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- R. Buckminster Fuller

Human beings always do the most intelligent thing

. after they’ve tried every stupid alternative and none of them have worked.
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Abstract

Oil, coal and gas together account for the majority of global primary energy consump-
tion and they are projected to remain the dominant energy source until at least 2050.
These fuels, however, impose serious pollution and emissions that impose a growing
strain on both our economy and environment. Therefore, we need alternative solutions
that provide sustainable fuels from renewable energy sources. We also need better
strategies to protect our environment, such as converting organic waste in air and wa-
ter to harmless chemicals. Photocatalysis can provide a solution to both of these chal-
lenges; it promises an efficient purification of air and water as well as the production
of hydrogen and solar fuels via light-assisted water splitting and conversion of organic

compounds.

The aim of this thesis was to modify TiO2-based photocatalysts and to investigate
the mechanisms and deactivation kinetics during photocatalytic degradation of organic
molecules and sacrificial hydrogen evolution. For this, I converted TiO7 nanoparticles
into core-shell nanostructures through the deposition of ultrathin layers of an insu-
lating metal oxide (SiOp) with tuneable thickness in the range of O to 1 nm. The film
thickness and uniformity, interfacial and surface properties as well as charge separation
dynamics and charge transfer properties and were studied with a range of state-of-the-

art techniques.

In the first part, the deposition of SiO7 has enabled the direct tuning of the kinetics and
selectivity towards degradation of differently charged organic dyes, by modifying the
adsorption characteristics and accessibility of active Lewis sites. It was also possible

to extract the respective rate limiting processes for different thickness regimes.

In the second part, I investigated the early-stage deactivation phenomenon during hy-
drogen evolution reaction (HER) that was recently discovered for TiO, photocatalysts
modified with Pt nanoparticles. I investigated the mechanism for different process

conditions (type of sacrificial agent, Pt content, deposition method) and used the core-

il
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shell strategy to uncover the origins for deactivation. The results show that the choice
of deposition method plays a key role as it affects the dispersion and amount of the
adsorbed Pt precursor, the Pt reduction kinetics and the initial size of the Pt nanoparti-
cles, and — consequently — both the kinetics and the extent of deactivation. Moreover,
I demonstrated that it is possible to minimize the deactivation with one monolayer of
SiOy shell while retaining a high charge transfer efficiency to the adsorbed reactant

molecules.

In the third part, I introduced nanocavities (< 1nm) into the SiO; shells on TiO;.
Preliminary studies showed that these cavities allowed for highly size-selective degra-
dation of primary and secondary alcohols. Moreover, this strategy can be used to
distinguish between a direct and indirect charge transfer-based oxidation mechanism
of sacrificial agents during HER. Future studies are required to increase the activity for
better results, to correlate reaction kinetics and selectivities with the number and topol-
ogy of these nanocavities and to analyze intermediates for understanding the overall

reaction mechanism.

v
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Zusammenfassung

01, Kohle und Gas sind die Energietriiger des weltweiten Primirenergieverbrauchs und
werden die vorraussichtlich bis 2050 bleiben. Diese Energietriager verursachen jedoch
ernsthafte Verschmutzungen, besonders CO» Emissionen, die die Umwelt nachhaltig
belasten. Wir brauchen daher alternative Losungen, die Energietriiger aus erneuerbaren
Quellen bereitstellen. Zusitzlich brauchen wir effizientere Strategien um organische
Abfille in Luft und Wasser in harmlose Chemikalien umzuwandeln. Photokatalyse
bietet Losungen fiir beide Herausforderungen; es verspricht eine effiziente Reinigung
von Luft und Wasser sowie die Herstellung von Wasserstoff durch photo-unterstiitzte

Wasserspaltung und Umwandlung organischer Stoffe.

Das Ziel dieser Arbeit war es, TiO2-basierte Photokatalysatoren zu modifizieren und
die Mechanismen und Deaktivierungs-Kinetiken wihrend des photokatalytischen Ab-
baus organischer Molekiile und der Entwicklung von Wasserstoff zu untersuchen. Dazu
habe ich TiOz-Nanopartikel mit ultradiinnen Schichten von SiO; mit einstellbarer
Dicke zwischen 0 und 1 nm modifiziert, um sogenannte Kern-Schale-Nanopartikel zu
erstellen. Die Filmdicke und Homogenitit, Grenzflachen- und Oberflacheneigenschaften,
sowie die Ladungstrennungsdynamik und Ladungsleitfahigkeit durch die Schicht wur-

den mit einer Reihe modernster Techniken untersucht.

Im ersten Teil konnte ich mit der SiO2 Schicht die Kinetik und Selektivitit wihrend
des photokatalytischen Abbaus geladener Farbstoffe bestimmen, indem die Adsorp-
tionsgleichgewichte und Zugénglichkeit zu aktiven Lewis-Zentren beeinflusst wurden.
Es war auch moglich die geschwindigkeitsbestimmenden Prozesse fiir verschiedene

Schichtdicken zu bestimmen.

Im zweiten Teil untersuchte ich das Deaktivierungs-Phdnomen, das im friihen Stadium
der Wasserstoffentwicklung mit Pt-Nanopartikel modifizierten TiO Photokatalysatoren
entdeckt wurde. Ich habe den Mechanismus fiir verschiedene Prozessbedingungen
(Art des Lochfingers, Pt-Gehalt, Pt-Abscheidungsmethode) untersucht und die Kern-
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Schale-Partikel verwendet, um die Ursachen fiir die Deaktivierung aufzudecken. Die
Ergebnisse zeigen, dass die Wahl der Abscheidungsmethode eine Schliisselrolle spielt,
da sie die Dispersion und Menge der adsorbierten Pt-Vorstufe, die Pt-Reduktionskinetik
und die anfdngliche GroBe der Pt-Nanopartikel und — folglich — sowohl die Kinetik als
auch das AusmaB der Deaktivierung beeinflusst. Dariiber hinaus habe ich gezeigt, dass
es moglich ist, die Deaktivierung mit einer Monolage der SiO2-Schale zu minimieren
und gleichzeitig eine hohe Ladungstransfereffizienz auf die adsorbierten Reaktanden-
Molekiile beizubehalten.

Im dritten Teil habe ich Nanolocher (< Inm) in die SiO2-Schalen auf TiOy einge-
baut. Vorldufige Studien zeigten, dass diese Locher einen groB3enselektiven Abbau von

primdren und sekundiren Alkoholen ermdglichten. Dariiber hinaus kann diese Strate-

gie verwendet werden, um zwischen einem direkten und einem indirekten Ladungstransfer-

basierten Oxidationsmechanismus von Lochfingern wihrend der HER zu unterschei-
den. Zukiinftige Studien sind erforderlich, um die Aktivitit fiir bessere Ergebnisse zu
erhohen, Reaktionskinetiken und Selektivititen mit der Anzahl und Topologie dieser
Nanolocher zu korrelieren und Zwischenprodukte zu analysieren, um den Gesamtreak-

tionsmechanismus zu verstehen.

vi
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1 Motivation

The onset of the industrial revolution in the early 1900s led to a broad range of pol-
lution, i.e. the introduction of contaminants into the environment, which accumulate
in the air, water, land and biological organisms.1 Technological advancements and a
growing consumption led to large scale production and an increase in long-distance
transportation, which destroy natural habitats and emit unprecedented amounts of pol-
lutants, such as greenhouse gases, synthetic chemicals, heavy metals and crude oil.
The consequences are manifold and drastic; the loss of habitat and the accumulation
of harmful substances has led to a catastrophic decline in wildlife population, while
the emission of greenhouse gases led to a change in climate that has developed into a

climate crisis. 2™

Technologies to reduce pollution, such as the use of renewable energy, sustainable
building or waste reduction, are available; however, they are either not applied due to
limitations in cost, geography, reliability or education; or their application is neither ef-
ficient nor sustainable enough to tackle the challenges set by several intergovernmental
treaties and non-governmental organizations;> such as the Paris agreement, that plans
to limit the global temperature increase to 1.5°C; or the WWF calling for action to end

the destruction of natural habitats and reforming our food production methods. 0

Scientific development is important to drive the efficiency, sustainability, reusability
and applicability of technologies to reduce pollution from the energy and production
demands of the rising human population. Especially photocatalysis is a promising ap-
proach that is often not yet efficient enough to be applied at a large-scale level. To
eliminate these limitations, we work towards a better understanding of the underly-
ing mechanisms and catalysts requirements, to apply more sustainable materials and

systems.

