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1. Introduction

It is a known fact that, without water, there is no life because this is the compound that is
the most common on Earth. Seventy-one percent of our planet is covered by water, of which
2.5% is fresh water, and the rest is saltwater (seas, oceans), while the human body contains
approximately 60% of water. A sad fact is that the amount of potable water of the Earth is
dropping drastically and is becoming more and more contaminated. A large number of
pesticides, detergents, phenols, oil, and oil derivatives, etc., can be found in our environment,
causing great damage.

Noting the severity of this global problem the next reasonable step was to look for solutions
that could solve the purification of the contaminated waters. This is important not only for the
current generation, but even more for the next one.

Besides traditional physical, chemical, and biological wastewater treatment technologies,
various alternative methods have been developed for water purification, and this circle is
expanding. This includes advanced oxidation processes (AOPSs), whereby undesirable
compounds are degraded via photolysis or generated reactive radicals (*OH radical) [1]. The
most common AOPs are based on ozone [2], hydrogen peroxide (Photo-Fenton reaction: light
+Fe?*+ hydrogen peroxide) [1], and on heterogeneous photocatalytic methods [3].

The essence of heterogeneous photocatalysis is that when a semiconductor is irradiated
with light of a proper wavelength, it could decompose the organic pollutant (via possible
intermediates/in several steps) into CO2 and H20. Moreover, this method is non-selective,
meaning that organic pollutants of any kind can be degraded [4].

In my Ph.D. dissertation | investigated TiO2 based ternary composites. The main idea was
to broaden the applicability spectrum of titania by forming composites with different materials,
such as with noble metal nanoparticles, copper nanoparticles, or with lanthanide doped NaY F4
in order to utilize upconverted light as well. During the experiments | had to recognize that
sometimes the theory does not match the practice, and so | tried to find link between the

properties of the composites and their photocatalytic activity.
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2. Literature review

2.1. Advanced oxidation processes

Advanced oxidation processes (AOPs) are used for the decomposition of organic pollutants
in air and water [5]. AOPs require the generation of free reactive radicals (hydroxyl radicals)
in sufficient amount to be efficient in water purification [6,7]. Hydroxyl radicals are one of the
strongest oxidizing agents: they are reactive, none-selective, thus capable of degrading organic
pollutants [8]. They are considered to be the most favorable among the powerful oxidants, as
they do not generate additional waste, they are not toxic, have a short lifetime and they are not
corrosive [2].

The following methods are used for hydroxyl radical generation: chemical, photochemical,
sonochemical or radiolysis-based methods (and combinations thereof) [9]. These free radicals
can react with the available organic molecules, breaking them down to fragments [10], until
the complete mineralization [11].

The advanced oxidation processes can be divided into four categories:

1. processes based on oxidizing agents (ozone, hydrogen peroxide)

2. methods based on radiolysis

3. ultraviolet or high energy vacuum ultraviolet (VUV) photolysis methods

4. heterogeneous photocatalytic process using illuminated semiconductor

nanoparticles.

Although the heterogeneous photocatalysis in terms of efficiency remains superior
compared to the other methods, it needs to be highlighted that in terms of environmental
impact and operating costs it comes inferior to the others.

This is the reason why | chose to study this latter topic in detail for my Ph.D.

dissertation.

2.2. Heterogeneous photocatalysis

Heterogeneous photocatalysis is one of the advanced oxidation processes, which might
provide a favorable alternative to solve one of the major problems of our time: the pollution
of our natural waters [12-14]. This process is based on the presence of a solid
semiconductor photocatalyst [15].

Semiconductors are materials that, depending on the circumstances, can act as both

conductors and insulators. Their band structure is illustrated in Figure 1. Within the
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electron band structure of semiconductors, the highest occupied molecular orbital is called
conduction band, while the lowest unoccupied molecular orbital is the valence band [16].
In the ground state the valence electrons are located in the valence band. The difference
between the two energy levels is the band gap, which indicates the energy level where
electrons cannot be present. If the semiconductor is excited with an energy source (UV/
visible/ near-infrared (NIR) light) greater than, or equal to the energy value of the band gap,
the electron in the valence band is excited and then promoted to the conduction band,
leaving a positively charged so-called "hole™ (h*) [17-19]. If this electron is not used in a
reaction, recombination takes place, during what heat is released and the electron is

returned to the valence band.

hv

Energy (eV) Reducti
eduction

F 3

Conduction band (CB) A+e— A

A
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I
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|
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Figure 1. Band structure of the semiconductors (*A =acceptors, D=donors).

The presence of electron donors (D) and acceptors (A) is necessary on the surface of the
excited semiconductor in order to start a series of chemical reactions, which lead to
mineralization. If TiO2 is used as an example for the excited semiconductor photocatalyst, these

reactions may proceed as follows:

TiO2 + hv — TiO2 (hve* + ecr’) (1)
hve®+H20 — *OH + H* (2)
hve*+ OH  — «OH (3)

11
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*OH + pollutant — H20 + CO2 4)
ece” + O2 — O2™ (5)
02" + H" — «OOH (6)
O2" + pollutant — H20 + CO2 (7)
*OOH + pollutant — H20 + CO:2 (8)

In the first step TiO2 is excited, where charge carriers are generated (1), which can migrate
to the surface and initiate redox reactions with adsorbates [20].

The positive holes can oxidize OH- or H20 to *OH (2), (3).

Then the hydroxyl radicals can oxidize the organic pollutants, transforming them to H20,
CO:2 and other inorganic compounds (4).

On the other side the electrons in the conduction band can be easily trapped by molecular
oxygen adsorbed on TiOz, which can be reduced to superoxide radical anion (O2™) (5).

The superoxide radical anion can further react with H* to generate hydroperoxyl radical
(*OOH) (6).

These reactive oxygen species play an important role in the oxidative processes, which lead
to the degradation of the pollutants (7) (8).

2.3. About the acclaimed titanium dioxide

Titanium is the ninth most common element in the Earth’s crust, and interacts with
oxygen to form titanium oxides, commonly found in ores, indigenous dusts, sands and soils
[21].

As shown in Figure 2., titanium dioxide generally appears in three crystalline
structures: rutile, anatase and brookite [22]. Rutile and anatase have tetragonal, while
brookite has orthorhombic crystal system [23]. Among these, rutile is the stable form,
anatase and brookite being metastable, which easily transform to rutile upon heating [24].
That is the reason why rutile is the most commonly used in the industry. The band gap

energy of rutile is known to be 3 eV, of anatase 3.2 eV, while of brookite 3.0-3.6 eV [25].

12
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(a) (b) (c)
Figure 2. The crystal structure of TiOz2: (a) rutile, (b) anatase and (c) brookite. This figure
was taken from ref. [26], p. 892.

TiO2 can be found in all kind of paints, printing inks, plastics, different type of papers,
synthetic fibers, rubber, condensers, paint pigments, crayons, and in ceramics as whitening
agents [27]. Titanium dioxide nanoparticles are used in food industry (E171), although starting
from July 2022 the European Commission has banned the use of TiO2 in food additives because
it is considered to be no longer safe. Titanium dioxide is also utilized in the processing and in
the packing of food [28]. Titania can often be found in different cosmetic products, such as
toothpaste, sunscreen, etc. [29] and it is often used as an important component in self-cleaning
tiles, windows [30]. Among the many applications of TiO2 what is currently the most
interesting — at least for my dissertation — is heterogeneous photocatalysis.

It started back in 1972, when Fujishima and Honda used TiO2 for hydrogen production,
using UV light [31]. After this, plenty of studies appeared in the field of photocatalysis [32—
35]. After almost 50 years, TiOz2 is still the most studied photocatalyst, because it is rather
cheap, not toxic for the environment, and can produce extremely oxidizing holes [36].

For photocatalytic purposes mainly rutile and anatase TiO2 was used. The anatase TiO2
crystals consist the thermodynamically stable {101} facets, rather than the much more reactive
{001} facets [37]. However, the production of high-quality single crystal anatase titania with
large number of the reactive facets holds difficulties [38]. In addition to this, anatase has a
higher density of active sites [39]. Moreover, the concentration of oxygen vacancies on anatase
is higher than on rutile, which means the charge separation efficiency is increased also [40].
The larger band gap of anatase results in a bit higher redox capability than rutile [39]. Thanks

to the above-mentioned favorable properties anatase is generally more active than rutile. In
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order to improve the photocatalytic activity, attempts were made to form TiO2 heterojunction
between its crystalline structures. The best known anatase/rutile containing material is P25
(previously manufactured by Degussa but now made by Evonik Industries), which is often used
as a reference catalyst [41]. This material is made up of 89 wt% anatase and 11 wt% rutile and
it is obtained via flame pyrolysis [42].

The major drawback of titanium dioxide is that it can be excited only by UV light [43].
Therefore, attempts were made in order to extend the excitation spectrum of TiO2 [44]. It is
well known that the photocatalytic activity can be increased if different (noble) metals are
deposited on the surface of semiconductors, such as Ag [45-47], Au [48-50], Pd [51-53], Pt
[54-56], Cu [57,58]. Composites were formed with non-metallic elements: S [59,60], N
[61,62] or nanocarbons, or with semiconductors of narrower band gap [63]. The conclusions
are interesting from the point of view of composition of the composites. It was found that, the
best photocatalytic activity was achieved when less than 5 wt.% of noble metal was present on
the semiconductors’ surface [64,65]. When Au and Ag metals were used for the preparation of
ternary composites the ratio of them is also important: 1:3 [66] or 1:4 [67] metal ratio was used.
Even if there are still some controversies about the enhancement mechanism, is widely agreed
that noble metal particles on the surface of the semiconductor oxide can act as electron-traps,
storing and shuttling photogenerated electrons, facilitating the charge carrier separation and
reducing the recombination rate [68]. It was also proved that the use of bimetal nanoparticles
could lead to enhanced activity as well. Some earlier experiments were already published
concerning this subject and there it was shown that 0.3-1.0 wt% Pt and 1.0-2.0 wt% Au were
beneficial to the activity [69].

During my experiments for my dissertation the two investigated noble metals were gold
and platinum. These two can be also used in alloy systems as suggested above and were tested
in various applications. The alloys made of Au and Pt were used as electrocatalyst for the
oxidation of formic acid and the results showed that the composition of the alloy also
influenced the electrocatalytic activity. The suggested composition of the alloy was the 35 wt%
Pt and 65 wt% Au [70]. Au/Pt nanoparticles were also immobilized to polytyramine for the
DNA hybridization detection [71], while another study presents Au-Ag alloys as plasmonic
photocatalysts that exhibit better activity towards stearic acid degradation then TiO2 [72]. Pd
and Pt alloys were deposited on TiO2, and the photocatalytic activity was evaluated for methyl
orange decomposition. The small particle size and small amount of the nanoparticles on high
surface area TiO2 enhanced the photocatalytic activity [73]. For phenol degradation the best
activity was achieved when 0.5 wt% Pt - 0.5 wt% Pd was deposited on TiO2 [74]. Platinum

14
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was also used as cocatalyst in a system made of titania and Sn and it was proved that it not only
helps the prevention of the charge recombination, but it is present also as a catalytic active site
[75].

In the other part of my dissertation, with the purpose of achieving cheaper
photocatalysts | used copper nanoparticles beside titanium-dioxide. Copper nanoparticles
possess many intriguing properties which provide them many applications, such as
antibacterial, antifungal, and antiviral applications [76-78]. A great deal of work can be found
concerning the application of copper nanoparticles in electrochemistry [79,80] and
electroanalysis [81]. Interesting applications, such as the enhancement of thermal conductivity
of ethylene glycol, can also be found [82]. Among the publications, several show the
application of copper nanoparticles in the field of catalysis [83—85]. Forming composites with
TiO2, Cu nanoparticles proved to be good as photocatalysts, too. Many publications can be
found on the deposition of Cu nanoparticles on TiOz2. It was shown that depositing 1-10% Cu
on titania issued in beneficial effect on the decomposition of acetic acid into biogas and
hydrogen [86], on the degradation of methyl orange [87], CO2 photoreduction [88], aqueous
hexavalent chromium [89], or humic acid degradation [90]. In another study, 2.5 wt.% Cu
doped TiO2 composites showed a higher reaction ability than P25 [91]. Researchers proved
that, if copper nanoparticles are present in a higher amount, CuO crystallization can take place
[92].

2.4. Overview of the UV-, visible- and near-infrared light active

photocatalysts

If one types the word ‘photocatalysis’ in Google© there are almost 4 million results, so
it can be safely said that this is an increasingly researched area, especially in the past 15 years,

which is illustrated in Figure 3. as well.
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Figure 3. Comparing the number of publications in the past 15 years: it is clear that more and
more published papers appear every year studying photocatalysis (information acquired using
the Web of Science Core Collection, April, 2021, search parameters: TOPIC: (Photocata*)
Timespan: 2005-2020.)

It is worth mentioning that there is photocatalysis in UV light beyond titania. ZnO was
successfully used in photocatalysis as a substitute for titanium-dioxide [93-95]. Another
prosperous candidate is ZrO2 [95-97]. Reduced graphene oxide (rGO) with its zero band gap
and fast internal electron transport is a newly trending co-photocatalyst [98]. It has been used
along with NaTaOs [99], ZnO [100,101], V205 [102].

As the UV light is only ~5% of the sunlight, it was reasonable to broaden the set of
photocatalysts in order to achieve more, which are active in higher wavelengths as well. One
of the most popular visible light driven photocatalysts is CdS [103], however the
photogenerated electron-hole pairs have high recombination rate [98]. Therefore composites
were formed with Ni nanosheets [104], MoS2 [105], ZnO [106], graphene [107], etc.. There is
a series of oxides, which proved to be suitable for visible light photocatalysis, such as: WO3
[108], CuO [109], Ag20 [110], Bi2WOs [111] or BiVO4 [112]. Before moving on to the next
thought it is essential mentioning the carbon-based materials, which also proved to be efficient:

carbon quantum dots [113], carbon nanodots [114], graphitic carbon nitride [115], carbon
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nanotubes [116], graphene [117]. Carbon nanospheres have also been successfully used as
template [118-122].

