests. The first order derivative of the DR spectra
pointed out that the order of light absorption of the investigated self-made TiO2-s could be
associated with the resulting photocatalytic performances, confirming the enhanced visible
light excitability of sample Rutile-H2 caused by the peroxo groups. IR measurements did
not show peroxo groups in the home-made TiO2-s presumably due to its lower limit of
detection compared to XPS. XPS measurements, however, confirmed the formation of
peroxo groups in our Rutile-H2 TiO2. To our best knowledge, forming peroxo groups on the
surface of pure nanosized rutile have not been reported prior our work.

The effects of peroxo groups on the photocatalytic activity of amorphous and anatase
phase TiO2-s were also investigated by modifying our prior synthesis method by adjusting
the pH to 3, which also resulted in the remarkable enhancement of optical properties.
Application of 55 °C and 70 °C as crystallization temperature resulted in either amorphous,
or predominantly anatase phase peroxo TiOz-s. DRS measurements pointed out that
increasing the pH to 3 during the synthesis resulted in immensely increased visible light
excitability of home-made peroxo titania, due to the appearance of localized states within

the band gap, which originated presumably from the amorphous nature of the material and
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its chemical composition (sodium titanites and Ti*). In the case of Amorphous-H2 TiO2 the
presence of sodium titanate was demonstrated directly by DRS (electron-transition band
located in the UV region), Raman (bands at 514 and 636 cm™) and XPS (Nals binding
energy at 1072 eV) measurements, and indirectly by its dissolution in oxalic acid. Moreover,
XPS (and IR measurements in the case of Amorphous-H2 sample) confirmed the presence
of peroxo groups, which together with the above-mentioned structural entities were deduced
to be responsible for the greatly enhanced photocatalytic activity of sample Amorphous-H2
which exceeded the photocatalytic efficiency of all investigated TiO2-s. Further XPS
measurements revealed, that a certain degree of crystallinity is required to preserve the
activity enhancement caused by the peroxo groups.

The synthesis method of our own Rutile-H2 TiO2 was used to coat carbon sphere
templates to obtain TiO2-CS composites, then — by their subsequent calcination — TiO2
hollow structures. A TiO2-CS composite and TiO2-HS sample were compared, and it was
found, that the addition of CS templates decreased the crystallinity and photocatalytic
activity. Since the TiO2-HS was found to be more effective than the TiO2-CS composite
system, the latter was not investigated further. A series of TiO2-HSs was synthesized by
applying different synthesis conditions (different purification methods of carbon spheres,
different precursor quantity and furnace). Centrifugation was found to be the most feasible
CS purification method and applying muffle furnace (without additional air supply) was
found to be most effective way to remove the CS templates in the case of the as-investigated
samples. TiO2 sample named as H2_HS 5 was synthesized by applying these conditions
which resulted in TiO2-HS with hollow structural morphology. H2_HS 5 TiO2 possessed
both the best absolute and surface normalized photocatalytic activity among the investigated
TiO2-s. On one hand, this was attributed to its increased light-harvesting capabilities (due to
its unique morphology), and on the other, to the lowest carbon content on its surface and the
higher ratio of the polar O—C=0 functional groups, which presumably facilitate the direct
contact between water (the matrix of the photocatalytic process) and the surface of the
photocatalyst. The stability of this TiO2 proved to be remarkable as it retained its
photocatalytic activity, crystal phase composition and morphology after 3 consecutive
phenol degradation measurements.

Finally, titanium dioxide hollow spheres were synthesized applying different
synthesis method and parameters. The CS purification solvent (acetone or ethanol) did not