Specifically, I research model systems to unravel the limitations in activity caused by

the surface properties, charge carrier behavior, nature of the co-catalyst, and so on.
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1 Motivation

By changing the surface of a model photocatalyst with the introduction of an ultrathin
1solating Si07 shell, it is possible to investigate differences in the activity and correlate
them to the characteristics of the catalyst, which were analyzed in with a plethora of
methods. One motivation of this thesis was to unravel the rate limiting steps during
combustion of toxic dyes, to design catalysts that increase the combustion efficiency.
The second motivation was to investigate the cause for the unstable behavior of the
model catalyst Pt/TiO, during Hy evolution in certain photocatalytic systems. Specif-
ically, I investigated several possible contributions, such as the sacrificial agent oxida-
tion mechanism and the co-catalyst/catalyst interaction, which were influenced by the
SiO7 shell. Lastly, by creating shells with specific cavities, size selective photocatal-
ysis can give further insights about oxidation mechanisms in direct contact with the

catalyst.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

(]
i
r

M YOU

2 Introduction

In this chapter I will give a motivation for the research projects, an introduction to
photocatalysis and its applications, the requirements for photocatalysts, and the use
and benefits of core-shell nanoparticles as photocatalysts, with a focus on TiO; as a

core photocatalyst, SiO7 as a shell, and Pt as a co-catalyst.

2.1 Photocatalysis

In the following section I will define the terms “’photocatalysis” and “’photosynthesis”
and their differences. 1 will further explain the need and strategies of environmental
applications for liquid photocatalysis, such as the combustion of pollutants and the

generation of hydrogen from water.

2.1.1 Classification of devices and clarification of terms

Photocatalysis can be defined as the ”change in the rate of a chemical reaction or its
initiation under the action of ultraviolet, visible of infrared radiation in the presence
of a substance - the photocatalyst - that absorbs light and is involved in the chemical
transformation of the reaction partners”.” Photons themselves are not seen as the cat-
alyst, as they are used up in the process. The distinction between photocatalysis and
photolysis is that the former requires a catalytic material, which absorbs the light and
initiates or accelerates the chemical reaction, while in the latter the molecule itsself

absorbs the light, which leads to the dissociation of a bond. 8

There is a distinction between homogeneous and heterogeneous photocatalysis: In
homogeneous photocatalysis the reactants and catalysts are in the same phase, while

in heterogeneous photocatalysis they exist in separate phases, i.e. solid-gas or solid-
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2 Introduction

liquid systems, where the catalyst is typically a solid semiconductor. In this thesis, I
will only describe heterogeneous photocatalysis since it exclusively contains research
in this field.

The research community uses the term “’photocatalysis” not only to describe photocat-
alytic but also photosynthetic processes - which is technically incorrect. Per definition,
catalysis and synthesis differ in their thermodynamics: ”Catalysis” is the process of in-
creasing the reaction rate of a thermodynamically downhill reaction by decreasing the
activation barrier (AG < 0, see Figure 2.1a), while ’photosynthesis” is usually ther-
modynamically unfavorable (AG > 0, see Figure 2.1b). Common definitions of pho-
tocatalysis include all excitonic chemical conversion systems; photocatalytic as well
as photosynthetic systems.7’9 Therefore, photosynthetic processes are often termed

“photocatalytic” in literature.

Nevertheless, photocatalytic and photosynthetic processes are very different. Their
main difference lies in the stability of their products: Due to its exergonic nature,
a back-reaction is hardly a problem in photocatalytic processes. In photosynthetic

processes, however, one must take care to separate the products after their formation to

suppress reverse reactions. This can be done either by separate compartments, charge-
9

transfer selectivity or removal of the products from the reaction sites.

A without catalyst with catalyst

with catalyst

>

Potential
Potential

products

reactants
products  |reactants

() (b)

Figure 2.1: Energetics of downhill (photocatalytic) and uphill (photosynthetic) reactions. (a) Downbhill
reaction (AG < 0) with and without a catalyst. With a catalyst the activation energy E, is reduced. (b)
Uphill reaction (AG > 0) only occurs with a suitable catalyst.

An example for a true photocatalytic process is the oxidative degradation of organic

compounds to molecular fragments or CO7 - which is a downhill reaction that can be
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2.1 Photocatalysis

initiated or accelerated by a photocatalyst. An example for a photosynthetic process is
the production of hydrogen and oxygen from water, i.e. “water splitting” - an uphill
reaction (HoO — Hp + %02, AG® =237.13 kJ mol™! ). 10 The back reaction is known
as “oxyhydrogen reaction” or ”Knallgas reaction”, a highly exothermal reaction known

for its explosiveness.

Water splitting is challenging to realize, partly due to its unfavorable thermodynamics,
but also because the oxygen evolution requires four photogenerated holes in proximity
to the adsorbed reactant (02_ ), leading to slower kinetics of the reaction. Therefore, a
lot of researchers use a sacrificial agent (SA), 1.e. a hole scavenger - a substance that
is easily oxidized. The use of SAs can enhance the hydrogen evolution reaction rate

significantly (H2O + Red — Hp + Ox). 1

The full reaction can be thermodynamically
up- or downhill, depending on the chemical bias.? In the case of methanol as an SA
and a 1:1 molar ratio of CH30H/H7O the full reaction has a small, though positive
change in Gibb’s energy, and is therefore still regarded as photosynthesis (CH30H +
H,0 — CO, + 6Ho, AGY = 16.1 kJ mol™!) .12 Importantly, studies found that for
low HpO:methanol ratios, a significant portion of protons stem from the sacrificial
agent, rather than from water. IL13.14 Byen though little or no Oy is created in these
systems, they are sometimes referred to as photocatalytic water splitting” in literature.
The system used in this work will be called “photocatalytic hydrogen evolution” or

“hydrogen evolution reaction” (HER).

2.1.2 The sun as an energy source

Several energy sources are considered as renewable and as having the potential of
replacing fossil fuels in the future. These are wind, geothermal, water, biomass and
solar energy. 17 The sun offers a large and steady source of energy: The average solar

radiation arriving at the earth’s surface per year is ~ 1000 W m2, 1518

The challenge is to convert this radiation to useful forms of energy. For this, photo-
conversion materials need to absorb radiation and convert them into energy carriers,
electricity or chemical energy, or into energy that can be used directly, such as heat. 19
The sunlight consists of ~ 4% ultraviolet (UV) radiation (A < 400nm), ~ 53% visible
(vis) radiation (\ = 400—800nm) and ~ 43% infrared (IR) radiation (A > 800nm).20
Solar energy conversion requires systems that absorb radiation in these wavelength

ranges and then efficiently convert the energy into useful forms. Solar cells, which
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Figure 2.2: The solar light radiation spectrum at the top of the earth’s atmosphere (orange) and at the

sea level (blue). The sun produces light with a distribution similar to what would be expected from

a 5778 K (5505°C) blackbody, which is approximately the sun’s surface temperature. Absorption by

gases with specific absorption bands in the atmosphere are marked. Regions of ultraviolet (UV), visible,

and infrared (IR) light are labeled. These curves are based on the American Society for Testing and
Materials (ASTM) Terrestrial Reference Spectra. 15,16

convert radiation into electricity, are known for efficiencies between 10 and 20%, be-
cause they only capture a fraction of the solar spectrum, and, in some solar cells, charge
recombination further limits the conversion efficiency. 19 This is also the case for pho-
tocatalytic conversion with semiconductors, which often requires radiation in the UV
range. Therefore, increasing the efficiency of light absorption and conversion is one of

the biggest challenges in solar energy conversion.

2.1.3 Combustion of harmful organic molecules

Organic pollutants, stemming from agricultural, pharmaceutical or industrial processes,
are often deposited into the air and wastewater streams in amounts that are harmful for
the environment, animals and humans. many of these pollutants are resistant to envi-
ronmental degradation: If the wastewater or gas emissions are not treated to remove
these substances they are distributed and bioaccumulate, i.e. gradually accumulate

over time in biological organisms.21

An example for water-soluble organic pollutants are synthetic dyes. They can be toxic
to aquatic life, affect natural photosynthesis due to reduced light penetration and some
are carcinogenic to humans. Their structures are complex and aromatic, they are stable

and not easily biodegraded.1 Next to adsorption, ultrafiltration and coagulation, the
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2.1 Photocatalysis

photocatalytic combustion of organic compounds with sunlight is a potentially green
and inexpensive method to achieve their degradation. After complete combustion, they
are broken down into harmless chemicals like CO> and water. 22 The overall reaction
has a negative Gibbs energy, is therefore exergonic and considered as true photocatal-

ysis”.