The third light-range for photocatalysis is the near-infrared (NIR) light. This area is not
as well-studied, as the previous two, it still has some challenges for the researchers [44]. It has
to be highlighted that most photocatalysts do not have activity in NIR light, although the
structure of composites allows to absorb the NIR light, convert it to shorter wavelengths and
use that for photocatalysis [123]. For this upconversion process lanthanides and lanthanide
fluorides are the most fitting, because the setup of their energy levels [124], NaYF4 being the
most commonly used one [125].

Many oxides have been used beside the upconverting materials for photocatalysis.
Among these TiOz is the most studied candidate. The core-shell approach is widely used, as
this formation of composites promotes the process of upconversion photocatalysis. If the
upconverting material is the core then it is protected from surface quenching and the energy
transfer could be increased [126]. The photocatalytic activity of TiO2 was improved via
forming core-shell composites with NaYF4:Yb, Tm and CdS quantum dots [127]. The CdS
quantum dots were deposited on the surface of TiO2 shell, while NaYF4:Yb, Tm was the core.
The photocatalytic activity was investigated in white light, visible and near-infrared light:
under any irradiation the composite had better activity than the pure TiO2, what can be
contributed to the fact that the quantum dots can extend the absorption region of TiO2 and the
upconversion effect of NaYFa:Yb, Tm. Double core-shell structures were also prepared. First
a core-shell structure was prepared as follows: NaYF4:Yb3*, Tm3* was prepared as the core,
then NaYF4:Yb%*, Nd3* was deposited as a shell covering it, and lastly TiO2 became the second
shell of this core-shell structure [128]. This system may seem complicated at first but has 4.4
times as high degradation rate constant of rhodamine B under 980 nm laser irradiation than
NaYF4:Yb%, Tm®-TiO2. Another way to the double core-shell structure is a double-shell
formation of composites. B-NaYFa4:Yb*", Tm3*/Er®* nanocrystals were the core, SiO2 as a mid-
shell and TiO: as the outer shell [129]. These structures were applied in the photocatalytic
degradation of rhodamine B. B-NaYFa:Yb*", Tm3" or B-NaYFa:Yb3*Er®* based catalysts had
similar activity in NIR light, both of them decomposed all of the pollutant, by contrast those
materials which did not contain these upconverting materials showed no photocatalytic activity
under NIR light at all.

Among the noble metal nanoparticles Au had been studied the most for upconversion
photocatalysis. This, beside increasing the lifetime of electron-hole pairs is due to the surface

plasmon resonance (SPR) exhibited by gold nanoparticles [130]. This SPR-induced hot
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electrons can be directly induced from gold nanoparticles to the conduction band of a
semiconductor [131]. Using this information researchers attempted to achieve composites by
combining SPR and upconversion effects. One study presents the design of a composite
containing TiO2, upconverting Yb** and Er®* doped NaYF4 and plasmonic gold nanoparticles
[132]. Results showed that by employing SPR and upconversion effects together the solar light
utilization can be improved. Rare earth vanadates and gold nanoparticle composites had been
studied as well. Au nanoparticles were deposited onto NdVOs4, which resulted great
photocatalytic activity for the degradation of methyl orange under solar light [133]. GdVO4:Eu
and Au core-shell nanoparticles were synthetized [134]. It was found that these materials had
high specific surface area and they integrate SPR and fluorescence which suggests that it may
be potential in photocatalytic applications.

In Figure 4. a comparison of the published papers concerning photocatalysis in visible
and near-infrared light in the past 10 years can be seen. The reason why the UV photocatalysis
IS not presented in the chart is that there are far more publications on this topic. If all three
sections would be presented on one diagram, then it would be harder to interpret, since the
numbers for UV overshadow the others. In Figure 4. the number of the published articles from
2010 to 2020 about near-infrared photocatalysis is presented in the inner circle, while in the
external are the ones about visible light. It can be seen that the visible light-driven
photocatalysis is still much more researched then the NIR. This gave the motivation to
complement my study with photocatalysis under NIR light as well and upconversion

luminescence materials.
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Figure 4. Comparing the published papers concerning photocatalysis in visible and near-
infrared light in the past 10 years. (information acquired using the Web of Science Core
Collection, April, 2021, search parameters: TOPIC: (Photocatal*) AND TOPIC: (visible)
Timespan: 2010-2020. and TOPIC: (Photocatal*) AND TOPIC: (Near-infrared) Timespan:
2010-2020.

2.5. Photocatalysis in near-infrared light

As mentioned beforehand, photocatalysis is an increasingly researched are. However, the
most studied light-ranges are the UV and visible. A new approach to utilize more of the sunlight
is developing composite-systems, which show photocatalytic activity in near-infrared light,
which makes up ~44% of the sunlight [135].

Since most of the photocatalysts do not have photocatalytic activity in near-infrared light,
this is an indirect realization of photocatalysis [98]. During the process, the NIR light is
converted to UV or visible light, which is then utilized for the degradation [136]. The
upconversion process takes place as described in section 2.6.1. The presence of a UV or visible
light active photocatalyst is essential beside the upconverting nanoparticle, because the actual
photocatalysis will be performed by them [124]. The schematic illustration of the mechanism

of NIR photocatalysis is presented in Figure 5. In brief, the upconverting nanoparticle converts
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the NIR light to UV or visible light. The photocatalyst uses this upconverted light to oxidize
organic pollutants [137].

Reduction

Conduction band e
'y

Oxidation

Band gap

Upconverting Reduction

nanoparticle

UV/Vis photocatalyst Valence band

Oxidation

Figure 5. Mechanism of the near-infrared photocatalysis based on upconverting nanoparticle

and UV or visible light active photocatalyst (*ET = energy transfer).

2.6. General summary of upconversion luminescence materials

Luminescence occurs when an atom or molecule emits radiation, after absorbing photons,
radiation, chemical or biochemical reactions [138]. This phenomenon is provoked by the
movement of the electrons within the material from higher energy levels to lower ones,
resulting the emission of light without giving off heat. The two main types of luminescence
are: fluorescence and phosphorescence. The difference between these two is the delay between
the absorption and emission of light. In case of fluorescence the endurance of the light emission
is relatively short, 106-10-® s, while for phosphorescence is 10-° s and longer (sometimes even
minutes, hours) [139]. Stokes law states that emitted light is always of longer wavelength than
the absorbed one [140]. The photoluminescent materials generally follow this. In some cases,
the emitted photon has higher energy than the absorbed one, this happens to be the anti-Stokes
shift, which appears in three ways: simultaneous two-photon absorption (STPA), second-
harmonic generation (SHG), and upconversion [141]. Among these the upconversion will be

discussed in detail.
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2.6.1. The categories of the rare earth ions in the upconverting

process

A typical upconversion material consists of two components: an inorganic host matrix and
doping ions [142]. Most of these materials include trivalent rare earth ions (Pr3*, Nd3*, Er3*,
Tm3*, Yb®"), which act as active components [143]. The reason why these ions play such
important role is due to their relevant electronic states in their inner 4f shell [144]. The outer
5s and 6p shells participate in the bonding, however the f states are insensitive to the nature of
the host lattice, resulting a great number of excited f states. These states lead to upconversion,
as their lifetime is long enough to be part of the process. Generally, inorganic crystals do not
show upconversion luminescence at room temperature [145]. Accordingly, lanthanide dopants
are added in low concentration to the host lattice, in the role of localized luminescence centers
[146]. After excitation, the dopant ion radiates to a higher energetic state, which is the result of
the non-radiative transfer of the energy from another dopant ion. The activator is the ion that
emits the radiation, while the donator of the energy is the sensitizer [147].

Activators: The upconversion process requires multiple metastable levels, that is why
the lanthanides are used most of the times [148]. The lanthanides, from lanthanum to lutetium,
fill up the 4f shell and their most stable oxidation state is as trivalent ions (Ln**). Most of
lanthanide ions have more than one excited 4f energy level, except La%*, Ce®*, Yb®* and Lu®*.
Hypothetically, all lanthanides could be used for upconversion, yet for efficient upconversion
process there is one more condition. The energy difference between each excited level and its
lower-lying intermediate level (ground level) shall be close enough to promote photon
absorption and energy transfer. The most frequently used activators are Er**, Tm3* and Ho®*,
because of their ladder-like arranged energy levels [149].

Sensitizers: The concentration of the doping ion is crucial. Operating with high doping
level may cause the quenching of excitation energy [150]. Therefore, the concentration of the
activator has to be low and precisely adjusted. Nevertheless, if the doping level is too low, the
absorption of the pump light is also low, which results in low emission luminescence
efficiency. Thus, sensitizers are essential because they are strongly absorbing and provide
efficient energy transfer to the activator. Yb3* is the most widely used sensitizer for Er®* and
Tms3*. Yb%* has a very simple energy level structure, with only one 4f level. The separation
energy between the ground and excited states of Yb3* corresponds to the transient states of

Er3*, this promotes the efficient energy transfer between the two ions [147].
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Host materials: Choosing the host material is just as important step as choosing the
dopant ions. The lattice of the host material determinates the distance between the dopant ions,
their relative spatial position, coordination numbers, and the type of anions surrounding the
dopant [151]. The two most important properties of the host material are: low phonon energy
and small lattice mismatch to the dopant ions [152]. Heavy halides, like chlorides, bromides,
and iodides show low phonon energies, but they are hygroscopic and of limited use [153].
Oxides have high chemical stability, but their phonon energies are relatively high. By contrast,
fluorides show low phonon energies and high chemical stability, that is why they are the most
frequently used as host materials for upconversion [154]. Among these the most widely used

are Na* and Ca?* fluorides, particularly, NaYFa appears to be the most efficient one [155].

®Y©OnNa/YC F
Figure 6. Single cell of cubic polymorph (a) and supercell of hexagonal polymorph of
NaYFa. This figure was taken from ref. [156], p. 5081.

NaYF4 is widely used in various application fields, like flat panel displays[157], sensing
[158], solar-energy harvesting [159], biological sensing [160] or as fluorescent probes for
biomedical imaging [161]. NaYF4 has two phases: hexagonal and cubic (Figure 6.), however
for the optical application the hexagonal phase is the superior one [162]. This can be explained

by the fact that in hexagonal phase are less nonharmonic phonon modes [163].

2.6.2. Energy transfer mechanism of the upconversion materials

Typically, upconversion is a nonlinear optical process, when two or more photons are
absorbed in a row, which results in real intermediate energy states and luminescence is emitted
with a wavelength shorter than the absorbed light, therefore it can be considered as an anti-
Stokes mechanism [125]. There are five main upconversion mechanisms, which are presented
in Figure 7.: excited-state absorption (ESA), energy transfer upconversion (ETU), cooperative

sensitization upconversion (CSU), cross-relaxation (CR) and photon avalanche (PA).
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Figure 7. The possible mechanisms of the upconversion processes, from left to right: excited-
state absorption (ESA), energy transfer upconversion (ETU), cooperative sensitization
upconversion (CSU), cross-relaxation (CR) and photon avalanche (PA). The red, violet, and
green lines represent photon excitation, energy transfer, and emission processes. This figure

was revised from ref. [152], p. 5.

Excited-state absorption (ESA): the sequential absorption of pump photons by a single
ground-state ion. In Figure 7. a three-level system is presented, where the ion is excited from
ground state (G) to E1 level. During this another pump photon has the possibility to promote
the ion from E1 level to the higher-lying E2 level. This results the upconversion, before it sets
back to the ground state [164]. Therefore, the upconversion will take place from the E2 level.
Highly adequate ESA occurs when the lanthanide ion has a ladder-like arrangement of the
energy states. Only a few lanthanide ions, like Er3*, Ho®**, Tm®" and Nd®* have such energy
level structures [165].

Energy transfer upconversion (ETU): very similar to ESA, as they both operate with
sequential absorption of two photons. The difference between them is, that ETU process
requires two neighboring ions: lonl as a sensitizer, while lon2 as an activator (Figure 7.). As
itis illustrated in Figure 7., the sensitizer ion absorbs the pump photons, which excites it from
the ground state to the metastable E1 energy level. lonl successively transfers this harvested
energy to the ground state and to the excited state E1 level of lon2, exciting lon2 to its upper
emitting state E2, whilst the sensitizer ion relaxes back again to the ground state [166]. The
efficiency of ETU process strongly depends on the concentration of the sensitizer and activator
ions, as it determinates the average distance between the neighboring ions.

Cooperative sensitization upconversion (CSU): involves the presence of three ion
centers. As shown in Figure 7. lonl and lon3 act as sensitizers: after absorbing pump photons,
they both are excited to the excited state E1. Both lonl and lon3 will interact with lon2
(activator) and will excite it to the higher state E1 by transferring the absorbed energy
simultaneously and cooperatively. The excited lon2 can emit the upconverted photon by
relaxing back to the ground state [125]. Although CSU has lower efficiency then ESA or ETU,
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it provides opportunity to gain high-resolution imagining, which is not possible from any other
upconverting process.

Cross-relaxation (CR): energy transfer process between two ions. This occurs from ion-
ion interaction, where lonl transfers a part of its absorbed energy to lon2. The process is shown
is Figure 7 and it can be described as follows: E2 (Ionl) + G (Ion2) — E1 (Ionl) + E1 (Ion2).
In this process lonl and lon2 can either be the same or different, and lon2 in some cases can
be in excited form. The CR efficiency depends on the dopant concentration. This process is
responsible for ‘concentration quenching mechanism’ of emission, however it can be used for
tuning emission color of upconversion materials, as well as for composing efficient photon
avalanche mechanism [164].

Photon avalanche (PA): requires a certain threshold of excitation power. If the pump
intensity is below the threshold upconversion luminescence barely appears, while if it is above
it, then stronger upconverted luminescence occurs. PA process is a circle, including ESA for
excitation light and CR that produces feedback. The process starts with the population of the
E1 level of lon2 by non-resonant weak ground-state absorption, which is followed by the ESA
process populating the emitting E2 level. After this comes a CR process: E2 (lon2) + G (lonl)
— EIl (Ion2) + El (Ionl), both ions occupy the intermediate level E1. The two ions easily
populate level E2, to launch cross-relaxation and increase the E2 level population by ESA,

which produces upconversion emission [167].
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3. Objectives of the thesis

After finishing my B.Sc. and M.Sc. programs at the Babes-Bolyai University | started my
Ph.D. studies at the Doctoral School of Environmental Sciences in the Department of Applied
and Environmental Chemistry.