influence the characteristics of the TiO2-HSs, whereas applying 500 °C calcination
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temperature resulted in anatase phase TiO2-HSs with perfect, truly hollow spherical
morphology, while applying 800 °C yielded rutile phase TiO2-HSs with less regular
morphology. The TiO2-HS possessing the best properties in terms of morphology was
selected for the deposition of gold and platinum nanoparticles in 0.25 wt%. SEM and TEM
measurements confirmed, that the morphology remained intact after the deposition process
and that the noble metal nanoparticles were distributed evenly on the TiO2-HSs. The
photocatalytic activity enhancement caused by either the unique morphology and the
presence of noble metals was investigated by the degradation of phenol and oxalic acid under
both UV and visible light irradiation using the base hollow spherical, and solid (non-hollow)
spherical TiOz-s as references. The hollow spherical morphology resulted in a remarkable
166% and 135% increase in photocatalytic activity during UV light irradiation compared to
the non-hollow solid reference sample in the case of phenol and oxalic acid, respectively.
Using the same reference, after combining the hollow spherical morphology with the
deposition of noble metals in the case of the gold-deposited sample these values were 113%
and 178% for phenol, along with 276% and 178% for oxalic acid in the case of platinum-
deposited TiO2-s, respectively, under UV light irradiation. Summarizing, in the case of
visible light irradiation, the gold-deposited hollow spherical TiO2 had the best photocatalytic
activity, while in the case of UV irradiation the platinum containing hollow spherical TiO2
proved to be the most efficient for the degradation of both oxalic acid and phenol. The
photocatalytic activity order — observed during the decomposition of phenol under UV light
irradiation — was attributed to the enhanced light trapping properties of the samples: the
photocatalytic activity increased with increasing proportions of titanium dioxide hollow
sphere diameters close to the integer multiple of the excitation light source’s wavelength,

i.e. in which case the occurrence of constructive interference was more probable.
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7. Osszefoglalas

Kutatdbmunkam soran sikeresen alkalmaztam kiilonb6z6 modszereket TiO2 alapu
fotokatalizatorok fotokatalitikus aktivitasanak megndvelésére. A fotokatalitikus aktivitasok,
valamint az anyagszerkezeti €s feliileti tulajdonsadgok széleskorti vizsgalata révén fontos ok-
okozati 6sszefliggések kerultek jellemzésre.

Nanoméretti rutil fazisd titan-dioxid sorozatot allitottam el6 a szintézis soran
kiilonb6z6 mennyiségii hidrogén-peroxid alkalmazésaval, melynek optimalis mennyiségét
NTi:NH,0,= 1:2-nek allapitottam meg. A tébbi vizsgalt anyagmennyiség-aranyok alkalmazasa
sordn nem alakultak ki peroxo-csoportok a TiO2-ok felszinén. A fotokatalitikus aktivitas
vizsgélata soran megéllapitottam, hogy a Rutil-H2 TiO2 fotokatalitikus aktivitasa jelentGsen
nagyobb volt a sorozat tobbi tagjahoz képest fenol modellszennyez6 és lathatd fennyel
torténd gerjesztés esetén, amely a referenciaként hasznalt Aeroxide P25 és US-R.N. Rutil
aktivitasat is meghaladta. A kiemelked6 fotokatalitikus aktivitast a peroxo-csoportok
elektronvonzé induktiv effektusanak és a lathaté fény tartomanyéaba eltol6d6 fényelnyelés
ereddjével magyaraztam. A Rutil-H2 TiO2 a kiemelkedd fotokatalitikus aktivitasat 3
egymast kovetd fenolbontasi teszt utdn is megdrizte. A DR spektrum elsé rendil
derivaltjanak vizsgalata soran megfigyeltem, hogy a fotokatalizatorok fényelnyelésbeli
sorrendje megegyezett a fotokatalitikus aktivitdsok sorrendjével, mely a Rutil-H2 minta
esetén a peroxo-csoportok altal biztositott hatékonyabb lathatd fénnyel valo
gerjeszthetdséget is alatamasztotta. Az IR mérések soran a sajat készitésti TiO2-0k esetén
nem sikerilt kimutatnom a peroxo csoportok jelenlétét, feltételezhetden az XPS modszerhez
viszonyitott Kisebb kimutatasi hatar miatt. Az XPS mérések azonban igazoltak a peroxo-
csoportok kialakuldsat a Rutil-H2 TiO2 esetén. Legjobb tudomasunk szerint a mi
publikacionk el6tt tisztan rutil fazisi nanoméretti titan-dioxidon még nem alakitottak ki
peroxo-csoportokat.