The exact mechanism of the photocatalytic combustion of organic molecules in aque-
ous solutions is still under discussion. The adsorption of the molecules on the catalyst’s
surface plays an important role, and it depends on the charge and size of the organic
molecule, their access to the catalyst’s surface and the catalyst’s properties. Upon ad-
sorption, the organic molecules can be directly oxidized via transfer of an electron from
the reactant to the catalyst. However, the state of the art is that many of the reactants
are degraded indirectly via OH®, which is generated by oxidation of adsorbed H>O.
OH?* has an oxidation potential of ~ 2.3V at pH 7. For comparison, photogenerated

holes on TiO7 have a potential of ~ 2.5V:%3

Catalyst+hv — hypt +ech” 2.1

HO,4s +hypt — OH® +HY 2.2)
O2ads +2H  +2ecp,™ — HyO2 2.3)

Ogads +4H' +4eqy” — 2H0%4 (2.4)
Organics + OH® — Fragments/CO; + HzO25 (2.5)

Due to the generation of OH® photocatalytic degradation can take place at a distance

up to 500 um away from the TiOp surface. 23

2.1.4 Hydrogen as renewable energy source

Fossil fuels, as a limited resource, are consumed much faster than replenished and
the combustion of fossil fuels is the main source for anthropogenic CO2 emissions.
Due to their link to climate change and its adverse effects on nature, there is need for
alternative fuels, that are generated from renewable energy sources and do not emit

any greenhouse gases upon combustion. 326

Hydrogen as a fuel is a promising alternative, as its combustion only yields water.
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2 Introduction

Its usage as an energy source has been discussed since the oil crisis in 1970 and it
offers many benefits: With 120 MJ kg_1 it has the highest specific energy density of
all substances known and with 0.09 kg m™ is has a very low density. It is the most
abundant element on earth; most of it is bound in chemical compounds, such as water
and hydrocarbons. As an energy carrier it can be used in internal combustion engines,
which yields water, and in fuel cells, where chemical energy is converted to electricity
with water and heat as a byproduct. 27 The advantages and possible applications led
to the idea of a ”hydrogen economy”, where hydrogen is the most or exclusively used

energy carrier.

Hydrogen storage and distribution are crucial issues regarding the development of a
hydrogen economy, especially for mobile applications. The most established storage
system is in the form of pressurized gas, often contained in high-pressure steel or alu-
minum vessels or underground salt caverns. However, due to extremely high pressures
and the connected safety issues, gaseous storage systems face substantial hindrance.
The storage as cryogenic liquid is also impractical, as it requires very low temperatures
due to its boiling point of 20 K. Its current use in applications is limited to where it is
consumed within a short time. However, promising approaches are researched, such
as special solid materials, which can reversibly adsorb and desorb hydrogen; either via

physisorption, e.g. on zeolites, or chemisorption, e.g. forming metal hydrides.27

0> +4
12 f2 v e 20 02(2)
________ 98:#_2‘H20+4e‘ﬂ4
e o On-
2 . HxO(l)
0Tl 2e oy
B, S L Hyys
e OH
Ha(g) : T
0 7 14
pH

Figure 2.3: Pourbaix (E-pH) diagram for water. The blue area is the equilibrium region for water, above

and below the equilibrium regions for oxygen and hydrogen, respectively. The vertical scale is the

voltage potential relative to a SHE electrode, the horizontal scale is the pH of the aqueous solution. The
red dashed line indicates the reduction potential of water at pH 7.
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2.2 Materials requirements

It is a secondary energy carrier, i.e. it is transformed from a primary energy source. 28

To be an attractive green fuel, it has to be generated with renewable energy sources and
in a sustainable system. According to a statistic of 2001, hydrogen is mainly produced
via conversion of natural gas (48%), heavy oils and naphtha (30%) and coal (18%).26
The energy sources mentioned are non-renewable and do not fulfill the requirement of
minimizing greenhouse gas emissions. Therefore, other technologies are in develop-
ment, such as the production of hydrogen from hydro power, wind, solar, biomass and

geothermal energy sources 27,

More specifically, renewable supply strategies that are researched include electrolysis
and photoelectrochemical conversion of water, with the use of wind or solar-generated
electricity, and the photocatalytic reduction of water via absorption of solar radiation.
The latter require a photoelectrode or photocatalyst with suitable conduction band min-
ima to reduce H* to Hp. The reduction potential of H*/H3 is = -0.4 V at pH 7.9 The
Nernst equation and its graphical representation, the Pourbaix diagram (Figure 2.3),

give an estimation of the reduction potential of an aqueous electrochemical system at

RT
Ey=E'———In (ar—ed) (2.6)

where Ep is the voltage potential with respect to the standard hydrogen potential
(SHE), EY is the standard electrode potential at pH 0, R is the gas constant, T the
temperature in Kelvin, n the amounts of electrons transferred in the reaction, F the

a given pH value:

Faraday constant and a.q and aox the activities of the reduced and oxidized species.
Specifically for hydrogen reduction from water the Nernst equation can be written as:

RT
Eyy =~ In(10) pH ~-0.059 pH (2.7)

2.2 Materials requirements

In the following section I will discuss material requirements for semiconductor and
co-catalysts for their use in heterogeneous photocatalysis. The focus lies on the model
photocatalyst TiO, and the commonly used co-catalysis Pt, which are the main cata-

lysts used in this work.
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2 Introduction

2.2.1 Semiconductors as photocatalysts

Al Reduction

Energy absorption
Exciton generation
Va|ence band _

@Y oxidation |

Figure 2.4: General mechanism of photocatalysis in a solid semiconductor.

In general, a photocatalyst converts photons into charge carriers, which can then re-
act with a reactant that is adsorbed on the catalyst. The materials first requirement is
therefore sufficient light absorption leading to charge excitation, i.e. the formation of
electron-hole pairs. This qualification is met by some semiconducting metal oxides
or sulfides. For the use of solar light as a renewable energy source the absorbed light
energy needs to lie in the solar light spectrum, i.e. the band gap Eg of the semiconduc-
tor must not be too large. Further requirements for a heterogeneous photocatalyst are
the separation of charge carriers, their transfer to the surface and their reaction with

reactants on the surface (Figure 2.4).9

Another important requirement are appropriate band positions of the conduction and
valence band. The suitability depends on the application, i.e. the reduction potentials
of the reactants in the system. Hydrogen evolution from water, for example, requires a
conduction band position of less than ~ -0.4 V at pH 7 (Figure 2.5).% Semiconductors
with a large band gap (Eg > 3eV) often have a conduction band potential that is more
negative than -0.4 V. However, only photons in the UV range can be absorbed by these
semiconductors. Solar light consists of only ~4% of UV radiation (< 400nm). On the
other hand, semiconductors with a small band gap (Eg < 3eV) often have inadequate
conduction band potentials for many applications. It is therefore important to minimize

the band gap of materials while keeping suitable band positions. Approaches to do this

10



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

2.2 Materials requirements

include doping or photosensitization. 29
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Figure 2.5: Conduction band, valence band potentials and band gap energies of common semiconductor
photocatalysts relative to the redox potentials of water splitting and decomposition of organic molecules
at pH 7. Redrawn from 239

Once an electron-hole pair is generated, the charge carriers need to stay separated until
they reach the surface and react with reactants. Charge recombination is detrimen-
tal to the photocatalytic activity and must therefore be minimized. There are several
strategies to decrease the material’s recombination rate. One common approach is the
use of nanomaterials to minimize the distance the charge carriers have to travel to the
surface. Another approach is the modification of materials to decrease defects, which
act as recombination centers; hybridization with nanocarbons; or the introduction of

electron traps, often done via surface modifications. 2331

The quantum yield (QY) of a photocatalytic system is a measure for the extend of
recombination. It is defined as the efficiency of electron-hole pair usage, i.e. the ratio

of the number of photons absorbed and the number of events occurring. 32

# of reacted electrons

Y =
Q # of absorbed photons

(2.8)

Ideally, each photon reaching the semiconductor is absorbed, generating an electron-
hole pair, which is separated and transferred onto the surface to react with reactants.
The efficiency of absorption is lowered by scattering or absorption saturation, which
are difficult to evaluate. Therefore, quantum yield determinations use the ratio of the

number of incident photons transmitted onto the photocatalyst, calculated from the

11
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2 Introduction

measured photon flux, to the number of reacted electrons, determined from the amount

of products generated.

A
A
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conduction band conduction band
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&>‘3 donor levels %0
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= acceptor levels 23]
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valence band valence band
direct bandgap indirect bandgap
n-type p-type >

Momentum
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Figure 2.6: (a) Two types of semiconductor doping: n-type and p-type. (b) Direct and indirect bandgap
transitions. Indirect bandgap transitions require a phonon transition.