If I had to sum up my objectives for my doctoral studies in a few words that would be: to
improve the photocatalytic activity of TiO2. Of course, if this were so easy, | would stop
right here, but I’'m not going to, since my aims include multiple steps and methods, which |
would like to present in the next few lines.

For the first, crucial step of my research, as a preliminary study | am going to prepare
binary composites by the simultaneous deposition of gold and platinum nanoparticles on
three different commercial titania photocatalysts: Evonik Aeroxide P25, Aldrich rutile, and
Aldrich anatase. | intend to use two synthesis strategies: in situ and impregnation. As for the
noble metal deposition routes also two reduction approaches were proposed: two sequential
(Au/Pt, Pt/Au) and one simultaneous (Au&Pt).

After processing the first round of results | am going to select the samples that most
efficiently decompose oxalic acid or samples that produce the most hydrogen. For the sake of
further fine-tuning, from each series of composites - made with the best in situ and
impregnation — I am going to change the composition. | plan to modify the initial ratio between
the two noble metals (0.5-0.5%) to 0.25% - 0.75% and 0.75% - 0.25%, respectively.

With the aim of searching for a cheaper method of preparing composites with TiOz2. |
plan to deposit copper nanoparticles on two of the previously mentioned commercial titanias:
Evonik Aeroxide P25 and Aldrich anatase.

Considering the part presented so far complete, | got a new idea of how to improve the
photocatalytic activity of titania even further. My new target was to obtain composites with
anatase TiO2, gold nanoparticles and Yb® Er®* and Tm3* doped NaYFs. Theoretically, TiO2
and gold nanoparticles can utilize the upconverted light, derived from the lanthanide doped
NaYFas.

The morphological and structural properties of the prepared materials will be
studied/investigated by using XRD, SEM, EDAX, TEM, HRTEM, BET method, DLS, DRS and
photoluminescence measurements. The evaluation of the photocatalytic performances of the
composites will be carried out under UV, visible and NIR irradiation, through degradation of
oxalic acid, salicylic acid, rhodamine B, methyl orange, ketoprofen or through photocatalytic

hydrogen production.
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4. Experimental part

4.1. Materials

During the experiments, the following materials were used without further purification:
Evonik Aeroxide P25 (89 wt. % anatase, 11 wt. % rutile; 99.5% trace metal basis, with a surface
area of 56 m?-g1), Aldrich anatase (99.7 % trace metal basis, with a surface area of 45 m?-g?)
and Aldrich rutile (99.995% trace metals basis, with a surface area of 50 m?-g*) — will be
henceforward denoted as P25, AA and AR, respectively. The AA and AR nanopowders were
purchased from Sigma-Aldrich, the P25 from Evonik Aeroxide. For the synthesis of TiO2 the
following materials were used: isopropanol (CsHsO, 100%, VWR); diethylenetriamine
(DETA, CsH13Ns, Sigma-Aldrich); titanium isopropoxide (97%, Ti[OCH(CHs)z]4, Aldrich)
and ethanol (C2HsOH, VWR).

The gold precursor was HAuCl4-4H20 (99.99 %; trace metal basis, Sigma-Aldrich) and it
was used as a 12.7 mmol- L aqueous solution, the platinum precursor was H2PtCls-6H20 (37.5
% Pt basis; Merck) and it was used as a 11.87 mmol-L™* solution, while the copper precursor
was CuClz (>99.995% trace metals basis; Sigma-Aldrich) and it was used in a 0.3 mmol-L™*
aqueous solution. Trisodium citrate (NasCsHsO(COQ)s) (99.99 % purity; Alfa-Aesar) was used
as a solution of 0.063 mmol-L for the stabilization of the (noble) metal particles’ size because
of its inhibitory role in aggregation. During the preparation, the sodium borohydride solution
acted as a reducing agent. For the reduction of the (noble) metal precursors, sodium
borohydride (NaBHas; 96 % purity; acquired from Merck) was used as a solution of
0.15 mol-L L.

For the lanthanide doped NaYF4 (NYF) the following materials were used: Y(NOs)s (0.5
mol-L1), Yb(NOs)s (0.5 mol-L*), Er(NOz3)3 (0.01 mol-L*), and Tm(NOs)z (0.01 mol-L*)
stock solutions (all purchased from Alfa Aesar, 99.9%); NaF (Fluka AG); urea (CH4N20,
99.4% Molar); trisodium citrate (NasCsHsO(COO)s, 99.99% purity; Alfa-Aesar) as 0.5
mmol-L* aqueous solution.

During the assessment of the photocatalytic activity and the hydrogen production capacity,
high purity oxalic acid (99.99 %, Spektrum 3D) was used as 5 and 50 mmol-L! solution,
rhodamine B (99.9%, Reanal) was used as a 10 pmol-L-* stock solution, methyl orange (99.9%,
Alfa Aesar) was used as a 125 pmol-L* stock solution and ketoprofen (>98%, Sigma-Aldrich)
was used as a 100 umol-L* stock solution.
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4.2. Synthesis of the titania-based composites

4.2.1. With noble metal nanoparticles (binary composites)

As it is essential for every research procedure to have a preliminary study, binary
composites were prepared. Gold and platinum nanoparticles were simultaneously deposited on
the three different commercial titanias: Aldrich anatase, Aldrich rutile and Evonik Aeroxide
P25. The synthesis strategies applied are presented below.

For the two noble metal nanoparticle and titania containing composites the following
synthesis strategies were proposed: in situ reduction and impregnation [168]. In all cases the
total noble metal content was 1 wt. % In the case of in situ reduction titanium dioxide (P25,
AA or AR) was added before the synthesis of the noble metals, while in the case of
impregnation titania was added after the synthesis of the Au and Pt. The schematic diagram of
the two synthesis approaches is illustrated in Figure 8.

As already stated before, the composites consisted of 99 wt. % TiO2 and 1 wt. % noble
metals:

e 0.5%Auand0.5% Pt
e 1% Auand 0 % Pt — reference sample
e 0% Auand 1 % Pt. — reference sample

When 0.5 % Au and 0.5 % Pt was targeted, three reduction approaches were used: two
sequential and one simultaneous approach.

During the sequential method 53.5 mL distilled water was introduced in a beaker, then
7.75 mL trisodium citrate solution was added, followed by the addition of one of the noble
metals’ (I mL gold or 1.07 mL platinum) precursor. After homogenization, 1.23 mL freshly
prepared sodium borohydride solution (5 °C, in cold water) was added to reduce the noble
metal precursor. In the next step the reaction mixture was further homogenized at room
temperature to achieve the full decomposition of the remaining NaBHa4. After that the precursor
of the other noble metal was added, it was followed by a second addition of NaBH4 (also 1.23
mL) solution. The homogenization step was repeated once more and finally the suspension was
purified by centrifugal washing using ultrapure Milli-Q water (3 x 15 min; 6000 rpm), then
dried (12 h; 40 °C). The simultaneous reduction method was similar to the sequential one. The
main difference was that the two noble metal precursors were added and reduced at the same

time.
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Figure 8. The synthesis and purification of TiO2-Au and/or Pt nanocomposites by the means

of chemical reduction using in situ and impregnation as possible pathways of the reaction.

The nomenclature of the samples was defined as follows: the abbreviation of the titania
photocatalyst + ” is” for the samples obtained by in situ reduction, or “ im” for the samples
made with impregnation. This was completed with: “Au/Pt” when Au was reduced before Pt;
“Pt/Au” when Pt was reduced before Au; or “Au&Pt” when both noble metals were obtained
simultaneously. A relevant example is the case of AA_im_Au/Pt which was obtained from
Aldrich anatase (AA), Au then Pt was reduced (Au/Pt) using the impregnation method (im).

Table 1. summarizes the prepared composites.

Table 1. The as produced commercially available titania based and noble metal nanoparticle

composites.
Synthesis strategy
Base catalyst i i
_im _is
P25 Au/Pt Pt/Au Au&Pt Au/Pt Pt/Au Au&Pt  Au Pt
AA Au/Pt Pt/Au Au&Pt Au/Pt Pt/Au Au&Pt  Au Pt
AR Au/Pt Pt/Au Au&Pt Au/Pt Pt/Au Au&Pt  Au Pt
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4.2.2. With copper nanoparticles

During my studies | often got asked is it worth using the expensive noble metal
nanoparticles? Isn’t there a cheaper way to enhance the photocatalytic activity of titania? The
answer is yes, so | completed a side study of the deposition of Cu nanoparticles on two of the
previously used commercial titanias: P25 and AA. As for the synthesis, the same route was
used as for the binary composites (presented in Figure 8.): in situ reduction was used and the
copper nanoparticles were obtained from CuClo.

In order to investigate the effect of the Cu nanoparticles on the commercial titania, the
mass content of copper was varied; therefore, five different samples were prepared for both
base catalysts, with: 0.5%, 1%, 1.5%, 5%, and 10% copper. The nomenclature of the samples
was hereby defined: the abbreviation of the base catalyst (P25 or AA) + the number of the
percentage of the copper nanoparticles + Cu. For example: P25-0.5Cu is when P25 was the
base catalyst and 0.5% Cu was reduced on it, or AA-1Cu is when AA was the base and 1% Cu

was used.

4.2.3. With NaYF4 and Au nanoparticles (ternary composites)

Considering the last part about the binary composites complete, the next intent was to
further improve the photocatalytic activity of TiO2 by preparing ternary composites. The other
two components were Au nanoparticles and Yb3*, Eb®* and Tm3* doped NaY Fa. The synthesis
methods are presented below.

The Yb?*, Eb®* and Tm3* doped NaYFs samples were prepared by adding 1.488 mL
Y(NOs3)3 (0.5 M), 0.5 mL Yb(NOs3)3 (0.5 M), 0.1 mL Er(NOz)3, 0.5 mL Tm(NOs)s stock
solutions to 15 mL of 0.5 mM trisodium-citrate. After stirring for 1 hour, 4 mmol of NaF and
20 mmol of urea were added and stirred again for 1 hour with a magnetic stirrer. The sample
was then placed in a Teflon® lined autoclave for 12 hours at 180 °C. As the autoclave cooled
to room temperature, the sample was separated and washed by centrifugation (5x5 minutes,
4400 rpm), 3 times with 40 mL ethanol and 2 times with 40 mL distilled water. Finally, the
sample was dried for 12 hours at 40 °C in an oven.

The next step was the synthesis of lanthanide doped NaY F4-TiO2 composites. 0.05 g
of the previously prepared NaYF4 was dispersed in 42 mL of isopropanol and then 0.04 mL of
diethylenetriamine (DETA) was added. After stirring for 10 minutes, 2 mL of 97% titanium

isopropoxide was added. After mixing, the sample was hydrothermally treated for 24 hours at

29



Boglarka Hampel Ph.D. Dissertation

200 °C in a Teflon® lined autoclave. The as-formed composite was separated and washed by
centrifugation using 40 mL ethanol (3x5 minutes, 4400 rpm). Then it was dried in an oven at
40 °C for 12 hours [44]. In certain cases, calcination was carried out at 350 °C for 2 hours at a
heating rate of 5 °C/min.

The TiO2 reference sample was synthesized by carrying out the same steps, just without
adding NaYF: to the system.

For the synthesis of Au-containing composites the same pathway was used as
described in section 4.2.1. In all cases the in situ reduction was used and the Au content was 1
wt.%, which was based on the fact that in the literature the 1-2 % Au content proved to be the
most beneficial to improve the photocatalytic activity [69]. During the synthesis only the
reduction of Au took place, because it is not possible to reduce the Ti in TiOz, because this
process needs extremely high temperature and inert atmosphere [169].

The nomenclature of the samples was defined as follows: lanthanide-doped NaY F4 was
abbreviated as NYF. If the TiO2 or the NYF-TiO2 composite was calcinated it is marked with
¢ calc’. The order of the components indicates the order of the synthesis (for example: NYF-
TiO2_calc means that the NYF was synthesized firstly, then a composite was formed with TiO2,
then finally it was calcined). Consistently, if -Au appears at the end of a sample name that

means that gold nanoparticles are present too. Table 2. summarizes the prepared composites.

Table 2. The as produced TiO2, NYF and Au nanoparticle composites.

Base catalyst Not calcinated Calcinated
TiO; no Au Au no Au Au
NYF-TiO; no Au Au no Au Au

4.3. Methods and instrumentation

The crystalline phase compositions and mean primary crystallite sizes of the photocatalysts
were determined by X-ray diffraction (XRD) with a Rigaku diffractometer using Cu-Ka
radiation (L = 1.5406 A) equipped with a graphite monochromator. The primary crystallite size
of the prepared semiconductors was evaluated using the well-known Scherrer equation [170].

The morphological properties were investigated by transmission electron microscopy
(TEM). TEM micrographs were obtained using a FEI Tecnai G2 20 X-Twin HRTEM

instrument to determine the composition of the samples. HRTEM micrographs were obtained
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JEOL 2100 FEG S/TEM microscope equipped with a spherical aberration probe corrector and
a GATAN Tridiem energy filter operating at 200 k'V.

During the scanning electron microscopy (SEM) measurements a Hitachi S-4700
Type Il FE-SEM was used to determine the average particle size and morphology of the
samples. The applied acceleration voltage was 10.0 kV.

The BET isotherm was used to calculate the specific surface areas of the composite
samples, for which a BELCAT-A device was used to record the isotherms at 77 K via N2
adsorption.

In the case of diffuse reflectance spectroscopy (DRS) the light absorption properties of
the solid samples were measured. The spectra of the samples (A = 300-800 nm) were registered
by using a JASCO-V650 spectrophotometer with an integration sphere (ILV-724). The indirect
band gap of the photocatalysts was determined via the Kubelka-Munk method [171]. The (10)

equation was used to calculate the band gap energies from the reflectance.

Tr KB = /hvﬂ (10)
2R

UV-Vis measurements were performed using a JASCO-V650 spectrophotometer, using
distilled water as reference.

HPLC measurements was performed on a Merck Hitachi device fitted with an L-4250 UV-
VIS detector (Merck KGaA, Darmstadt, Germany) and a GROM Resin ZH 8 pum column.