A peroxo-csoportok fotokatalitikus aktivitasra gyakorolt hatisat amorf és anatdz
fazisa titdn-dioxidok esetén is vizsgaltam. A mintakat a szintézis soran 3-as pH beallitasa
mellett allitottam el6, mely az optikai tulajdonsagok nagymértékii javulasat is eredményezte.
Kristalyositasi homérsékletként 55 és 70 °C-ot alkalmaztam, mely amorf, illetve
tulnyomorészt anatdz  fazisi peroxo-csoportokat tartalmazd TiO2-ok kialakuldsat

eredményezte. DRS mérésekkel kimutattam, hogy a fotokatalizatorok szintézise soran a pH
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3-ra torténd emelésével azok gerjeszthetOsége nagymértékben eltolodott a lathato fény
tartomanyaba, melyet a tiltott savon bellli lokalizalt energiaallapotok megjelenésének
tulajdonitottam, melyek kialakulasa feltételezhetGen a katalizator amorf szerkezetével és
kémiai Osszetételével (natrium-titanat és Ti®" jelenléte) hozhatd Osszefiiggéshe. Az
Amorf-H2 TiO2 esetén a natrium-titanat jelenlétét kozvetlenil DRS (elektronatmenethez
szlikséges energiak az UV régioban), Raman (514 és 636 cm™*-nél talalhat6 savok) és XPS
(kotési energia 1072 eV-nal a Nals spektrumon) meérésekkel igazoltam, illetve indirekt
maodon a mintanak oxalsavban torténé feloldasaval is. Tovabba, XPS mérések segitségével
sikeresen kimutattam a sajat készitési mintakban a peroxo-csoportok jelenlétét (mely a
Amorf-H2 minta esetén még az IR mérések segitségével is észlelheté volt). Ezekkel a
tényezokkel (a mintdk sajatos kémiai Osszetételével és szerkezetével) magyaraztam a
fotokatalizatorok jelent6s aktivitasndvekedését, mely a Amorf-H2 minta esetén meghaladta
az 6sszes vizsgalt TiO2 fotokatalitikus aktivitasat. Tovabba, az XPS mérések eredményeinek
elemzése révén megallapitottam, hogy a peroxo-csoportok-okozta aktivitdsnovekedés
megdrzéséhez a TiO2 mintdknak bizonyos mértékii kristalyossagi fokkal kell rendelkeznitik.

A Rutil-H2 minta szintézismodszerét felhaszndlva TiO2 bevonatot alakitottam ki
széngbmb templatok felliletén TiO2-CS kompozitok eléallitasahoz, melyeknek a késGbbi
kalcindlasaval TiO2 Ureges szerkezeteket hoztam létre. A TiO2-CS kompozitok és TiO2
Ureges szerkezetek Gsszehasonlitdsakor megallapitottam, hogy a széngdmbdok jelenléte a
fotokatalizatorok kristalyossagi fokanak és fotokatalitikus aktivitdsanak csokkenését
eredményezi. Mivel a TiO2-HS minték hatékonyabbnak bizonyultak a TiO2-CS kompozit
rendszereknél, igy ez utdbbiakat nem vizsgéltam tovabb. Kiilonb6z6 szintézisparaméterek
(eltéré tisztitasi modszerek, prekurzor mennyiségek és kalcinalé kemencék) alkalmazasaval
eldallitottam egy sorozat TiOz2-HS mintat. A széngdmbok tisztitdsahoz a centrifugalas,
eltdvolitasukhoz pedig a statikus kemencében torténd kezelés (levegObevezetés nélkiil)
bizonyult a leghatékonyabbnak, melyek alkalmazédséval sikeresen allitottam el6 Ureges
gomb szerkezeti TiO2-ot (H2_HS 5 elnevezésti minta). A H2_HS 5 TiO2 rendelkezett a
legjobb abszolut és a legjobb feluletre vonatkoztatott fotokatalitikus aktivitassal a vizsgalt
TiO2-0k kozil. A kiemelkedd fotokatalitikus aktivitast a minta (lireges morfologiajabol
eredd) hatékonyabb fénycsapdazasdval magyaraztam, illetve azzal, hogy a feliletén a
sorozat tébbi tagjahoz képest a szén a legkisebb mennyiségben, a polaris O-C=0 funkcids
csoportok pedig a legnagyobb mennyiségben voltak jelen, melyek feltételezhetéen
elésegitették a fotokatalizator felulete és a viz (a fotokatalitikus aktivitasi tesztek métrixa)
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kdzotti kdzvetlen érintkezést. AH2_HS 5 TiO2 az Ujrafelhasznalhatdségi tesztek (3 egymast
kovetd fenolbontasi Kisérlet) sordn rendkivul stabilnak bizonyult, teljes mértékben