The properties of semiconductors can be modified by doping, i.e. adding small amounts
of impurities. Two kinds of doping are common: Negative type (n-type) doping leads
to an excess of electrons, shifting the Fermi level closer to the conduction band. Pos-
itive type (p-type) doping leads to a deficiency of electrons and therefore the Fermi
level shifts closer to the valence band (Figure 2.6a). Even without extrinsic doping,
a semiconductor can have intrinsic doping due to defects in the crystal lattice, e.g.

vacancies. An example for an intrinsically n-type doped semiconductor is TiO2.

The band gaps of semiconductors can be of two types: direct or indirect. The electron’s
crystal momentum, a quasimomentum associated with the wave vector k, can be the
same or different in the valence and conduction band. If it’s the same, the electron
can directly relax and emit a photon, leading to the term “direct band gap”. If the
k vectors are different, the electron must transfer momentum to the crystal lattice to
change its state (Figure 2.6b). Thus, the excited electrons cannot directly recombine
with holes, which increases the photogenerated electron-hole lifetime. An example

for an indirect band gap semiconductor is anatase, a phase of TiO» commonly used in

12
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photocatalysis. 33

2.2.2 TiO; as photocatalyst

H;0/H,

E o o
CH,0H/CO,

H,0/0;

Potential vs. NHE (pH 7)

Valence band

O,
(@ (b)

Figure 2.7: (a) Ball-stick model including polyhedra of the unit cell of anatase, a polymorph of TiO2
often used in photocatalysis; (b) sacrificial hydrogen evolution on a Pt/TiO; nanocatalyst.

The most commonly used heterogeneous photocatalysts are large band gap materials,
which means they only show efficient activity when irradiated with UV light. TiO; is
a model photocatalyst, which has a band gap of 3.2 eV (anatase) or 3.0 eV (rutile).

The photocatalytic properties of TiOp are known since the 1960s. Research started
with photoelectrochemical water splitting using TiO7 and platinum as electrodes. Soon
other applications became relevant. When TiOz powder is dispersed in a solution
and irradiated, it leads to redox processes in its surroundings. It is also known for
self-cleaning, anti-fogging properties and many other applications benefiting from its

photo-induced hydrophilicity. 23

TiO7 has three common polymorphs: anatase, rutile and brookite. Anatase is meta-
stable, most often found as small crystals and transforms to the thermodynamically
most stable phase, rutile, at temperatures above 600°C.3% It crystallizes in the tetrag-
onal crystal system, where it disposes a ditetragonal dipyramidal crystal form (Space

group: I 4;/amd, Figure 2.7a). Anatase and rutile have been studied extensively for

13
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2 Introduction

photocatalytic applications, where anatase has shown a higher photocatalytic activity

than rutile, due to the following reasons:

* a higher electron mobility; 35

* a smaller particle size; 30

* alonger electron lifetime due to an indirect bandgap (whereas rutile has a direct
bandgap);35’36

* the formation of special surface active sites, due to the higher molar volume of

the crystal structure. 36

Anatase has suitable band positions for many applications. The conduction band po-
tential of anatase lies around —0.5V. Water is reduced to Hp at ~ —0.4V at pH 7, close
to the conduction band potential of anatase, providing a small potential difference - the
driving force for the reaction.3” Due to its valence band position at ~ 2.7V, anatase
is able to oxidize water which requires a potential of 0.8V at pH 7. However, this
reaction requires four holes and two adsorbed H»O in close proximity to each other,
which hinders this reaction kinetically. On the other hand, the photocatalytic decom-
position of sacrificial agents, such as CH3OH, happens step-wise and only requires
one hole each step. The overall reaction (CH30H + HoO — CO> + 6H* + 6¢e7) has
an oxidation potential of ~ —0.38 V at pH 7, and therefore a much higher driving force
than the oxygen evolution. With low HyO to CH3OH ratios, the oxidation takes place
directly at the surface. With very high H>O to CH3OH ratios, above 300, the indirect
oxidation mechanism via OH® is dominant, which requires an oxidation potential of
~ 2.3V.1223 The oxidative degradation of organic dyes happens either indirectly, via
the generation of OH®, or directly, when the organic dye is adsorbed on the catalyst’s

surface.?3

2.2.3 The co-catalyst Pt

The hydrogen evolution efficiency from pure anatase is rather low. To increase the
efficiency, co-catalysts have been introduced, which act as electron traps to reduce
charge recombination and as active sites for the hydrogen reduction. 3832 Common
co-catalysts are transition metals like Pt, Pd,40 Rh,41 Au,42*43 Ag, Ir, Ni%4 and metal
oxides like CuO.2 A benchmark system in photocatalytic HER is P/TiO7, a pair of

cooperative catalysts that promote each others catalytic activity.

14
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2.2 Materials requirements

Pt is deposited as nanoparticles onto the TiOy surface, usually by wet impregnation or
photodeposition from Pt complexes, such as HpPtClg or (NH3)4PtCl, . Wet impreg-
nation usually consists of adding the Pt precursor to a suspension, which is followed
by stirring, drying and further oxidation, reduction and heat treatment, often under
Hj atmosphere at higher temperatures > 200°C. 947 A simple alternative is photode-
position, where the Pt ion is reduced on TiOz under UV illumination.#® This can be
done “in-situ”, during the photocatalytic experiment or “ex-situ”, which also involves
post-synthetic treatment, such as oxidation and reduction, possibly at higher tempera-
tures.*® In the Eder research group, the most used method is in-situ photodeposition
of Pt from HpPtClg in a TiOz HpO:methanol slurry during the hydrogen evolution

experiment.
DOy > Dy Oy < Py
Evac Evac
Xs
) X
Pm : Ecb Pm ’ q)s .
________ A EF, E cb
EFm ’ S e R L - - Epg
metal Evp metal Eu
= v
n-type SC n-type SC
‘ Evac
X
(O Dy : ° s
—_ - E,
) I_ ‘ cb
Frn b = Erm = R £ - - Epg
k.
depletion layer accumulation layer

Figure 2.8: Energy band diagrams of metal with n-type semiconductor not in contact (above) and in

contact under equilibrium (below). ®,, metal work function; ®g, semiconductor work function; Xg,

electron affinity of the semiconductor; ®g,, schottky barrier height; Eg, Fermi level; Eyyc, vacuum

energy; Eyp, energy of valence band maximum; E, energy of conduction band minimum. Redrawn
from Zhang et al.>"
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2 Introduction

Band bending

When two materials are in close contact with each other, their energy bands adjust to
align their Fermi levels - due to an electron flow from the higher to the lower Fermi
level. This electrical junction will induce band bending on the interface, which allows
for better charge separation, reduced recombination and therefore enhanced photocat-

alytic activity.

The band bending of a junction between a metal and an n-type semiconductor is shown
in Figure 2.8. If the metal’s work function is greater than the semiconductor work
function (®y, > Pg) then photogenerated electrons will move from the semiconductor
to the metal and a Schottky barrier @, is formed at the interface. The electrons flow
from the metal to the semiconductor, if the metal work function is smaller than the
semiconductor work function (P, < ®5) . This electron transfer proceeds until the

Fermi levels Ef are equa1.50

The work function of the co-catalyst/metal in relation to the semiconductor’s work
function is an important parameter. The work function is defined as the difference
between the vacuum energy Ey,c and the Fermi level Eg. The Fermi level depends
on dopant concentrations and it is also affected by surface conditions: It can vary
for different surface orientations and surface terminations. For example, the work
function of oxidized anatase is ®s ~ 5.2 eV and it decreases to $g ~ 4.4 eV upon water
vapor adsorption. 31 To facilitate transfer of the electrons from the semiconductor to the
metal, the work function of the metal ¢, needs to be greater than the work function
of the semiconductor (P, > P5). The co-catalyst’s work function depends not only
on the kind of metal and surface orientation but also on the size of the nanoparticles.
The size plays a role due to quantum confinement of very small particles: Bulk Pt
has a work function of 5.65 eV but the electron affinity for a single Pt atom in the
gas phase is only 2 eV.723 pt nanoparticles deposited onto TiOy vary a lot in their
diameter depending on the deposition method. The diameter of 1 nm was found to

R.2% A reason for this could be the dispersion of

be optimal for photocatalytic HE
the Pt on the surface, which also plays a crucial role for the activity. Good dispersion
increases the access to triple-phase boundaries and active sites and decreases the path
electrons have to travel in the semiconductor before they reach the co-catalyst. Up until
now, these small Pt sizes have only been achieved with ex situ gas-phase deposition.52

Photodeposition of Pt onto TiO7, the technique used in this work for reasons stated

16
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2.3 Core-shell TiO2 - SiOy particles

later, usually leads to Pt nanoparticle sizes greater than 1.5 nm,38:41.49

Even though the band diagram formalism describes the situation for an intimate contact
between metal and semiconductor, band bending still occurs when there is an ultrathin
layer of an isolating material between them, which has been shown for metal-oxide-
semiconductor field-effect transistors.> In my work, I used ultrathin SiO; layers be-
tween TiO and Pt, which are transparent to electrons due to their atomic dimensions

and allow electron transport and therefore band bending.