GC measurements were carried out on a Hewlett Packard 5890 gas chromatograph fitted

with a 5A molecular sieve column and a thermal conductivity detector.

4.4. Evaluation of the photocatalytic activity

Photocatalytic activities of the composites were determined by the decomposition of
rhodamine B solution under UV- (Amax=365 nm), visible- (A>400 nm) and near-infrared light
(A>850 nm) irradiation; or oxalic acid solution; or salicylic acid solution; or methyl orange
solution; or ketoprofen solution under UV light. The reactor was surrounded either by 6 x 6 W
black light lamps (9.53 W/m? energy flux at the reactor position) or 4 x 24 W conventional
compact fluorescent lamps (Dlwi 25920/R7S-24W; 81.37 W/m? energy flux at the reactor
position) or 4 x 150 W NIR lamps (Philips IR RED R250 250 W; 52.25 W/m? energy flux at
the reactor position). The energy fluxes were given by the lamp manufacturer. The three

reactors used are presented in Figure 9.
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Figure 9. The used reactors for the determination of the photocatalytic activity (A-UV, B-
visible, C-NIR).

A rhodamine B stock solution (10 pumol-Lt)/ oxalic acid stock solution (5mmol-L1)/
salicylic acid solution (0.5 mmol-L*)/methyl orange stock solution (125 pmol-L)/ ketoprofen
stock solution (100 pmol-L1) and a 1 g-L* photocatalyst suspension were prepared, which was
determined jointly by our research group before the start of my research and has been used in
the measurements ever since. The reason for using these model pollutant lies in the fact that
before starting my research, | always looked through the literature to find out which composite
system was best suited for which model pollutant. The composites containing titanium dioxide
and noble metal (Au, Pt) were promising in terms of oxalic acid decomposition, so | used this
model contaminant as well. Further, when copper nanoparticles were deposited on titanium
dioxide, oxalic acid was no longer applicable because copper could no longer resist the
reducing effect of oxalic acid, so | decided to study dyes. However, when the decomposition
experiments were not successful, I wondered to what extent these composites decompose a real
contaminant as well, so | also tried the decomposition of ketoprofen. In the last stage of my
research, when | investigated the photocatalytic activity of tertiary composites (NYF, TiOz,
Au), based on the data in the literature, these composites were the most suitable for
decomposing dyes. This is how | decided to break down rhodamine B.

After the preparation of the suspensions an ultrasonic bath was used to distribute the
catalyst more efficiently, then the system was stirred for 15 minutes in dark for adsorption to
occur, after that the photocatalytic degradation reaction was initiated by turning on the lamp
(either UV-, visible- or NIR light-emitting, with the above-mentioned wavelengths). The rate
of adsorption was negligible after the 15 minute adsorption time (approximately 1-2% was
adsorbed on the catalyst surface) and is therefore not included in the calculation. During the
experiments continuous magnetic stirring and thermostating at 20 C° was applied. In the case

of the NIR tests the water was supplemented for each 2 h (except night), while the experiment
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length was 24 h. 2 mL of the samples were taken every 10 min (1 h for NIR) in the first hour (6
h NIR and one sample 2 h later and the last sample before finishing the experiment) of the
experiment and every 20 min in the second hour. After the centrifugation (3 min, 13,800 rpm)
and filtration (with a Whatman Anotop 25 0.02 um syringe filter) of the samples, the rhodamine
B/oxalic acid/salicylic acid/methyl orange/ketoprofen concentrations were measured by HPLC
or UV-Vis spectroscopy.

In all the cases the conversion was calculated with the (9) equation. Hereinafter the words

conversion, yield and efficiency will be used as synonyms.

. Concentration of the pollutant at the given time
Degradation (%) = f the p g x 100 9)

Concentration of the stock solution

4.4.1. H, production

For the H2 production measurements the freshly prepared, washed catalyst was
dispersed in 50 mmol-L* oxalic acid solution and poured into a glass reactor (total volume:
150 mL), and it was irradiated with 10 x 15 W UV fluorescent lamps (Amax =365 nm, LightTech
Kft., Budapest, Hungary), as presented in Figure 10. The well homogenized suspension
(catalyst = 1 g-L) was purged with N2 (99.995 %, Messer Kft., Budapest, Hungary) at a flow
rate of 50 mL-min™! to ensure Oz-free conditions. The reactor was connected through a PTFE
tube to a gas chromatograph. Samples were taken from the gas flow with a 2 mL sampling
valve, every 10 min in the first hour of the experiment and every 20 min in the second hour.
The rate of H2 evolution was calculated using the calibration (carried out with certified 5:95

H2:N2 gas) and the applied N2 flow rate.

Figure 10. The used reactors for the determination of the photocatalytic hydrogen

production.
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5. Results and discussion

5.1. Composites consisting of TiO, and noble metals

After the preparation of the binary composites, it was needed to investigate their
morphological and structural properties with different characterization methods. Based on the
results of the photocatalytic activity and hydrogen production the composition of some of the

composites was changed. For more details it is worth to read on the following chapters.

5.1.1. Characterization

As a first step of characterization process, the crystallite mean size and phase
composition was evaluated using X-ray diffraction. The semiconductors composition
remained unchanged during/after the deposition of noble metal nanoparticles, as follows:
Aldrich anatase (AA) contained only anatase crystal phase (=<80-100 nm), Aldrich rutile (AR)
contained mainly rutile phase with larger particles (=300 nm) and a small amount of anatase
(<4 wt.%) as well, while Evonik Aeroxide P25 (P25) contained anatase and rutile (89 wt.%,
~25 nm vs. 11 wt.%, =40 nm, Figure 11.). It must be mentioned that the noble metal
nanoparticles were not detectible, as their concentration was lower than the detection limit of
the instrumentation and some of the most intensive diffraction peaks (e.g. for at 38° (26°) for

Au) were covered by the triplet signal of anatase in the same region.

‘___J\\A Evonik Aeroxide P25 N\/\.\"

e

Aldrich rutile J\\ el

A N S e

\\

Intensity (a.u.)

. A]dr'ich anatase A )\ A,

20 22 24 26 28 30 32 34 36 38 40
20 (degree)

Figure 11. XRD patterns of different commercial TiO2 photocatalysts used as base

photocatalysts in the synthesis of titania/noble metal(s) nanocomposites.
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The next crucial parameter determining the photocatalytic activity, was the light-
absorption properties of the composites. In first instance, in the DRS spectra of the composites
(Figure 12.) the reflectance values in visible light region were higher for unmodified
commercial catalysts than for the composites (while the color of the commercial materials were
white, the composites’ color varied from grey to purple, giving reflectance values between ~40-
60 % at visible light wavelengths).

As it could be observed, the deposition of noble metal nanoparticles induced significant
changes in the optical properties of some commercial titania-based photocatalysts, which were
quantified by calculating the band gap energies using the Kubelka-Munk equation [171]. In
Table 3. it can be observed that all composites have smaller band gap energies compared to

their base catalyst.

Table 3. Band gap energy values (eV) obtained from the DRS measurements, showing the

effect of the noble metal nanoparticles on the optical properties of titania.

Sample — i . — A . —— A .

in situ impr. in situ impr. in situ impr.
Au/Pt 2.57 2.50 3.13 3.19 2.92 2.86
Pt/Au 2.56 2.67 3.14 3.19 2.84 2.89
Au&Pt 2.58 251 3.16 3.17 2.89 2.90

Au 2.47 - 3.17 - 2.88 -

Pt 2.75 - 3.15 - 2.82 -

Base catalyst 3.04 3.24 2.99

In the case of Aldrich anatase and rutile, the decrease was less (3.24 eV for AA, 3.13 -
3.19 eV for AA-based composites — Figure 12A., 12D. - while 2.99 for AR and 2.82 - 2.92 eV
for AR-based composites, Figure 12B., 12D.) than that of P25-based catalysts (Figure 12C.,
12D.), where the band gap values decreased with =~ 0.30 - 0.57 eV (from 3.04 eV to 2.47-2.75
eV). This difference can originate from the fact that the particles that build up the base catalysts
are significantly smaller in the case of P25 than for AA and AR, and the differences were more
accentuated for these particles than for larger particles of the catalysts [54], due to the ratio

between the noble metal and semiconductor nanoparticles.
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Figure 12. The influence of the noble metals on the optical properties of three commercial
titanias (A.-AA, B.-AR, C.-P25, D.-band gap energy comparison using the in situ sample
series-right and impregnation series-left). The influence was significant when P25 was
considered as the base photocatalyst, while in the other cases no changes were observed in

their spectra.
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Analyzing the plasmonic bands of the Au-based and the binary composites (Figure 12.) it
can be observed that the characteristic plasmonic bands of Au nanoparticles have disappeared
when the reduction of Au and Pt was performed simultaneously using both synthesis pathways,
i.e., impregnation and in situ. This spectral alteration could have two explanations:

e the Pt “covers” the Au nanoparticles, forming a so-called core-shell nanostructure

[172];

¢ the two noble metals are forming alloys in these binary composites.

When the reduction of the metals was carried out separately, using the in situ method,
the plasmonic bands of the Au remained observable at <550 nm, driving us to the conclusion,
that in this case, the nanoparticles were deposited separately onto the surface of the catalysts,
while using the impregnation method we can observe that the plasmonic band of the Au
disappears, offering a similar explanation for this phenomenon as that given for the same-time
reduction method. In the third case, when the Au was reduced after Pt (Pt/Au), no plasmonic
bands were observable. This phenomenon can be explained only by the formation of alloys,
because, in this case, the formation of Pt-Au core-shell particles should have plasmonic bands
(Pt being in the core and Au the shell of the nanostructure). Using in situ reduction one can see
the predicted results for AA and P25-based composites (Figure 12A-C.), with visible
plasmonic bands, showing the possible appearance of core-shell nanoparticles or the particles
that are deposited separately on the surface of the catalyst. Furthermore, it can be also seen
(Figure 12D.) that the band gap energy values of the composites that contain two noble metals
were between the values of the two reference samples TiO2-Au and TiO2-Pt (in each case),
suggesting the simultaneous presence of both noble metals. As it was detailed above, different
composite build-up scenarios were possible in the case of all binary composites, that is why
the visualization of the particles was mandatory using electron microscopy techniques.

To elucidate the (partial) discrepancies from DRS, HRTEM and EDS measurements
were involved in morphological and structural investigations. In Figure 13. it is now clearly
visible that noble metal nanoparticles were obtained in both synthesis procedures (in situ and
impregnation). The smallest (2-4 nm) nanoparticles were found when both precursors were
reduced simultaneously (samples TiO2-Au&Pt). In this case, a high number of noble metal
clusters were also detected. However, the question concerning the relationship between gold
and platinum is still open. That is why STEM-HAADF, HRTEM and EDS spectra were
simultaneously investigated (Figure 14.) to reveal the nature of the nanoparticles. It was

found that the individual nanoparticles were of Au (studying the lattice fringes), while in
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case of twin and larger noble metal nanoparticles the signature of Pt (using EDS) was also
detected. This points out that Pt is present in any case in the form of very small nanoclusters.
This result excluded the presence of core-shell nanoparticles as well. Also, a size distribution
of the noble metal nanoparticles was carried out (Figure 15.) to verify if the first size
estimations were correct. The results supported our statement that the obtained size of Au
or Pt was between 1 and 5 nm, with adominance of 3.5 nm particles. This gained information
was crucial for the explanation of the photoactivity (presented later), knowing that the
activity depends on several structural and morphological characteristics, too.

P25_is-Au&Pt P25_is-Pt/Au
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Figure 13. HR-TEM and STEM-HAADF micrographs of P25 _is series, showing 2-4 nm

sized Au and or Pt nanoparticles.
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Figure 14. STEM-HAADF (b) micrograph, HR-TEM (d, f) images and EDS spectra (a,c and

e) of P25_im-Au/Pt sample, showing the presence of both Au and Pt. No core shell particles

and no alloys were detected, just nanoparticles, which show Pt and/or Au presence.
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Figure 15. Noble metal nanoparticle size distribution of sample P25 _is-Au/Pt, counting 100

nanoparticles. The distribution was nearly the same for all the materials.
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5.1.2. Photocatalytic activity

The photocatalytic degradation of oxalic acid (the chosen model pollutant) was
followed for one hour using HPLC. By looking at the photodegradation data, the first
impression was that the degradation of oxalic acid depends on the synthesis pathway, type of

commercial TiO2 and the used co-catalyst nanoparticles (Figure 16.).
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Figure 16. The oxalic acid degradation performances after 1 h of the obtained
nanocomposites under UV light. All the composites showed higher photocatalytic activity
then their corresponding base photocatalyst. The photocatalytic performances after two hours

were omitted at each composite degraded totally the oxalic acid.

In general, it can be observed, that the P25-based composites showed the highest
photocatalytic efficiencies, degrading more than 75% of the model pollutant. The highest
degradation values (<95%) were obtained for both binary composite synthesis pathways, where
Pt was deposited after Au (P25 _is_Au/Pt and P25 _im_Au/Pt). Regarding the of AA-based
composite series the highest decomposition (69 %) was obtained with the monometallic Pt
containing composite (AA_is_Pt), prepared by in situ reduction, which was followed closely
by the bimetallic composite (Au and Pt - AA_is_Au/Pt), having a degradation efficiency of =
65 % while the composites made by impregnation showed a lower yield, between 32-35%. The
AR-based catalysts showed interesting results as in case of these materials the highest
performing one was AR_is_Au&Pt (58%) followed by AR_is_Au/Pt (54%). It should be
mentioned that the reference photocatalyst AR_is_Pt showed a 56% of oxalic acid degradation.
All samples from the AR series which were obtained by impregnation showed lower

photocatalytic activity compared to their in situ counterparts (30-40% oxalic acid removal).
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Comparing the yields, we can conclude that, the presence of noble metal nanoparticles
increased the efficiency of the catalyst. By comparing the performances of the nanocomposites
obtained by different synthesis pathways some tendencies can be noticed. Thus, the Aldrich-
titania-based composites have lower efficiencies when the impregnation method was used
(yields in the 25-34% range for AA impregnation and in the 32-69% range for in situ, and in
the 31-41% range for AR impregnation and in the 35-58% range for in situ). For P25-based
catalysts this tendency is inverted, as the materials prepared with impregnation have slightly
higher conversion in two cases comparing to those with in situ method.