Végll, sikeresen allitottam el6 tokéletes tireges gobmb morfologiaja titan-dioxidokat
egy masik (nem Rutil-H2-alapu) szintézismodszer és mas paraméterek alkalmazasaval. A
széngdmb templatok tisztitasahoz hasznalt olddszer (aceton vagy etanol) nem befolyasolta
az elballitott TiO2-HSs-0k tulajdonsagait. A templatok 500 °C-on torténd eltavolitasat
mig a 800 °C-os kalcinalasi hémérsékletet alkalmazésa rutil fazisd, kevésbé szabalyos
morfolégidju TiOz-ot eredményezett. A morfoldgiai szempontbdl legjobb tulajdonséagu
TiOz-ot hasznéltam fel arany és platina nanorészecskék (0,25 tomegszazalékban torténd)
levalasztasahoz. SEM és TEM mérésekkel igazoltam, hogy a morfologia a
nemesfémlevalasztast kovetden is valtozatlan maradt, tovabba, a nemesfém nanorészecskéek
egyenletesen oszlottak el a TiO2-HS-0k fellletén. Az (reges gomb morfoldgia, és a
nemesfémek jelenlétébdl adodd fotokatalitikus aktivitasndovekedést fenol ¢és oxalsav
modellszennyez6k bontasaval vizsgaltam UV és lathato fénnyel torténd gerjesztés esetén
egyarant, nemesfémet nem tartalmazd ureges, és tomor gdmb morfolégiaju referencia TiOo-
ok felhasznéalaséval. Az lrreges gdmb morfologia 166 és 135%-0s aktivitdsndvekedést
fénnyel torténd gerjesztés esetén. Ugyanezen referencia fotokatalitikus aktivitdsdhoz
hasonlitva az reges gémb morfologiaju nemesfémlevélasztassal eléallitott kompozitok
aktivitasat az értékek az arannyal modositott minta esetén 113 és 178%-nak adddtak fenol
és oxalsav modellszennyezOk esetén, illetve 276 és 178%-nak a platindval maodositott
mintadknal UV fénnyel torténd gerjesztés soran. Lathatd fénnyel térténd gerjesztés esetén az
arannyal modositott minta bizonyult a legjobbnak, mig UV-val torténé gerjesztéskor a
platindval maddositott Gireges TiO2 mutatta a legnagyobb fotokatalitikus aktivitast mind fenol,
mind oxalsav esetén. A fenol UV fénnyel térténé bontasa soran tapasztalt fotokatalitikus
aktivitasbeli sorrendet a mintdk hatékonyabb fénycsapdazd tulajdonsagaval hoztam
Osszefiiggésbe: a fotokatalitikus aktivitas abban a sorrendben ndvekedett, ahogy a mintak
gombatmérdinek nagyobb hanyada esett a gerjeszté fény hulldamhosszanak egész szamu
tobbszorosenek kozelébe, vagyis ahol a konstruktiv interferencia fellépése nagyobb

mértékben volt feltételezheto.
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10. Appendix

Appendix 1 IR spectra of carbon spheres purified with increasing amounts of acetone
(CS_1<CS_2 < CS_3, respectively) by membrane filtration.
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Appendix 2 Comparison of TiO2-CS composite and TiO2-HS via XRD (a), IR (b)

measurements, phenol degradation (c) under visible light irradiation and SEM micrographs
before (d) and after (e) calcination.
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Appendix 3 SEM micrographs of samples H2_CS_1-4 and H2_HS_1-4.
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Appendix 4 XRD diffractograms of H2_HS_5 TiOz before and after the 3 consecutive
phenol degradation tests (a) and SEM micrographs of H2_HS 5 before (b) and after (c) the
3 consecutive phenol degradation tests (H2_HS 5 re).
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Appendix

Appendix 5 Diameter size distributions of the TiO2-HSs.
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Appendix 6 Photocatalytic activity of the investigated photocatalysts under visible light
irradiation (t = 240 min).
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