2.3 Core-shell TiO3-SiO» particles

In this section, I will discuss the use and benefits of core-shell nanoparticles, espe-
cially TiO2 —Si02, in photocatalysis and introduce several synthesis approaches for

the formation of ultrathin shells.

2.3.1 Core-shell particles in photocatalysis

A core-shell particle has an inner spherical material that is surrounded by a shell of a
different material, each with dimensions at the nanoscale. They can combine multi-
ple functionalities, such as adsorption capacity, dielectric properties, thermal stability
and catalytic activity. This makes them suitable for many applications in the field of

catalysis and energy storage.

The first core-shell catalysts were made out of porous shells with a cavity between
core and shell. They are called ’yolk shell” and they were developed to optimize the
transport behavior of reactants. Due to a growing interest in core-shell structures, they
have been developed further to materials where the shell fully or partially encapsulates

the core by forming chemical bonds.>®

Depending on the materials, the catalytically active sites may be at the core, at the
shell, or even at their interface. The triple-phase boundary of core, shell and liquid/gas
phase may be beneficial for the conversion of reactants. The interface may also be
capable of trapping electrons or holes, therefore increasing the charge carrier lifetime.
Specifically, they have been studied for their impact on the catalytic activity, e.g. due

to different diffusion or sorption properties or due to synergistic effects of the two (or
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2 Introduction

more) materials. 3477 Among the studied photocatalytic applications are the degra-

dation of organic molecules and CO; reduction.>%-00

2.3.2 TiO2-Si03 core-shell particles

Regarding TiO», a plethora of core-shell strategies have been applied to enhance the
photocatalytic activity and investigate mechanistic details. Efficiencies and activities
of catalysts depend on their phase, morphology, particle size and surface area. TiO2
has been coated around insulators or metals to increase the effective surface area by
minimizing aggregation, to optimize light harvesting, to increase the stability or to re-

57,61-63

duce charge carrier recombination. If coated around another semiconductor the

composite can show favorable photocatalytic and optical properties, e.g. the extension

of the light absorption range and better charge separation at the interface. 30,56,64

TiO; can also be used as a core. Benefits include a better interfacial charge sepa-
ration, thermal stability and increased dispersion. It has been encapsulated by met-
als, nanocarbons, semiconductors and insulators, 7663 Specifically, an insulating S107
layer in the nanometer range has been shown to increase the photocatalytic conversion

by an interplay of several effects:

« Ti—O-Si bonds can act as active sites in several reactions. 32->9-02,06-68

¢ The SiO; surface is more acidic than the TiO surface, therefore some reactants

experience improved adsorption kinetics. 69,70

« SiO7 is non-reducible and less oxygen vacancies are present than in TiO,.”!

¢ In TiO3, d-orbitals are involved in bond formations, while the Si has no d-orbital
available for bonding, leading to different bond strengths between metal co-
catalysts and supports.72

* The TiO,—SiOy interface serves as a trap state for charge carriers, therefore

decreasing their recombination. %7374

The Si0; layer can also shield catalytically active sites or inhibit charge transfer from
TiO; to the reactant, therefore decreasing the photocatalytic activity. The extend of
these effects depend on the layer coverage and thickness.”’ It is therefore of great in-
terest to produce ultrathin shells, which allow charge transfer via tunneling, and shells

with cavities, which allow the reactant to diffuse to the TiO, surface or allow access to
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2.3 Core-shell TiO2 - SiOy particles

interfacial sites. >

2.3.3 Ultrathin layers of SiO2 on TiO3

Several strategies have been applied to achieve the deposition of ultrathin SiO; shells
on TiOy or other metal oxides. Among those are salt precipitation, sol-gel synthe-
sis, molecular self-assembly, atomic layer deposition (ALD), microemulsion, micelle

formation and electrochemical synthesis.

Before going into some of those synthesis techniques, I want to explain how SiO7
deposition on the TiOy support is beneficial for homogeneous coverage of the core
with the shell.

e EaEsE Bl o
(a) (b) (c)
Volmer-Weber Frank-van der Merwe Stranski-Krastanov
"island growth" "layer-by-layer growth" "layer-plus-island growth"

Figure 2.9: Three different layer growth models can be distinguished; (a) the Volmer-Weber model

describes the growth of distinguishable islands; (b) the Frank-van der Merwe model describes complete

film formation before the growth of subsequent layers; (c) the Stranki-Krastanov model describes the
formation of a 2D layer before island form on top of it.

In general, three main different layer growth mechanisms can be distinguished:

1. The Volmer-Weber growth model, also called “island growth”, describes the
growth of distinct 3D islands on the support that increase in size with the de-
position time (see Figure 2.9a). This happens when the ad-atoms of the layer

material are more strongly coupled with each other than with the support.

2. The Frank-van der Merwe growth model, also called "layer-by-layer growth”,
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2 Introduction

describes the primary formation of a monolayer. After this layer fully covers the
support the formation of more layers proceed on top of it (see Figure 2.9b). This
happens, when the ad-atoms interaction with the support is stronger than with

other ad-atoms.

3. The Stranski-Krastanov growth model, also called "layer-plus-islands growth
model”, is an intermediary process with both 2D layer formation, followed by
3D island formation (see Figure 2.9c). The 3D island growth starts on a critical
layer thickness, which is dependent on the materials properties, such as lattice

parameters and surface energies.

SiOy precursors, such as tetraethoxysilane (TEOS), form silanols when hydrolyzed
(see Figure 2.10). The silanol can then condense with other hydroxyl groups to form
metal oxide polymers: It either reacts with hydroxyl groups of other silanols or of the
TiO; surface, depending on the electronegativity (EN) of the metal. Titanium has a
lower EN (1.54) than silicon (1.90), which leads to the preferential condensation of
silanols on TiO» surfaces. 70 Therefore, I expect either a Frank-van der Merwe or a

Stranski-Krastanov growth.

A simple wet chemical synthesis process is salt precipitation, e.g. of the precursor
sodium silicate NapSiO3. The salt forms SiO2 according to Equation 2.9. The sodium
silicate solution is added drop-wise to the suspension while controlling its pH and
temperature. After addition of the required amount, the suspension is aged, filtered,

washed and calcined.
Na»SiO3+2H* — SiOs +2Nat +HyO 2.9

Si0; shells are also easily synthesized by sol-gel chemistry. Sol-gel processes require
a metal alkoxide precursor which polymerizes to a metal oxide. First, the alkoxide
group is hydrolyzed to an hydroxyl group (Equation 2.10) which then condenses with
other hydroxyls (Equation 2.11) or alkoxide groups (Equation 2.12).

M(OR)4 + H>O — (RO)3M-OH + ROH (2.10)
(RO)3M-OH + HO-M(OR)3 — (RO)3M—O-M(OR)3 + H,0 2.11)

(RO)3M-OH + RO-M(OR)3 — (RO)3;M—O-M(OR)3 + ROH (2.12)
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2.3 Core-shell TiO2 - SiOy particles

Catalysts, such as HCI or NH3, increase the hydrolysis and condensation rate. With
progressing condensation, small particles form in the solution (sol) which then poly-
merize to an amorphous structure (gel). At this point, the gel still contains a lot of
solvent molecules and requires drying and calcination. Depending on the calcination
conditions - such as temperature and time - the metal oxide can stay amorphous or

crystallize.

While sol-gel offers good control over porosity, morphology and thickness, it is tricky
to achieve layer-by-layer growth in the ultrathin layer region. Therefore, step-wise
layer growth techniques have been developed. One of those techniques is done in a
water-free solvent and starts with the chemisorption of the alkoxides on the support -
instead of hydrolyzation with water they react with the hydroxyl group of the metal
oxide. Remaining alkoxides are removed by filtration and washing and only then is
the chemisorbed alkoxide hydrolyzed with water, to interconnect the layer and to form
new hydroxyl groups on the surface, onto which the next layer can be built. This is

repeated to achieve the required amounts of layers. 7

Or—/ OH Cl
~O_/ Ho\s/ N HCI
/S‘\O/\ H,0 o '\OH /S‘\CI H,0 R
/0 — c — Ho_ ! o
in ethanol in toluene EI’I
OH OH OH OH OH OH OH OH OH OH O OH
[ I I R I R N I R 1 1
l-HZG lRSiCb
TEOS
H,0 oxidation
OH OH OH 2 OH OH OH OH R R R
ol ol ol o <€ — Ho_J _ow ol ol olo <€ olol oo
SIL SII ':'il "‘Sll Si NSNS E‘n NSNS
| | | | |
(o] o] (o] OH (0] OH (o] (o] (o] (0] o] o}
J I I

(a) (b)
Figure 2.10: A single step of step-wise wet chemical layer growth techniques; (a) sol-gel: The step-wise
addition of a calculated amount of the silica precursor tetraethoxysilane (TEOS) leads to a controlled
layer growth on TiO3; (b) molecular self-assembly: The alkyltrochlorsilane precursor leads to self-
limiting growth of one layer due to the non-polar residue.