On the other hand, the efficiency values obtained for P25-based composites were
higher, while the efficiencies obtained in the case of AA-based composites were not so low,
compared to the relatively small surface area of the base catalyst [54]. This behavior can be
explained by the relatively large number of available charges on the surface of the catalyst
normalizing to their specific surface area.

Among the reference photocatalyst, in the case of platinum in situ samples were more
efficient than the impregnated ones, while in case of Au containing reference materials near
the same efficiencies were observed, except in case of P25 where the impregnated version was
the better one (Figure 16.).

5.1.3. Photocatalytic hydrogen production

As already shown in the previous section, the synthesis pathway, the deposition
sequence of the noble metals and the structural differences of the base catalysts are crucial
parameters for the photocatalytic activity, influencing differently the commercial titanias.
Consequently, it was expected that a similar effect will show up in the case of photocatalytic
hydrogen production, where also oxalic acid was used as the sacrificial agent.

In general, as it was slightly predictable, P25-based composites gave the highest H2
production rates. As it can be seen in Figure 17. the best performing composite came also from
this series, as the P25_im_Pt/Au had the highest Hz production rate, namely 1567 pmol of H2
during the whole experiment (2 hours). It is interesting to observe, that the P25 _is_Au&Pt /
P25 is Au/Pt and P25 im_Au&Pt / P25 im_Au/Pt composite pairs have relatively small
difference in their Hz production efficiencies (1429 pmol vs. 1417 umol / 1289 pmol vs. 1221
pmol), although their build-up was quite different, as it was shown in the previous sections. In
the case of the reference samples, the Pt based ones were the ones with the highest efficiency
(1126 pmol of H2 — P25_im_Pt). While in case of both noble metals the reference samples
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which were obtained by impregnation were slightly more efficient (P25_im_Pt - 1126 pumol vs
986 umol - P25 is_Pt; P25 im_Au - 750 pmol vs 657 pmol - P25 _is_Au).

About the Aldrich-based composites, it can be summarized that their photocatalytic
efficiency was generally lower than that of P25-based composites. The hydrogen production
rates showed significantly different values for the materials obtained using different composite
synthesis pathways: the in situ preparation method generally resulted in higher efficiencies than
those obtained by the impregnation method, including for all the reference samples, while this
difference was not so accentuated for the P25-based composites. On the other hand, it can be
also observed, that the noble-metal deposition sequence has a much stronger influence on the
activity of the anatase-based composites in comparison with those achieved for the samples
synthesized by using Aldrich rutile, where the performances were decreased with 44-85%
comparing the results obtained by impregnation to their in situ analogues. The differences
between rutile-based composites were smaller, but generally, the in situ preparation pathway
resulted in higher yields (with 5-53%) comparing to their analogues prepared with

impregnation.
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Figure 17. The photocatalytic Hz production capacities of the used nanocomposites. The bare
photocatalyst were not shown, as they do not produce hydrogen under these experimental

conditions.

As it can be seen these materials are rather active under UV light in the degradation of
oxalic acid and are efficient in the photocatalytic hydrogen generation process. However, this

high activity can turn into a severe drawback if these materials would spread out in our
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surroundings. One can imagine the situation if such powders could escape into natural waters
and would accumulate in static waters, such as lakes. Therefore, dynamic light scattering
(DLS) measurement were carried out to study the agglomeration of these materials.

As it can be observed in Figure 18. the DLS measurements were performed on the
materials prepared with most efficient reduction method, which was in most cases Au/Pt

composites and their bare counterparts.
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Figure 18. DLS measurements of the composites prepared with most efficient reduction
method, which was in most cases Au/Pt composites and their bare counterparts (A-P25, B-
AA, C-AR).
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AA was the most hydrophilic one showing a bimodal distribution of the particles. The
first peak even shows that pure AA can be found also as individual crystals in the suspension,
as the obtained peak value corresponds with the size which can be estimated by other
techniques (=80 nm). The second peak was the dominant one suggesting a slight agglomeration
of the particles (=380 nm). Both peaks shifted significantly to higher values (446 nm and 5152
nm) showing that the addition of noble metals (sample AA_im_Au/Pt) increases the
agglomeration grade of the semiconductor particles. The same trend was observed for AR as
well (peak shifting from 255 to 423 nm as noble metals were deposited — AR_im_Au/Pt), the
only difference was that only one peak was observed. The trend continued in the case of P25,
but the bimodal spectrum reappeared only in the case of the noble metal deposition - —
P25 _im_Au/Pt, while the bare P25 showed only one broad peak at 260 nm. The shifting after
Au/Pt addition was also observable, while the previously mentioned peaks appeared at 875 nm
and 5217 nm. The results clearly show that by the deposition of noble metals the titania
nanoparticles suffer intense aggregation which was visible with the eye as well. This kind of
behavior may result in a fast sedimentation of the noble metal modified particles under real
conditions. It should be also mentioned that the results were supported by the zeta potential
measurements as well.

When pure AA, AR and P25 were applied, 5120, 4980 and 3250 was obtained for the
IEI number. As noble metals were deposited on their surface in the im_Au/Pt configuration,
these number changed to 180, 575 and 7820. This clearly shows that for high particle size
titanias (AA and AR) the phenolic intermediates generation is low when noble metals are
deposited on its surface, meaning that instead of OH radicals surface oxidation by holes plays
acrucial role in the oxalic acid degradation, while in case of P25 an enhanced charge separation
was promoted and therefore the generation of higher amount of OH radicals/appropriate

intermediates were observed.

5.1.4. Changing the ratio between the two noble metals

After the characterization and testing the photocatalytic activity of the composites the
oxalic acid degradation and hydrogen production were compared. The samples that most
efficiently (100% conversion and maximum reaction rate) decomposed oxalic acid or samples
that produced the most hydrogen were selected. From each series of photocatalysts - made with
the best in situ and impregnation - the composition of the composites was changed. Titanium

dioxide was kept unaltered at 99 wt.%, and the weight ratio of the precious metals was changed
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t0 0.25% - 0.75% and 0.75% - 0.25%, respectively. After changing the proportions, the new
composites were prepared using the synthesis method mentioned in section 4.2.1. The
nomenclature remained as used before, just supplemented with the number 25 or 75 in front of
Au or Pt, which state the relative ratio of the noble metals. Table 4. summarizes the prepared

composites.

Table 4. The as produced composites of commercially available titanias and Au and Pt with

the changed ratio.

Base Synthesis strategy
catalyst _im _is
Au&Pt Au/Pt
P25 0.25 Au 0.75 Au 0.25 Au 0.75 Au
0.75 Pt 0.25 Pt 0.75 Pt 0.25 Pt
Au&Pt Au/Pt
AA 0.25 Au 0.75 Au 0.25 Au 0.75 Au
0.75 Pt 0.25 Pt 0.75 Pt 0.25 Pt
Au&Pt Au&Pt
AR 0.25 Au 0.75 Au 0.25 Au 0.75 Au
0.75 Pt 0.25 Pt 0.75 Pt 0.25 Pt

In the first round the photodegradation of oxalic acid was tested. From the P25 based
composites the ones made by using in situ reduction the best performing was the sample where
the Au was reduced before Pt (P25 _is-Au/Pt). In this case the noble metal ratio change did not
increase the activity. After an hour the best efficiency belonged to the composite containing
0.5% Au and 0.5% Pt (=95 %). The second-best catalyst was the composite with 0.25% Pt and
0.75% Au (=84%) With the impregnation method the ratio between Au and Pt was changed
when the Pt was reduced first, then Au (P25_im-Pt/Au). The best result was achieved by the
composite with 0.25% Pt and 0.75% Au (after an hour =92 %)).

For the composites containing AA, using the in situ method, the best result with =65 %
was shown by the sample in which Au and then Pt was reduced (AA_is-Au/Pt). After the noble
metal ratio change, the best efficiency was observed with the Pt content reference catalyst and
the composites with 0.5-0.5% noble metals achieving ~65-70% conversion. After the change
of the ratio between the noble metals the one containing 0.25% Au and 0.75% Pt proved to be

the next in the line with a conversion of ~53%. Among the impregnated samples, the noble
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metal content change was made when both noble metals were reduced at the same time
(AA_im-Au&Pt). The concentration change did not improve in this case neither, while the
composite containing 0.5-0.5% noble metal sustained the best efficiency with a ~60%
conversion. By changing the ratio also the composite containing 0.25% Au and 0.75% Pt had
the best activity after the 0.5-0.5% catalyst (=35%).

For AR-based composites, the best results were achieved for both of the preparation
method (impregnation and in situ) when gold and platinum were simultaneously reduced
(Au&Pt). Following the change in concentration, in both cases the best efficiencies were shown
in the samples containing 0.25% Pt and 0.75% Au. The conversion rates were the following:

85% with in situ (AR_is-75Au&25Pt) and 90% with impregnation (AR_im-75Au&25Pt).
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Figure 19. The oxalic acid degradation performances after 1 h of the obtained
nanocomposites under UV light. Only in the case of the AR based composites improved the

photocatalytic activity the change in the composition.

Overall, considering the two reduction methods the following conclusions can be drawn:

e in situ method: for the P25 and AA based composites the best photocatalytic activity
was achieved when the sequential reduction was used - first Au then Pt (Au/Pt). For the
AR based composites the simultaneous reduction of the noble metals proved to be the
best (Au&Pt).

e impregnation: for the P25 based composites the sequential reduction was the best as
well as for the other method (first Pt then Au — Pt/Au). For the AR and AA based
catalysts the simultaneous reduction of the nanoparticles proved to be the best

according to oxalic acid degradation (Au&Pt).
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e regarding the order of the reduction of the two noble metals:

o firstis Au then Pt (Au/Pt): when the base catalyst was AA or P25, using in situ
reduction in both cases (AA_is-Au/Pt, P25_is-Au/Pt);

o first Pt then Au (Pt/Au): when the base catalyst was the P25, using impregnation
method (P25_im-Pt/Au);

o Au and Pt at the same time (Au&Pt): the AR based composites (in situ and
impregnation as well - (AR_is-Au&Pt, (AR_im-Au&Pt) and AA based ones,
using impregnation (AA_im-Au&Pt).

e the ratio between the noble metals: The photocatalytic activity was improved only in
the case of the AR based composites for both synthesis strategies after the change in
the composition. For the P25 based composites the change in the composition improved
the photocatalytic activity for the catalyst made with impregnation. The photocatalytic

activity of the AA based composites was not enhanced by the composition change.

Considering the degradation of carboxylic acids, such as oxalic acid, both gold and
platinum nanoparticles deposited on the surface of a titania are good photocatalysts: this is
demonstrated by the experiments also, which can be seen in Figures 19. and 20. Overall, it is
well known that the synergistic effect between Au and Pt results a significant enhancement in
the photocatalytic activity [173]. The presence of both noble metals can result different
outcomes: they can be located separately, they can form core-shell structure or alloys [174]. If
one nanoparticle is located on the other the electron transfer path is longer, therefore more holes
are available for oxidation. This is why the binary composites have better photocatalytic

activity.
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Figure 20. Degradation curves for oxalic acid — those composites are marked which had the
best activity for each base catalyst (P25, AA, AR).

Salicylic acid degradation experiments were performed on the composites that
demonstrated the best photocatalytic activity on oxalic acid, this is also illustrated in Figure
16. For each of the base photocatalysts one in situ and one impregnation-made composite was
chosen for salicylic acid photodegradation, this is presented in Figure 21.

The binary composites containing P25, Au and Pt (P25_is-Au/Pt —48%, P25_im-Pt/Au
— 36%) did not show better photocatalytic activity than the bare P25 (66.6%). The composite
obtained using in situ reduction showed better activity in the first hour, but in the second hour
the activity sequence changed. P25 reached 66.6% conversion at the end of the second hour,
while the sample named P25 is-Au/Pt decomposed 48% of the salicylic acid. The P25_im-
Pt/Au composite showed even lower conversion, only 36% had been degraded from the
salicylic acid.

In the second case both (in situ and impregnated) composites achieved better
photocatalytic activity than bare AA. The AA_is-Au/Pt composite decomposed the salicylic
acid by 93% at the end of the two-hour experiment and less than 0.05 mM of salicylic acid
remained in the system. The AA_im-Au&Pt catalyst also achieved relatively high efficiency,

and degraded 81% of salicylic acid, while bare AA, reached 40% conversion.
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AR itself showed better activity on salicylic acid than its composites with gold and
platinum. At the same time, the composite made with in situ reduction (AR_is25Au&75Pt)
showed better photocatalytic activity than the impregnated (AR_im-25Pt&75Au) one. The
AR_im-25Pt&75Au sample proved to be almost inactive, as only 14% of salicylic acid was
decomposed. The efficiency of bare AR was 66%, which was approached by the

AR_is25Au&75Pt composite with a conversion value of 45%.
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Figure 21. Degradation curves of salicylic acid (A - P25 and its composites, B - AA and its
composites, C - AR and its composites) — the AA based composites achieved higher activity

than the base catalyst.

Figure 22. illustrates the comparison of the degradation of oxalic acid and salicylic acid
of the samples. A general observation is that for the P25 and AR based catalysts the degradation
of oxalic acid was much higher than the degradation of salicylic acid. There is only one
exception, namely sample AA_im-Au&Pt, where the photocatalytic activity (after an hour) was
higher for salicylic acid (47.2 %) then for oxalic acid (25.4 %). The AA based photocatalyst
made with in situ method had almost the same decomposition efficiency for salicylic acid and
oxalic acid with the values of 62.8 % and 64.8 %.

As detailed in section 5.1.4.1. the presence of the noble metals is essential. During the

degradation of salicylic acid surface complexes are generated, so the absorption has a big role
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here [175]. This process takes place most easily on the surface of anatase titanias. This is where
the explanation lies why only for the AA based composites achieved better activity then the
base catalyst: the anatase phase plus the high specific surface area [39] of the AA.
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Figure 22. Comparison of the degradation of oxalic acid and salicylic acid of the samples —
generally the P25 and AR based composites had higher activity for oxalic acid degradation

than for salicylic acid.