Another way of step-wise sol-gel layer deposition is done by adding the precursor in
precise amounts to the suspension, enough to form only one layer. The amount of

precursor is calculated considering the surface area or the OH-density of the support
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2 Introduction

material. The system is then stirred in a solvent containing water and a catalyst until
the reaction is complete. This concludes one step. The step can be repeated until the
required number of layers is formed, and only afterwards is the powder filtered and

washed (see Figure 2.10a).”8

Another method that yields precise layer formation is molecular self-assembly. Here,
the layer precursors have a highly reactive head group and a non-reactive, non-polar
residue. The reactive side chemisorbs on the support material while the non-polar
ending limits the layer growth. After deposition the material is filtered, washed and
the non-polar endings have to be oxidized to hydroxyl groups. After that, the next

layer can be formed (see Figure 2.10b).7°

A state-of-the-art method for precise control over the formation of monolayers or sub-
monolayers is atomic layer deposition (ALD). Similar to chemical vapor deposition
(CVD), the support is placed in a vacuum chamber and exposed to reactive precur-
sor gases. Two or more precursors are introduced to react with each other and build
a layer on the support. Unlike CVD, where the precursor gases flow simultaneously
through the chamber, in ALD the precursors are introduced individually in alternating
sequences. In between the sequences the remaining precursors or volatile by-products
from the former sequence are removed with a gas purge. This ensures a controlled,

self-limiting, layer-by-layer growth of sub-nanometer layers.61-80

2.3.4 Nanocavities in an SiO3 shell

Shells with pores allow reactants to access the core catalyst or the interfacial sites.
Porous materials have also been applied to select between different reactants due to
their sizes and diffusion properties. Other benefits of porous structures are a high

reactant adsorption capacity in connection to their high surface area.

Among porous materials that have been used in heterogeneous catalysis are zeolites
and mesostructured oxides. While mesoporous structures, which typically include sil-
ica and alumina, offer pore sizes in the range of 2 to 50 nm, zeolites have micropores
below 1 nm diameter.8! Pores with high diameters, i.e mesopores, often aren’t se-
lective enough regarding the size of reactants, while pores below 1 nm suffer from
diffusion limitations. To select among reactants that are sized between 1-2 nm, pores

have to be created with this specific size. Canlas et al. reported that cavity containing
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2.3 Core-shell TiO2 - SiOy particles

oxide sieving layers with specific pore sizes have been deposited on TiO2 nanopar-
ticles by grafting bulky templates on the TiOp surface before growing a metal oxide
layer around it. They created pore sizes between 1 and 2 nm which successfully select

between differently sized alcohols. 82

4-tert-Butylcalix[4 |arene

Figure 2.11: The synthesis of grafting 4-tert-butyl[4]calixarenes onto TiO5.

Among those bulky templates, that are used to define the pores in shells, are cal-
ixarenes. Calixarenes are cyclic oligomers, where each building block contains a
phenol ring which is connected to the next building block via a methylene groups
in ortho position to the -OH group. It can be functionalized with different residues
leading to a plethora of structures. Their name is derived from the greek “calix”,
meaning cup or crown, and “arene”, which refers to the aromatic building block. 4-
tert-Butyl[4]calixarene is composed of four building blocks and a 4-tert-butyl group is
para position to the -OH group. This molecule serves as a bulky template which can
be attached to the TiOy surface before depositing SiO7 around it. When the template
is removed in the final synthesis step, an insulating shell that contains nanocavities

remains.

The calixarenes are grafted onto TiOp with a straight-forward and easy synthesis: An
excess of calixarenes is dissolved in toluene and the TiO7 nanoparticles are suspended
in the mixture. The suspension is refluxed under an inert atmosphere until the reaction
is completed. The -OH groups of the calixarenes coordinate around a Ti** surface ion,

creating an orange colored complex (see Figure 2.11). 82,83

The surface is then covered with SiOp with a step-wise sol-gel approach as introduced
in the former section, covering every part of the surface except for the parts where the
calixarenes are grafted. The calixarenes are then removed by either thermal or ozone

treatment.
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3 Methodology

In this chapter I will give a description of the synthesis methods, characterization tech-
niques and photocatalytic setups and calculations that are important for this thesis.
This includes an overview over the chemicals used for synthesis and photocatalysis

and a detailed sample list of the most relevant samples of this project.

3.1 Synthesis and preparation

In this section, I will explain different synthesis attempts to generate homogeneous
ultrathin shells, with and without nanocavities, around titania nanoparticles (NPs).
These include the salt precipitation synthesis (SP), molecular self-assembly (SAM)
and stepwise sol-gel synthesis (SG). This section describes the synthesis of the sam-
ples but sometimes refers to the characterization, to explain which synthesis methods
were successful. The details of the characterizations of these samples will be described

in section 4.1.

3.1.1 Synthesis of ultrathin shells

The term ultrathin” is not clearly defined. While some understand ultrathin layers
to have thicknesses below 100 nm, in the field of “ultrathin 2D materials”, and often
in catalysis, it is understood as a monolayer up to a few atomic layers - less than 5
nm. 8:34-88 T will use the same definition, but the ultrathin shells I created are most

often less than 1 nm in thickness.
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Salt precipitation synthesis

The first synthesis method to generate ultrathin layers of SiO7 on anatase is the ’salt
precipitation synthesis” (SP), which is inspired by Hu et al.”” 1t is done by adding
sodium metasilicate NapSiO3 at a constant basic pH. 1 g of TiO7 anatase with a mea-
sured BET surface area of 92 ng_l, in this work referred to as Anag), was suspended
in 10 ml of de-ionized water and ultrasonicated for 30 minutes in a three-neck flask. It
was heated to 75°C and stirred while the pH was set to 10 with 0.1 M NaOH solution.
A 0.5 M solution of NapSiO3 in water was prepared and added dropwise while mea-
suring the pH and keeping at at 10 £0.5 by adding 0.1 M H2SOy4. After the addition
of 2.5 ml of the NazSi0O3 solution, or 1.25 mmol, half of the suspension was removed
from the flask and aged, i.e. stirred for 3 hours, in a separate vial. This sample will be
referred to as ngsl?g% : The SP denotes the salt precipitation synthesis method, the
10% is the expected ratio of SiO7 to TiO2, and 92 ng‘l is the measured surface area

of the anatase support.

Another 1.25 ml of the NapSiO3 solution was added to the remaining suspension,
leading to the total addition of 1.25 mmol to 0.5 g of anatase, and then aged for three
hours. The second sample should therefore have twice times as much SiO; in the

suspension than the first sample, and it will be referred to as ngsZ%% .

Self assembled monolayer synthesis

The second synthesis method I tried was inspired by Vallant et al.”? It’s the molecular
self assembly of a monolayer by using a precursor that limits further growth itself.
The used precursor was octadecyltrichlorsilane C1gH37ClI3Si (OTS). The polar head
group SiCl3 ™ is very reactive and chemisorbs on the TiOy surface, while the non-
polar residue hinders further layer growth. After the synthesis of one layer, the residue
needs to be oxidized to form a hydroxyl group - to which the next OTS molecule can
bind.

The synthesis was performed in toluene, with a measured water content of 11.22 mM,
under an argon box with a fresh bottle of OTS. 2 g of Anag, was suspended in 100
ml of deionized water and ultrasonicated for 15 min. A 70 mM solution of OTS in
toluene was prepared and aged for 10 minutes. The anatase suspension was added

to the OTS solution and the mixture was stirred for 2 hours. The powder was then
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3.1 Synthesis and preparation

filtered, washed with toluene and acetone and calcined at 500°C for 30 minuted with a
10 K/min ramp. This sample will be referred to as T9281§%M - 1 step of self assembly
monolayer (SAM) synthesis, which should lead to 7% of SiO; to anatase, that has a
surface area of 92 m2g~!. The expected amount of silica was set to 7% because this

constitutes to one monolayer.

Step wise sol-gel synthesis

The first sol-gel synthesis method is inspired by Ichinose et al.”” Metal alkoxide sol-
gel precursors usually react with water to form metal hydroxides which then condense
together to form metal oxide polymers. In this synthesis, water was not added to the
suspension of the support and precursor solution, so the metal alkoxide can only react
with surface hydroxyl groups on the support, and only after chemisorption will the
remaining alkoxide residues be hydrolyzed with water. This synthesis method will

further be referred to as sol-gel synthesis 1, or SG1.