After the investigation of the photodegradations hydrogen production capacity was
examined. Figure 23. presents the obtained volume of Hz during the experiments, expressed
in mL. In the case of P25 based catalysts after the changed concentration of the noble metals,
the highest amount of hydrogen, 1800 umol, was produced by the composite named P25 is-
75AU/25Pt. For the impregnated composites (P25 _im-Pt/Au), the change in concentration did
not increase the hydrogen production ability. The best sample remained which contained 0.5%
Au and 0.5% Pt (P25_im-Pt/Au), producing 1600 umol of hydrogen.

The best AA-based photocatalysts was the in situ made AA_is-Au/Pt, which produced
1100 umol of hydrogen. Using the impregnation method, the reference catalyst containing only
Pt (AA_im-Pt) produced, 576 umol Hz, after this AA_im-Au&Pt, with the 200 pmol of H2
production proved to be the (second)best.

Neither did show a beneficial effect the change of Au:Pt ratio in the case of AR based
composites. Using both reduction methods, that composite proved to be the best when the gold
was reduced simultaneously with platinum at 0.5 to 0.5%. With in situ reduction (AR_is-
Au&Pt) 650 umol, with impregnation (AR_im-Au&Pt) 600 umol of hydrogen was produced.
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In the case of using in situ reduction the reference sample (AR_is-Pt) had higher Hz production
rate than the binary composites with the value of 710 pmol.
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Figure 23. The photocatalytic hydrogen production capacities of the composites. The

obtained volume of Hz is expressed in mL for each composite.

Figure 24. shows the time resolved hydrogen production rates of the composites during
the experiment. The best value of all the samples is from the P25 series, named P25_im-Pt/Au.
The weakest result was shown, in the same way as the oxalic acid degradation, by the AA
composite, named AA_im-Au&Pt.

It is a known fact that for the hydrogen production the presence of the platinum
nanoparticles helps produce more Hz: this is demonstrated by the experiments also and by the
literature too. Noble metal nanoparticles are needed for shuttling and storing the
photogenerated electrons from the titania to the absorbed H*. Due to the large work function
of platinum nanoparticles it is considered the most affective nanoparticle in this field [176]. As
mentioned in section 5.1.4.1. if the platinum is located on the surface of gold there are more
chances for the hydrogen production. Also, the high specific surface area, and anatase phase

are important here as well, that is why the P25 based catalysts produced the most Ha.
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Figure 24. Time resolved hydrogen production rates of the composites which produced the

most Hz — the best value of all the samples is P25 _im-Pt/Au.

5.2. Composites consisting of copper nanoparticles and TiO>

As mentioned beforehand, for a research the price of the prepared and tested materials
it is important as well. That is why a side study was performed, where copper nanoparticles
were deposited on two of the previously used titanias, on AA and P25.

For the photocatalytic activity, the degradation of methyl orange, ketoprofen, and
rhodamine B was performed, which are presented on Figure 25-27. Although no better
photocatalytic activity was achieved with the composites (both AA- and P25-based ones), it
was observed that, for the methyl orange degradation, the samples containing 10% Cu (both
AA- and P25-based ones) were the most likely to be able to approach the activity of the base
photocatalysts. For ketoprofen degradation, P25-based composites achieved Dbetter
photocatalytic activity than the base catalyst. In the case of both AA- and P25-based
composites, the samples containing 0.5% copper degraded the most in the ketoprofen solution.
For the degradation of rhodamine B, 1.5% of the copper nanoparticles was the most suitable

value. Finally, on Figure 28. the photocatalytic hydrogen production capacity of the produced
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composites is shown. Both sets of catalysts managed to develop hydrogen, albeit higher in P25-

based ones than those containing AA.
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Figure 25. Degradation of methyl orange under UV illumination (A.-P25 based composites,
B.-AA based composites) - the composites did not show better activity than the
corresponding bare titania. P25-based composites proved to be more efficient than the AA-

based ones.
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Figure 26. Photocatalytic degradation efficiencies of rhodamine B solution under UV light
(A.-P25 based composites, B.-AA based composites) - the P25-based composites showed

better activity than the AA-based ones.
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Figure 27. Degradation of ketoprofen under the irradiation of UV light (A.-P25 based

composites, B.-AA based composites) - some of the composites achieved better activity than

the base catalyst but only in the case of P25.
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Figure 28. Hz evolution of the composites (A.-P25 based composites, B.-AA based

composites), showing the enhanced Hz production of P25-based composites.

The above presented results prove that indeed, there are cheaper methods to form

composites with TiOz, but the results may not be as promising as with the composites

containing noble metals. However valuable results were gained in this side study,

confirming that copper nanoparticles can be used in photocatalysis as well, but maybe

sometimes it is worth spending more to achieve better results.
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5.3. Composites consisting of lanthanide doped NaYF. TiO2 and Au

nanoparticle

After the first round of results and studying the literature, a new idea arose. How about
enhancing the photocatalytic activity of TiO2 even further? And how about something new,
that no one tried before in our research group?

Thus, it was formed that composites were prepared consisting of TiO2, lanthanide doped
NaYFs and gold nanoparticles. To challenge myself even more, instead of the commercially
available titanias, my goal was to obtain the anatase TiOz, due to its presumed advantageous
properties, which were discussed in the section 2.3. [177,178]. Although it has been shown that
copper nanoparticles can be used as photocatalysts, this time | decided to remain with the noble
metal nanoparticles, because they proved to be more beneficial. Thus, gold nanoparticles were
prepared the same way as before. The reason why only the Au nanoparticles were used lies
within its surface plasmon resonance, which could be profitable [179]. Last, but not least, the
lanthanide doped NaYFs was chosen to be the third component of the composite. Theoretically,
TiO2 and gold nanoparticles can utilize the upconverted light, derived from the lanthanide
doped NaYF4 [180,181].

5.3.1. Characterization

Based on the XRD measurements anatase TiO2 (JCPDS: 21-1272) and hexagonal
NaYF4[182] (JCPDS: 28-1192) were identified (Figure 29.). XRD patterns of the composites
containing NYF, TiO2 and gold nanoparticles are presented in Figure 29A., while the patterns
of the samples without NYF are shown in Figure 29B. The dots above the patterns indicate the
reflections of TiOz, while the stars indicate the reflections of NYF. There is a minimal
difference between the diffraction patterns of the calcined and non-calcined composite
samples. In the latter, the peaks are sharpened, indicating an increase in the mean primary
crystallite sizes (for example, TiO2-10.7 nm, TiO2_calc-13.8 nm), that were calculated with the

Scherrer equation and summarized in Table 5.
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Figure 29. A. - XRD patterns of the composites containing both NYF and TiO2. The
reflections of both materials can be observed, while the reflections of Au nanoparticles were
not detectable. B. — XRD patterns of the composites without NYF. The dots indicate the

reflections of TiOz2, while the stars indicate the reflections of NYF.
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Gold nanoparticles (JCPDS: 04-0784) were not detectable in the Au-containing
composites, because their concentration was lower than the detection limit of the instrument,
moreover, the gold-specific signals (38°, 45°, 64.5° and 77.5°) overlap with reflections of both
TiO2 and NaYF4. The XRD pattern of the calcined TiO2-NaYFs composite was used to
calculate the TiO2:NaYFs ratio of 71.6:28.4 taking the two most intensive reflections at 25.28°
(20) for TiO2 and 53.6° (20) for NaYF4 into account.

Based on the data in Table 5. it can be seen that the mean primary crystallite size of the

TiO2 and NaYFs increases, while their specific surface area decreases, as expected.

Table 5. Primary crystallite mean size and band gap energy of the composites.

Sample name TiO2 (nm) NaYF4 (nm) Band gap
energy (eV)

NYF - 15.3 1.07
TiO2 10.7 - 1.82
TiO2_calc 13.8 - 2.97
TiO2-Au 12.9 - 2.56
TiO2_calc-Au 13.8 - 2.74
NYF-TiO2 12.5 11.5 1.82
NYF-TiO2_calc 13.3 12.2 3.09
NYF-TiO2-Au 11.6 11.1 2.52
NYF-TiO2_calc-Au 14.7 12.8 2.87

Based on the SEM micrographs of the NYF particles, they have an average length of
5.8-6.8 pum and an average width of 3.2-3.8 um (Figure 30.). It can be observed that a NYF
particle has a hollow prism structure with 6 flat surfaces. The calculated mean crystallite sizes
derived from the XRD data differ from those determined based on the micrographs, because
the Scherrer equation is accurate only for smaller particle sizes (10—-80 nm). From the SEM
micrographs of TiO2 and the calcined TiOz2 the following conclusions can be drawn: TiO2 has
an average particle size of 1.5-2.5 um, the calcination induces a particle size growth, increasing
the average size to 4.5-5.5 um. A similar alteration of the mean primary crystallite size was
also obtained from the XRD data.
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Not calcinated samples

Calcinated samples at 350 °C

Figure 30. SEM micrographs of the prepared photocatalysts: the first column contains the

base catalysts, while the second column contains their heat-treated counterparts.
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In Figure 30. the left column shows the NYF, TiO2 and NYF-TiO2 composite particles,
and the right column their calcined counterparts. After calcination the particles that build up
the composites have grown, in accordance with the results of the XRD pattern analysis. In
addition, these particles have a uniform, smoother surface compared to the samples before
calcination. Both spherical and hexagonal particles were formed as it can be seen in the
micrographs. Moreover, the structure of the NYF particles is damaged, while irregularly
deposited individual TiO2 crystals can also be found. Furthermore, the effect of calcination
does not affect the hollow prism structure of NYF in the composite. The gold nanoparticles
cannot be seen in these micrographs, because they are too small to be detected by SEM at the
applied magnification. Therefore, EDAX and TEM was used to prove their presence.

In Figure 31. the EDAX spectrum of the sample named NYF-TiO2_calc-Au is
presented. All of the constituent elements are present in the composite, therefore the synthesis

can be considered successful.

cps/ey

Figure 31. EDAX spectrum of the sample named NYF-TiO2_calc-Au. All of the constituent

elements are present in the composite.
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Based on the TEM micrographs the gold nanoparticles can be clearly observed as small
spheres in the TiO2-Au, NYF-TiO2-Au samples, and in their calcined counterparts. Figure 32.
shows a representative TEM micrograph of the NYF-TiO2_calc-Au composite sample, where
the gold nanoparticles are marked with arrows. As it can be seen in Figure 33. the average size
of the gold nanoparticles was 5—7 nm, while the average size of TiO2 particles is 12-14 nm

(matching with the calculated results from XRD).

Figure 32. TEM micrograph of NYF-TiO2_calc-Au: the arrows indicate the positions of the
Au nanoparticles, which have spherical shape and an average size of 5-7 nm.
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Figure 33. Particle size distribution curve for Au (A) and TiO2 (B) nanoparticles. The

average size of Au being 5-7 nm, while for TiO2 12-14 nm.

A relatively good dispersion of Au NPs inside the composite can also be observed that
ensure the existence of a high number of TiO2-Au contact points, and consequently improve

the degradation efficiency of the samples that contain Au in comparison with those without
Au.
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The specific surface area of the composite samples was determined by nitrogen
adsorption and the results are shown in Figure 34. TiO2-Au (163 m?/g) exhibited the highest
specific surface area, while NYF (25 m?/g) the smallest one. Furthermore, the effect of
calcination is also observed here, namely the specific surface area of the samples decreased as
the particle size increased. As expected, when a material with lower specific surface area is
combined with a sample with higher specific surface area, the resulting specific surface area
will be in between those two values [183], as it was the case in this study. The presence of gold
facilitated crystallization, therefore it has resulted in the decrease of the specific surface area
[184].
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Figure 34. The specific surface area of the composite samples determined by nitrogen

adsorption.

The optical properties were investigated by DRS measurements. As it can be seen in
Figure 35. the reflectance values in the visible light region are higher for the calcined samples
that do not contain gold nanoparticles. The characteristic plasmonic resonance bands, which
appear due to the presence of gold nanoparticles, can be observed at ~550 nm in all composites
that contain Au, further reinforcing its presence. Additionally, UV-visible spectroscopy

measurements were carried out. In Figure 36. the UV-visible spectrum of the gold
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nanoparticles is presented. The absorption band at ~500 nm appears due to the surface plasmon

resonance of the Au nanoparticles [185].
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Figure 35. DRS spectra of the prepared samples.
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Figure 36. UV-visible spectrum of the gold nanoparticles.

The band gap energies were calculated using the Kubelka-Munk equation and the

results were listed in Table 5. In all cases, the calcination has led to the increase of the band
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gap energy values, implying that these samples became more crystalline. Interestingly, if a
sample was not calcined, the loading of gold resulted in the increase of the band gap energy
value, and if a gold-containing sample was heat treated then its band gap energy decreased.

Another interesting result is the band gap energy of TiO2, which was calculated to be 1.82 eV.

5.3.2. Photocatalytic activity

In order to test the photocatalytic activity of the prepared composites the degradation
of rhodamine B solution was investigated. In Figure 37. the photocatalytic activity under UV
light is presented.

From the initial and final concentrations of rhodamine B the degradation efficiency was
calculated for the prepared samples, and these values are summarized in Figure 37 and 38.
Results show that among the obtained materials NYF-TiO2_calc has the highest (86%)
decomposition efficiency. Thus, the following order can be established: NYF-TiO2_calc-Au
(75.5%), TiO2_calc-Au (63.7%), NYF-TiO2 (49.7%), NYF-TiO2-Au (48.3%), TiO2_calc
(48.2%), TiO2-Au (23.2%), TiO2 (17.3%) and NYF has the lowest degradation efficiency
(13.2%).

Furthermore, it can be observed that the calcined counterpart of a composite has a
higher efficiency, for example, NYF-TiO2_calc has an efficiency of 86%, while for the
corresponding non-calcined composite (NYF-TiO2) this value is 49.7%. Calcination promoted
crystallization (crystalline anatase is formed), thus increased the photocatalytic activity, this
phenomenon was observed by other researchers as well. [169]. The presence of gold in some
composites improved the photocatalytic activity, which could be explained as a result of charge

separation [186].
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Table 6. The surface degradation efficiencies under UV and visible light for the investigated
samples.

Sample name Surface degradation Surface Degradation
efficiency (UV) (mM/m?) efficiency (Vis) (mM/m?)
NYF 0.528 0.328
TiO2 0.111 0.643
TiO2_calc 0.362 0.466
TiO2-Au 0.142 0.58
TiO2_calc-Au 0.505 0.685
NYF-TiO2 0.404 0.689
NYF-TiO2_calc 0.767 0.739
NYF-TiOz2-Au 0.357 0.502
NYF-TiO2_calc-Au 0.857 0.83
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Figure 37. Photocatalytic activity of the composites under UV light.

Similarly to the photocatalytic experiments under UV light, the visible light-
degradation efficiency was calculated from the initial and final rhodamine B concentrations,
and these values are also summarized in Figure 38. From the results it can be concluded that
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the prepared composites achieved higher activity in visible light than in UV light. Except for
NYF, which had negligible photocatalytic activity (just 8.2%), all composites showed
degradation efficiency higher than 60%. TiO2 decomposed almost all of the rhodamine B even
after 60 minutes and its final efficiency was 99.8%, which can be explained by the fact that the
band gap energy of TiO2z is 1.8 eV (already discussed in more detail in Section 3.5). This value
was followed closely by TiO2-Au, with an efficiency of 94.7%. TiO2_calc-Au, NYF-TiO, and
NYF-TiO2_calc had almost the same photocatalytic activity with degradation efficiencies of
86.4%, 84.8%, and 82.8%, respectively. NYF-TiO2_calc-Au (73.2%), NYF-TiO2-Au (67.8%)
and TiO2_calc (62%) achieved similar degradation results as well. Calcination did not have
such a significant impact on the degradation as in the previous case using UV light irradiation:
calcination increased the activity only for NYF-TiO2-Au (from 67 to 73%). With the deposition
of gold nanoparticles, an increase in the activity was expected, however, the presence of gold
increased the efficiency only for the TiO2_calc sample (from 62% to 86.4%). On the other
hand, it is worth pointing out that there is no significant difference between the samples with
or without Au. Since TiO2 had the best photocatalytic activity, one can ask why it is worth to
deal with the composites. The answer regarding this question lies within the fact that an
elucidated mechanism can be provided which can result in further strategies which could lead

to higher photocatalytic activity.
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Figure 38. Photocatalytic activity of the composites under visible light.
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5.3.3. Photoluminescence measurements and the origin of the activity

The fluorescence measurements were carried out using A = 365 nm light as the excitation

source, because the photocatalytic experiments were also carried out at this wavelength. The

following key observations were made:

when NYF was present in the samples an emission at 460 nm was found, and an
asymmetric emission band around 400 nm was also observed. This was the strongest
when sample NYF-TiO2_calc was used. It seems that a down-conversion occurs in
these samples, but the emitted light is in the border of UV-A and visible light, that is
why under UV irradiation this composite shows high activity.

Moreover, when Au was deposited the band at 460 nm got weaker, while the one at 400
nm nearly disappeared. As the light emitted at 460 nm was not utilizable by any of the
components, the obtained activity for NYF-TiO2_calc-Au was lower. When the
excitation wavelength was changed to 550 nm, no additional fluorescence was
observed, therefore the above-registered activity trends were independent from the
fluorescence properties of NYF. That is why the best activity was achieved for the TiO2-
Au sample under visible light irradiation.

Nevertheless, when the excitation wavelength was changed to 900 nm the band at 400
and 460 nm reappeared, pointing out the possible activation of this catalyst under
infrared irradiation. For this mechanism to happen the system must go through a set of
more complex processes. First, the 2F72— 2Fs2 transition must happen in order to
absorb the NIR light. For this to happen, Yb3* is the responsible species. The emission
band at 400 nm must be the result of the 'D>— 3Hs transition of Tm3* with the
possibility of cross relaxing, as the expected wavelength would be around 365 nm. This
observation was made by others as well [187]. However, this slight 40 nm difference
could originate from the higher energy excitation at 900 nm instead of 980 nm or above.
The band at 460 nm seems to originate from Tm?3*, as well as from the 'D2— 3F4
transition, meaning that Er®* does not participate in the up-conversion cycle. However,
Au could absorb the emitted wavelength above 500 nm, making this transition invisible,
while resulting in an electron injection into the conduction band of TiO2. This finding
means that NIR photons can indeed be utilized, however, the buildup of the light path
must be carefully developed to maximize the efficiency of this process. Experimental
evidence of the NIR activity, with the mechanism proposed above and illustrated in

Figure 5. was gathered for all the samples. Only in case of sample (NYF-
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TiO2_calc_Au) a 12.5% of degradation was observed. Although, the degradation value
seems quite small, it should be mentioned that even such an amount is a great advance,
proving that NIR photoactivity is achievable.

To explain the photoactivity, the above-mentioned excitation scenarios can be
considered, while not entering in-detail the formation of rhodamine B degradation
intermediates and mechanisms (the usual degradation mechanism, driven by direct hole
oxidation and OH radical driven degradation). Under UV irradiation, the photoactivity of pure
titania can be considered, while a substantial reemission by NaYFs enhances the activity, by
maximizing the overall photon flux, which enters in contact with TiO2. Interestingly, in case
of visible light irradiation the NYF component was inactive, most probably due to the fact that
Au was localized mostly on TiO2, while the latter is not excitable under visible light irradiation.
The upconversion mechanism was noticed when carrying out the fluorescence measurements
at 900 nm, namely the emission bands at UV and visible light reappeared making possible the
excitation pathway detailed in Figure 5.

Interestingly, if the amount of degraded rhodamine B was normalized to the available
specific surface area the most efficient catalyst would be NYF-TiO2_calc-Au (Table 3.). This
shows that the surface quality of this composite is good (the necessary amount of surface
defects and catalytically active centers), but due to the lower specific surface area the reemitted
light amount and the available surface for the mass transfer is low, thus synthesizing this

sample with higher specific surface area shows great potential.
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6. Summary

During my research for my Ph.D. thesis a great deal of composites was prepared to
improve the photocatalytic activity of TiO2. The optical and morpho-structural properties of
these new materials were investigated in detail.

In the first instance gold and platinum nanoparticles were deposited simultaneously on
three different commercial titania photocatalysts: Evonik Aeroxide P25, Aldrich rutile, and
Aldrich anatase. For the synthesis of the composites two synthesis strategies were used: in situ
and impregnation. As for the noble metal deposition routes two reduction approaches were
used: two sequential (Au/Pt, Pt/Au) and one simultaneous (Au&Pt).

The morphological and structural properties were studied/investigated by using XRD,
DRS, TEM, HRTEM and EDX. From the XRD it can be concluded that the presence of the
noble metals did not influence the semiconductors phase composition and mean crystallite size.
Analyzing the DRS spectra, it could be observed that the deposition of noble metal
nanoparticles induced significant changes in the optical properties of some commercial titania-
based photocatalysts: all composites have smaller band gap energies compared to their base
catalyst. In case of AA and AR based composites the decrease of the band gap was less than
for the P25 based catalysts, due to the fact that that the particles that build up the base catalysts
are significantly smaller in the case of P25 than for AA and AR, and the differences were more
accentuated for these particles than for larger particles of the catalysts. The plasmonic band of
Au nanoparticles were analyzed in detail. When the plasmonic band did not appear at ~550 nm
two explanations were proposed: the Pt “covers” the Au nanoparticles, forming a so-called
core-shell nanostructure or the two noble metals are forming alloys in these binary composites.
STEM-HAADF, HRTEM and EDS measurements excluded the presence of core-shell
nanoparticles. The obtained size of Au or Pt was between 1 and 5 nm, with a dominance of 3.5
nm particles.

The photocatalytic performances of the nanocomposites were evaluated under UV
irradiation, through degradation of oxalic acid and photocatalytic hydrogen production. In
general, it can be observed, that the P25-based composites showed the highest photocatalytic
efficiencies, degrading more than 75% of the model pollutant. The best performing
photocatalyst was obtained by sequential noble metal deposition (first Au followed by Pt) on
Evonik Aeroxide P25. As for the hydrogen production capacity, the same composite gave the

highest Hz production rate, as for the oxalic acid degradation.

69



Boglarka Hampel Ph.D. Dissertation

The last measurement of these composites was the dynamic light scattering to study the
agglomeration of the composites prepared with most efficient reduction method, which was in
most cases Au/Pt composites and their bare counterparts. The results clearly show that by the
deposition of noble metals the titania nanoparticles suffer intense aggregation which was
visible with the eye as well.

After the characterization and testing the photocatalytic activity of the composites the
oxalic acid degradation and hydrogen production were compared. The samples that most
efficiently decomposed oxalic acid or samples that produced the most hydrogen were selected.
From each series of photocatalysts - made with the best in situ and impregnation - the
composition of the composites was changed. Titanium dioxide remained at 99 wt.%, and the
weight ratio of the precious metals was changed to 0.25% - 0.75% and 0.75% - 0.25%,
respectively.

The photocatalytic activity and hydrogen production capacity was investigated also.
For the oxalic acid degradation, the best photocatalyst was the one that was based on P25, made
with in situ method when Au was first reduced then Pt (P25 _is-Au/Pt). For the salicylic acid
degradation, the best photocatalyst was the one that was based on AA, made with in situ method
when Au was first reduced, then Pt (AA _is-Au/Pt). In addition to all, the hydrogen production
capacity was investigated as well. The sacrificial agent was the oxalic acid and UV-light was
used as well. The most Hz was produced by the P25 bases sample made with in situ reduction,
when first Pt then Au was reduced (P25 _is-Pt/Au).

Considering the ratio between the noble metals the following observation can be made:
The photocatalytic activity was improved only in the case of the AR based composites for both
synthesis strategies after the change in the composition. For the P25 based composites the
change in the composition improved the photocatalytic activity for the catalyst made with
impregnation. The photocatalytic activity of the AA based composites was not enhanced by
the composition change. The hydrogen production capacity was improved only in the case of
P25 based catalysts when the concentration of the noble metals was changed, by the composite
named P25 is-75Au/25Pt.

In the interest of lowering the price of the prepared composites copper nanoparticles
were deposited on two of the commercial titanias (AA and P25). Although, the composites
proved to have photocatalytic activity, only some of the composites achieved better activity
than the base catalyst and only in the case of the degradation of ketoprofen.

After processing the results from the first round of experiments a new idea arose to

enhance the photocatalytic activity of TiOzeven further. Thus, it was formed that composites
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were prepared consisting of TiOz, lanthanide doped NaYFs and gold nanoparticles. Instead of
the commercially available titanias, the new goal was to obtain the anatase TiOz2, due to its
advantageous properties. The noble metal nanoparticles proved to be beneficial, so gold
nanoparticles were prepared the same way as before. The reason why only the Au nanoparticles
were used lies within its surface plasmon resonance, which could be profitable. Last, but not
least, Yb3* Er®* and Tm?" doped NaYFs was chosen to be the third component of the
composite. Theoretically, TiO2 and gold nanoparticles can utilize the upconverted light,
derived from the lanthanide doped NaYFa.

The morphological and structural properties were studied/investigated by using XRD,
SEM, EDAX, TEM, BET method and DRS. Based on the XRD results hexagonal NaYF4 and
anatase TiO2 were obtained. The calcination of the samples increased the primary crystallite
sizes. Based on the SEM micrographs the obtained NYF particles had an average length of 5.8—
6.8 um and an average width of 3.2-3.8 um, while TiO2 had an average particle size of 1.5-
2.5 um, the calcination induces a particle size growth, increasing the average size to 4.5-5.5
pum, the latter one being a hierarchical structure. The EDAX spectrum proves that all of the
constituent elements are present in the composite, therefore the synthesis can be considered
successful. The presence of gold nano- particles was proved by TEM, and their average particle
size was in the range of 5-7 nm. The specific surface area of the composite samples was
determined by nitrogen adsorption. The results showed that TiO2-Au (163 m?/g) had the highest
specific surface area, while NYF (25 m?/g) had the smallest one. The optical properties were
investigated by DRS measurements. The characteristic plasmonic resonance bands, which
appear due to the presence of gold nanoparticles, can be observed at ~550 nm in all composites
that contain Au, further reinforcing its presence. The band gap energies were also calculated
using the Kubelka-Munk equation. In all cases, the calcination has led to the increase of the
band gap energy values, implying that these samples became more crystalline.

The photocatalytic activity was investigated by rhodamine B degradation under the
irradiation of UV-, visible and NIR light. As for the degradation under UV light NYF-
TiO2_calc had the highest (86%) decomposition efficiency. Calcination promoted
crystallization (crystalline anatase is formed), thus increased the photocatalytic activity. The
presence of gold in some composites improved the photocatalytic activity, which could be
explained as a result of charge separation. After the degradation under UV light the same
experiments were carried out under visible light as well. From the results it can be concluded
that the prepared composites achieved higher activity in visible light than in UV light.

Calcination did not have such a significant impact on the degradation as in the previous case
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using UV light irradiation: calcination increased the activity only for NYF-TiO2-Au. With the
deposition of gold nanoparticles, an increase in the activity was expected, however, the
presence of gold increased the efficiency only for the TiO2_calc sample. After these excellent
results came the photodegradation of rhodamine B under NIR light with strong desire for
success. Only in case of sample (NYF-TiO2_calc_Au) a 12.5% of degradation was observed,
which seems a quite small degradation efficiency at first. At the same time, in such a less
researched field, 4 years is very short time to achieve excellent results, which is why a lot of
research is needed in the future to obtain higher efficiency.

In order to understand the origin of the activity photoluminescence measurements were
additionally carried out using A =365 nm light as the excitation source. When NYF was present
in the samples an emission at 460 nm was found, and an asymmetric emission band around 400
nm was also observed. It seems that a down-conversion occurs in these samples, but the emitted
light is in the border of UV-A and visible light, that is why under UV irradiation this composite
shows high activity. When Au was deposited the band at 460 nm got weaker, while the one at
400 nm nearly disappeared. When the excitation wavelength was changed to 550 nm, no
additional fluorescence was observed, therefore the above-registered activity trends were
independent from the fluorescence properties of NYF. Nevertheless, when the excitation
wavelength was changed to 900 nm the band at 400 and 460 nm reappeared, pointing out the
possible activation of this catalyst under infrared irradiation. Sadly, the experimental results do
not support this.