1 g of anatase Anag, was suspended in 50 ml of ethanol abs., ultrasonicated for 5 min-
utes and flushed with argon gas for 30 minutes. Then 1.12 ml tetraethyl orthosilicate
(TEOS) was added dropwise, leading to a 100 mM solution of TEOS in ethanol. The
mixture was stirred for 10 min. The powder was then filtered and washed with ethanol
abs. under argon, to remove all unreacted TEOS. The powder was then hydrolyzed
with water and dried at air. This constitutes one step of SG1 synthesis. 0.1 g of the
powder was taken out, and the sol-gel synthesis was repeated on the remaining powder,

with aliquot amounts of precursor. Up to 7 steps were performed.

The maximum coverage from one step was approximated to be 1/4 of the available
hydroxyl groups on anatase, which were measured to be 7.3 OH nm~2 with a TGA
method by Mueller et. al.%? The diameter of a chemisorbed TEOS on anatase before
hydrolysis was calculated to be 0.9 nm. A maximum of 1.6 molecules per nm? can
chemisorb onto the surface. The 1-step sample will be referred to as ngslg%. For
characterization I chose the 4-step and 7-step samples, which will be referred to as

TgyS455! and TgpS7Se, .

This method did not lead to the expected results: In TEM no deposited layer was
visible, which could be because of the low reactivity of the precursor. It is either

necessary to increase the concentration of TEOS in the solution or to use a catalyst,
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such as HCI or NH3. Due to their gaseous nature they are commonly dissolved in
water, which is avoided in this synthesis method. The goal was to find an easy wet
chemical synthesis to deposit ultra-thin layers. Therefore, other methods of step-wise
sol-gel shell growth were investigated. In the following methods, the powder was not
filtered after each step, but a specific amount of precursor was added in each step to

control the growth of the shell.

The next sol-gel synthesis method (SG2) was inspired by Bo et al.?0 0.1 g of anatase
Anag, was dispersed in 18 ml ethanol abs. and 2.7 ml NH4OH (33 wt.%) and ultrason-
icated for 30 minutes. Then, 0.019 ml (84 umol) of TEOS, ideally leading to 0.27 nm
of shell per step, were added and the suspension was stirred for one hour. The steps of
sonication and TEOS addition were carried out a total of 4 times. After the final step
the powder was filtered and calcined with 3.5 K/min to 325°C, which was held for one

hour. This sample is referred to as T9284§?%) .

The next method (SG3) is inspired by the same group.91 0.1 g of anatase Anag, was
dispersed in 13 ml ethanol abs. and ultrasonicated for 30 minutes. The main difference
to the former method is that one step constitutes the addition of 84 umol TEOS and
1.28 ml of NH4OH and no additional ultrasonication. The steps were carried out a
total of 4 times and the calcination procedure was the same as in SG2. This sample

will be referred to as TgpS4575 .

The fourth SG synthesis method (SG4) is inspired by Ardagh et al. 78 Here, the amount
of precursor added is not calculated in reference to the surface area of the support and
the desired thickness, but referring to the amount of hydroxyl groups on the support.
0.1 g of anatase Anag, were dispersed in 4 ml ethanol abs. and 0.6 ml NH4OH and ul-
trasonicated for 30 minutes. Then, 0.012 ml (54 umol) of TEOS (one TEOS molecule
per 2 hydroxyl groups) were added and the suspension was stirred for one hour. The
steps of ultrasonication and TEOS addition were carried out a total of 4 times. The
calcination procedure was the same as for SG2 and SG3. This sample will be referred

SG4
to as TgpS475y, .

The combination of SG2, SG3 and SG4 led to the next synthesis methods in this work,
SGS5 and SG6. In SGS, each step constitutes of ultrasonication for 30 minutes, and
the addition of 0.030 ml (134 umol) TEOS and 8.2 ml NH4OH to 0.25 g of anatase
Anag) in 32 ml of ethanol abs.. This led to a sample series with up to 5 steps of TEOS

addition. The single step sample is referred to as ngsligf, 2-step as T9282§%5 and so

28



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

3.1 Synthesis and preparation

on. For the full list, see Table 3.1.

After this synthesis, I wanted to see if I could simply upscale the method to achieve
a higher yield. Also, I ran out of the Anag, batch and switched to a new one, Anay.
This led to a sample series with inhomogeneous layer thicknesses, and I decided to
change the synthesis method. The ultrasonication time in each step was decreased to
10 minutes, to be able to add a 6th step in the course of one day, since stirring over
night led to permanent agglomeration of the core-shell particles. The TEOS precursor
was diluted 1:10 in ethanol abs. before addition to the suspension to achieve better
dispersion of the precursor before deposition of the supports surface. The added TEOS
amount for each step was decreased. Furthermore, all solutions were stirred until the
last sample was done. This synthesis method SG#6 led to the next sample series: 1 g of
anatase Anayg was dispersed in 128 ml ethanol abs. and ultrasonicated for 10 minutes.
Then 0.9 ml of a 1:10 TEOS solution ((401 umol)) and 5.7 ml NH4OH were added
and the suspension was stirred for 1 hour. This constitutes one step. The samples will
be referred to as T70S135°, T70S285° and so on. For the full list, see Table 3.1.
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Table 3.1: List of all relevant core-shell samples (without nanocavities) of this work.

Name Method Support [mmol] Steps Precursor/step [mmol] Set
ToxS156e, SP 6.25 Anag) 1 0.625 NaySiO3 -
T9,S250, SP 6.25 Anag, 2 0.625 Na,SiO3 -
T S155M SAM 25.0 Anag 1 excess OTS -
TgyS455)! SG1 1.25 Anag) 4 excess TEOS -
To,S7{57, SG1 1.25 Anag) 7 excess TEOS -
To,S4377, SG2 1.25 Anag, 4 0.084 TEOS -
T, S4555, SG3 1.25 Anag; 4 0.084 TEOS -
TorS4555, SG4 1.25 Anag, 4 0.054 TEOS -
TgrS05 SG5 3.13 Anag) 0 - 1
TgpS155 SG5 3.13 Anag) 1 0.134 TEOS 1
Tg, 82557 SG5 3.13 Anag; 2 0.134 TEOS 1
To2S3555, SG5 3.13 Anag 3 0.134 TEOS 1
To,S475, SG5 3.13 Anag, 4 0.134 TEOS 1
Tg,S5755, SG5 3.13 Anag, 5 0.134 TEOS 1
To,S8555, SG5 3.13 Anag 8 0.134 TEOS -

24Ty, 8289 SG5 6.26 Anag, 2 0.268 TEOS -
4T, S45S0, SG5 6.26 Anag, 4 0.268 TEOS -
T70S155 SG5 12.5 Anay 1 0.407 TEOS -
T70S255° SG5 12.5 Anay 2 0.407 TEOS -
T70S335, SG5 12.5 Anay 3 0.407 TEOS -
T;70S4755, SG5 12.5 Anay 4 0.407 TEOS -
T70S5555, SG5 12.5 Anayg 5 0.407 TEOS -
T70S055° SG6 12.5 Anay 0 - 2
T70S155° SG6 12.5 Anay 1 0.401 TEOS 2
T70S255° SG6 12.5 Anazg 2 0.401 TEOS 2
T70S355° SG6 12.5 Anayy 3 0.401 TEOS 2
T;70S435%, SG6 12.5 Anay 4 0.401 TEOS 2
T70S5755, SG6 12.5 Anazy 5 0.401 TEOS 2
T70S67¢5, SG6 12.5 Anay 6 0.401 TEOS 2
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3.1 Synthesis and preparation

3.1.2 Synthesis of nanocavities

The synthesis of ultrathin SiO; shells containing nanocavities on TiO, was done by
first grafting a bulky template onto the TiO; surface, followed by the deposition of an

ultrathin SiO7 shell around the templates and finally removal of those templates.

The template of choice was 4-tert-butyl[4]calixarene, a bulky molecule that is shaped
like a crown (see Figure 2.11). In a standard grafting synthesis 300 mg of a TiO3
nanopowder were dispersed in 150 ml of toluene abs. and 100 mg (excess) of 4-
tert-butylcalix[4]arene were added to the suspension. The mixture was refluxed under
inert atmosphere (N3) for 48 hours and then filtered, yielding an brownish orange
powder. This powder was dried for 24 hours at 120°C. This led to the sample Tpy5Ceos,
where 48 is the duration of refluxing the synthesis suspension in hours, 667 is the
concentration of calixarenes in mg - I"! and P25 is the modification of TiO, used in

this synthesis.