Overall, a great deal of composites were prepared and characterized. The main goal was
to increase the photocatalytic activity of TiO2, which was fulfilled in almost all cases. The
photocatalytic activity under NIR light was not successful, although the photoluminescence
measurements proved otherwise. The answer may lay in the experimental design, which leaves

a new opportunity for a new research.
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7. Osszefoglalas

A doktori disszertaciomhoz kapcsol6dd kutatdsom sorén tébb kompozitot allitottam el6 a
TiO2 fotokatalitikus aktivitasanak javitasa érdekében. Ezen U(j anyagok optikai és
anyagszerkezeti tulajdonsagait részletesen megvizsgaltuk.

Elészor arany és platina nanorészecskéket egyszerre valasztottam le harom kiilonb6z6
kereskedelmi titan dioxid fotokatalizator fellletére: az Evonik Aeroxide P25, az Aldrich rutil
és az Aldrich anatazra. A kompozitok szintéziséhez két szintézis stratégiat alkalmaztam: in situ
és impregnalds. A nemesfém levalasztasi Utvonalak esetében két redukcids megkozelitést
alkalmaztam: két sorozatos (Au / Pt, Pt/ Au) és egy egyidejii (Au & Pt).

A morfoldgiai és szerkezeti tulajdonsagokat XRD, DRS, TEM, HRTEM és EDX
alkalmazasaval vizsgaltuk/tanulmanyoztuk. Az XRD-bél arra lehet kovetkeztetni, hogy a
nemesfémek jelenléte nem befolyasolta a félvezetd fazisosszetételt és a kristalyok atlagos
méretet. A DRS spektrumokat elemezve megfigyelhetd volt, hogy a nemesfém nanorészecskék
levalasztasa jelentds valtozasokat idézett el egyes kereskedelmi titan dioxid alapd
fotokatalizatorok optikai tulajdonsdgaiban: az 0sszes kompozitnak kisebb lett a tiltottsav
szélességenek az energidja, mint az alapkatalizatoroknak. Az AA és AR alapi kompozitok
esetében a tiltottsav szélesség értékének csokkenése kisebb volt, mint a P25 alapu
katalizatoroknal, ami annak a ténynek koszonhetd, hogy az alapkatalizatorokat felépitd
részecskék lényegesen kisebbek a P25 esetében, mint az AA és AR esetében, és a kiillénbségek
jelentdsebbek ezeknél a részecskékneél, mint a katalizatorok nagyobb részecskéinél. Az Au
nanorészecskek plazmon csucsat részletesen elemeztilk. Amikor a plazmon csucs nem jelent
meg ~ 550 nm hullamhosszon, két magyarazatot vetettink fel: a Pt ,lefedi” az Au
nanorészecskéket, ugynevezett mag-héj nanoszerkezetet alkotva, vagy a két nemesfém
Otvozetet képez ezekben a tercier kompozitokban. A STEM-HAADF, HRTEM és EDS
mérések kizartdk a mag-hej nanorészecskék jelenlétét. A kapott Au vagy Pt részecskemérete 1
és 5 nm kozott volt, 3,5 nm-es részecskék dominanciajaval.

A nanokompozitok fotokatalitikus aktivitasat UV-fény alatt mértik, oxalsav bontasaval és
fotokatalitikus hidrogénfejlesztéssel. Altalanossagban megfigyelheté, hogy a P25 alapt
kompozitok mutatték a legnagyobb fotokatalitikus aktivitast, lebontva a modell szennyez6 tébb
mint 75%-at. A legjobban teljesit6 fotokatalizatort sorozatos nemesfém levalasztassal (el0szor
Au-t, majd Pt-t) nyertlik az Evonik Aeroxide P25-tel. Ami a hidrogénfejlesztést illeti, ugyanaz
a kompozit adta a legnagyobb H2 termelési sebességet, mint az oxalsav lebontasa esetén a

legnagyobb degradacio %-ot.
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Ezekre a kompozitokra az utols6 mérés a dinamikus fényszéras volt, hogy a
leghatékonyabb  redukciés  modszerrel — elballitott ~ kompozitok  agglomeréacidjat
tanulmanyozzuk, amely a legtdbb esetben az Au/Pt kompozitokat jelentette, illetve az
alapkatalizatorokat. Az eredmények egyértelmiien azt mutatjak, hogy a nemesfémek
levalasztasa réveén a titan dioxid nanorészecskék intenziv aggregéaciét szenvednek el, amely a
szemmel is lathat6 volt.

A jellemzések és a kompozitok fotokatalitikus aktivitasanak tesztelése utan
dsszehasonlitottuk az oxalsav bontési hatékonysagot és a hidrogéntermelést. Kivalasztottuk
azokat a mintakat, amelyek a leghatékonyabban bontottak az oxalsavat, vagy azokat a mintakat,
amelyek a legtdbb hidrogént termelték. A fotokatalizatorok minden sorozatabdl - a legjobb in
situ és impregnalassal késziltek - megvaltoztattuk a kompozitok 6sszetételét. A titan-dioxid 99
tdémeg % maradt, mig a nemesfémek témegaranyat 0,25% - 0,75%, illetve 0,75% - 0,25%-ra
valtoztattuk.

A fotokatalitikus aktivitdst és a hidrogénfejlesztd képességet ismét megvizsgaltuk. Az
oxalsav bontasa szempontjabol a legjobb fotokatalizator az a P25 alapt kompozit volt, amelyet
in situ modszerrel allitottam el6, amikor el6szor az Au-t redukaltam, majd Pt-t (P25_is-Au/Pt).
A szalicilsav bontasahoz a legjobb fotokatalizator az AA alapu kompozit volt, amelyet in situ
modszerrel allitottam eld, amikor elészor az Au-t redukaltam, majd Pt-t (AA_is-Au/Pt).
Mindezek mellett megvizsgaltam a hidrogénfejlesztési kepességiket is. Az aldozati reagens az
oxalsav volt, és UV megvilagitast alkalmaztam. A legtdobb Hz-t az in situ redukcidval készitett
P25 alapu minta termelte, amikor elészor Pt-t, majd Au-t redukaltam (P25 _is-Pt/Au).

A nemesfémek aranyat figyelembe véve a kdvetkezé megfigyelés tehetd: a fotokatalitikus
aktivitds csak az AR alapl kompozitok esetében javult mindkét szintézis stratégiahoz az
Osszetétel megvaltozasa utan. A P25 alapu kompozitok esetében az dsszetétel megvaltozasa
javitotta az impregnaldssal késziilt katalizator fotokatalitikus aktivitasat. Az AA-alapl
kompozitok fotokatalitikus aktivitdsat az Osszetétel megvéaltozdsa nem javitotta. A
hidrogénfejlesztés csak a P25 alapl katalizatorok esetében javult, amikor a nemesfémek
koncentraciojat megvaltoztattuk, a P25_is-75Au/25Pt elnevezésii kompozit esetében.

Az eldallitott kompozitok aranak csokkentése érdekében réz nanorészecskéket vittem fel
két kereskedelmi forgalomban kaphatd titdn-dioxidra (AA és P25). Bar a kompozitok mutattak
fotokatalitikus aktivitast, csak néhany kompozit ért el jobb aktivitast, mint az alapkatalizator,
és csak a ketoprofén bontasa esetében.

Az els6 kisérletek eredményeinek feldolgozasa utan egy Uj otlet merllt fel a TiO2

fotokatalitikus aktivitasanak tovabbi ndvelésére. igy tortént, hogy TiO2-bdl, lantanoida
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ionokkal adalékolt NaYFs-bol és arany nanorészecskékbdl allo kompozitokat allitottam eld. A
kereskedelemben kaphato titan dioxidok helyett az Gj cél anatdz TiO: elballitasa volt, az
elényds tulajdonsagainak koszonhetéen. A nemesfém nanorészecskék hasznosnak
bizonyultak, ezért az arany nanorészecskéket ugyanugy allitottam el6é, mint korabban. Az ok,
amiért csak az arany nanorészecskéket tartottam meg, annak feliileti plazmonrezonanciajaban
rejlik, ami nyereséges lehet. Végl, de nem utolsésorban az Yb?®*, Er3* és Tm3* ionokkal dépolt
NaYFs-ot valasztottuk a kompozit harmadik 6sszetevojének. EIméletileg a TiO2 és az arany
nanorészecskék fel tudjak hasznélni a lantanoida ionokkal adalékolt NaYFs-tol szarmazo,
atalakitott fenyt.

A szerkezeti és morfoldgiai tulajdonsagokat XRD, SEM, EDAX, TEM, BET mddszer és
DRS alkalmazéasaval vizsgaltuk/tanulmanyoztuk. Az XRD-bdl szarmazd eredmények alapjan
hexagonalis NaYFs-ot és anataz TiO2-t kaptunk. A mintdk kalcinalasa megnovelte az
elsédleges kristalyos méreteket. A SEM felvételek alapjan a kapott NYF-részecskék atlagos
hossza 5,8-6,8 um és atlagos szélessége 3,2-3,8 um volt, mig a TiO2 atlagos részecskemérete
1,5-2,5 um, a kalcinalas részecskeméret ndovekedest valtott ki, igy az atlagos méret 4,5-5,5
pm-re nétt. Az EDAX spektrum bizonyitja, hogy az 0sszes alkotéelem jelen van az
kompozitban, ezért a szintézis sikeresnek tekinthetd. Az arany nanorészecskék jelenlétét a
TEM bizonyitotta, atlagos részecskeméretilk 5-7 nm kozott volt. A mintdk fajlagos fellletét
nitrogen adszorpcioval hataroztuk meg. Az eredmények azt mutattak, hogy a TiO2-Au (163
m?/g) fajlagos felllete volt a legnagyobb, mig a NYF-é (25 m?/g) a legkisebb. Az optikai
tulajdonsagokat DRS mérésekkel vizsgaltuk. A jellegzetes plazmon csucs, amely az arany
nanorészecskek jelenléte miatt jelentkezik, ~550 nm-en megfigyelhet6k az Osszes Au-t
tartalmazd kompozitban, tovabb erésitve annak jelenlétét. A tiltottsav szélesség értékeit a
Kubelka-Munk egyenlet segitségével szamoltuk Ki. A kalcinalas minden esetben a tiltottsav
szélesség energiaértékeinek novekedésehez vezetett, ami azt jelenti, hogy ezek a mintak
kristalyosabba valtak.

A fotokatalitikus aktivitast rodamin B degradacioval vizsgaltuk UV, lathatd és kozeli
infravords (NIR) fény besugarzasaval. Ami az UV fény alatt torténd bomlast illeti, az NYF-
TiO2_calc rendelkezett a legnagyobb (86%) bomlasi hatékonysaggal. A kalcinalas elsegitette
a kristalyosodast (kristalyos anataz képzddik), ezaltal fokozta a fotokatalitikus aktivitast. Az
arany jelenléte egyes kompozitokban javitotta a fotokatalitikus aktivitast, ami a
toltéselvalasztas eredményeként magyarazhatd. Az UV fény alatt torténd bontast kdvetden
ugyanezeket a Kisérleteket lathato fény alatt is elvégeztiik. Az eredményekbdl arra lehet

kovetkeztetni, hogy az elkészitett kompozitok nagyobb aktivitast értek el lathat6 fényben, mint
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UV fényben. A kalcinalasnak nem volt olyan jelentds hatasa a bontasra, mint az el6z6 esetben
UV fénysugarzéssal: a kalcinalas csak az NYF-TiO2-Au esetében novelte az aktivitast. Az
arany nanorészecskék levalasztasaval az aktivitas ndvekedése volt varhatd, azonban az arany
jelenléte csak a TiO2_calc minta esetében ndvelte a hatékonysagot. Ezen kivalo eredmények
utin a rodamin B fotodegradacidja kovetkezett NIR fény alatt. Egy minta (NYF-
TiO2_calc_Au) esetében megfigyelheté volt 12,5%-0s bontasi hatékonysag, ami elsére
kevésnek tiinhet. Ugyanakkor természetesen egy ilyen kevésbé kutatott teriileten a kivalo
eredmények eléréséhez a 4 év igen kevés 1d6, éppen ezért rengeteg kutatds sziikséges a
tovabbiakban a magasabb hatékonysag eléréséhez.

Az aktivitds eredetének megeértése érdekében a tovabbiakban fotolumineszcencia
méréseket végeztiink, ahol gerjesztési forrasként A=365 nm fényt alkalmaztunk. Amikor aNYF
jelen volt a mintakban, megjelent 460 nm-en egy emissziét, és 400 nm koriil egy aszimmetrikus
emisszios savot is megfigyeltiink. Ugy tiinik, hogy ezekben a mintikban *down-conversion’
torténik, de a kibocsatott fény az UV-A és a lathatd fény hataraban van, ezért UV besugarzas
alatt ez a kompozit nagy aktivitast mutat. Amikor Au is jelen volt a sdv 460 nm-nél gyengiilt,
mig a 400 nm-es sav szinte eltiint. Amikor a gerjesztési hullamhosszt 550 nm-re valtoztattuk,
tovabbi fluoreszcencia nem volt megfigyelhetd, ezért a fent bemutatott aktivitasi trendek
fuggetlenek a NYF fluoreszcencia tulajdonségaitol. Mindazonaltal, amikor a gerjesztési
hullamhosszt 900 nm-re valtoztattuk, a 400 és 460 nm-es sav ismét megjelent, ramutatva ennek
a katalizatornak az infravords besugarzas alatt torténd lehetséges aktivalasara. Sajnos a kisérleti
eredmények ezt nem tamasztjak ala.

Osszességében szamos kompozitot allitottam eld és jellemeztem. A 6 cél a TiO:
fotokatalitikus aktivitasanak novelése volt, amely szinte minden esetben teljesult. A
fotokatalitikus aktivitdas NIR fény alatt nem volt sikeres, bar a fotolumineszcencia mérések
ennek ellenkezdjét bizonyitottdk. A valasz a kisérleti tervezésben rejlik, amely 0j Iehetdséget

kinal egy Uj kutatasra.
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