Several variations were applied to this standard synthesis. First, the duration of reflux-
ing was reduced to 4 hours to see if the reaction is complete after a shorter synthesis,
which led to the sample Tpy5Cgt; . Then the modification of the TiO2 support was
varied: I used P25 = Tpys, anatase = Anagy/Tapa and rutile = T —rut, which led to
Tpr5Ceds, TanaCoe and Try Cosh, respectively.

Two approaches were pursued to gain control over the amount of calixarenes on the
TiO; surface. First, the amount of calixarene was reduced to 50, 25 and 12.5 mg,
which led to Tanacg‘gg, TanaCAl'gg, and TanaCfggh. When this did not lead to sufficient
results, the amount of hydroxyl groups on the TiOy surface was changed with two
methods: To increase the -OH groups an alkaline hydrogen peroxide (AHP) treatment
was applied to TiO2 by mixing 900 mg of anatase with 50 ml of an 8 M NaOH an
100 mM H»O3 solution and stirring it for 24 hours. It was then filtered and dried for
4 hours at 120°C, yielding a slightly yellow powder. The reduce the hydroxyl groups
on the surface of TiO; the powder was calcined at 500°C for 4 hours (10 Kmin‘l).
The powders were then used in a standard grafting synthesis, which led to the samples
TAHPnggl and Tcalccggg‘

Additional to the powders upon which calixarenes were grafted, several reference sam-
ples were made: 300 mg of the TiOp powder was refluxed or just stirred in pure toluene
(abs.) for 4 hours, then filtered and dried according to the standard synthesis, which
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led to the samples Tpy5CHy and Tpos5C

The following samples were used for the synthesis of nanocavities: TanaCios and
2T 1naCss. 0.2 g of the calixarene samples were used as a support for the sol-gel syn-
thesis method SGS5. The amount of TEOS was downscaled according to the determined
calixarene coverage of the surface to achieve comparable SiO shell thicknesses. Other
than that, the same procedure was used as described above. The calcination tempera-

ture of 325°C is sufficient to remove the calixarene templates (see subsection 4.2.1). 82

Table 3.2: List of all relevant calixarene samples of this work.

Name Calix. amount [mg/150ml]  Calix. conc. [mg/l] Reflux [h]  Support [300 mg]

Tpys CED 100 667 48 Tpos
TpysCL, 100 667 4 Tpos
Tp2sCroh 0 0 4 Tpos
TpysCy 0 0 0 Tpos
TanaCes 100 667 48 Anag;
20T g CSh 100 667 48 Anag)
TruCe 100 667 48 Trut
TanaCish 50 333 48 Anag;
Tana 25 167 48 Anag;
TanaCad 12.5 83 48 Anag)
TappCh 100 667 48 Anayyp
Teac Codh 100 667 48 Ana,

Table 3.3: List of all relevant core-shell samples conaining nanocavities of this work.
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Name Method Support [mmol] Steps Precursor/step [mmol]
Top S4NC SG5 2.5 TanaCeS 4 0.058 TEOS
Tg,S6N¢ SG5 2.5 7T 4y Codh 6 0.058 TEOS
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3.2 Used chemicals

3.2 Used chemicals

Table 3.4: List of chemicals used in this work.

Substance Composition CAS Purity Supplier
Ethanol (EtOH) CyHgO 64-17-5 99.9% abs. Acrox organics

Methanol (MeOH) CH40 67-56-1 HPLC grade VWR
5 Formaldehyde CH,O 50-00-0 37% in water Roth
0
g Formic acid CH,O 64-18-6 99% VWR
5o
>9 Methyl formate C2H40, 107-31-3 >97% Merck
5=
% % Methylene Blue C16H18CIN3S 122965-43-9 “pure” Merck
=m
&< Methyl Orange C14H14N3NaO3S  547-58-0 - Merck
g
-é i 1-Nonanol CoHpoO 143-08-8 95% Merck
=g 5-Nonanol CoHao0 623-93-8 >95% Merck
E g Acetonitrile CoH3N 75-05-8 99.9% VWR
C
; -i Toluene C7Hg 108-88-3 abs. VWR
5 E Hydrogen peroxide H>0O» 7722-84-1 35% AppliChem
S =
% @ 4-tert-butylcalix[4]arene C44Hs5604 60705-62-6 95% Merck
n .2
-‘Dﬂ k2 Hexachloroplatinic acid H>PtClg 18497-13-7 8 wt.% in HyO Merck
- @
£ Anatase TiO3 1317-70-0 99.7% Merck
QL5
°g P25 TiO; 13463-67-7 99.8% Degussa
o 8
o3 Rutile TiOy 1317-80-2 99.5% Merck
e
gz
£
= C
o e
o 2
%8
S
o £
[}
o=
o ©
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=l
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3.3 Characterization

This section will give a description of the different methods I used for characterization
of my core-shell catalysts. Electron microscopy is used for morphological and struc-
tural analysis at the nanoscale. In particular, transmission electron microscopy (TEM)
with energy-dispersive X-ray spectroscopy (EDX) is a critical tool for the characteri-
zation of shell thickness and homogeneity. I will furthermore describe X-ray fluores-
cence (XRF) and X-ray scattering. A section on spectroscopy covers UV-vis diffuse
reflectance (DRS), infrared (FTIR), photoluminescence (PL) and X-ray photoelectron
spectroscopy (XPS). Surface characteristics are determined with physisorption studies
(BET, BJH), zeta potential (ZP) and thermogravimetric analysis (TGA).

3.3.1 Transmission electron microscopy

Electron microscopy, in general, is based on the interaction of electrons with mat-
ter to obtain high-resolution images of structures at the nanoscale. Visible light mi-
croscopy has limitations regarding its resolution, which is, according ot Abbe’s law
(Equation 3.2), limited by the wavelength of light. High-energy electron beams have
de Broglie wavelengts which are in the range of picometers, as seen in the following

equation including a relativistic correction:

h h

v U
m-v \/2m0-eUA(1+2‘;’nO/22)

A= =251 pm 3.1)

where A is the de Broglie wavelength, U, is the acceleration voltage, here 200 kV, e is
the elementary charge, m() is the mass of the electron, c is the speed of light, and h is

the Planck’s constant. \
d=0.61-— (3.2)
NM
According to Abbe’s law, the resolution d is dependent on the wavelength and the

numerical aperture (NM) of the optical system.

The incident electron beam is generated by an electron source (field emission gun,
W filament), accelerated and focused with electromagnetic lenses onto the sample,
where it interacts with the materials in various ways. For the electrons to reach the

sample without collision with gases, ultra-high vacuum (UHV) is needed. In transmis-
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3.3 Characterization

sion electron microscopy (TEM) the electrons transmit through a thin sample and are

imaged by a phosphorous screen or a CCD camera.

In this work, bright-field (BF) imaging mode was used, which images the part of the
beam that is not diffracted or absorbed by the material, though it is also possible to ob-
tain dark-field (DF) images and diffraction patterns. The contrast is due to the thickness
or density of the sample, the atomic number, crystal structure or orientation, electron
losses and more. With TEM it is possible to investigate the crystallinity and size of
nanoparticles, though many other analysis techniques are often attached to the micro-
scope to perform elemental analysis, e.g. energy-dispersive X-ray analysis (EDX) and

electron energy loss spectroscopy (EELS).

For this work, the samples were measured on a FEI Tecnai G20 and a FEI Tecnai
F20 (Thermo Fischer Scientific, Waltham, USA) with an acceleration voltage of 200
keV and a resolution of 0.24 nm. The powdered samples were dispersed in EtOH by
stirring or ultra-sonication or taken out of a photocatalytic reactor containing water
and methanol. The solution was dropped onto a copper grid, which are coated with a
holey carbon film (200 mesh, Science Services GmbH, Miinchen) and and then dried

in ambient conditions.

3.3.2 Energy-dispersive X-ray spectroscopy

During TEM measurements, high energy electrons interact with the sample by remov-
ing an electron from their inner shell of the atoms. The orbital is then filled with an
electron from a higher shell, leading to the release of energy, some of which is in the
form of X-rays of a characteristic energy. The energy of the X-rays in determined in a
silicon drift detector (EDAX Apollo XLTW SDD) with a resolution of <129 eV.

3.3.3 X-ray photoelectron spectropscopy

X-ray photoelectron spectroscopy is based on the photoelectric effect, i.e. the emission
of electrons upon irradiation with photons, in this case, high energy X-ray photons
which lead to emission of the core electrons of the sample. The binding energy (BE) of
the emitted electrons is characteristic for the elements, and the chemical environment

can be determined from the shifts in the BE of the electrons. The BE is determined
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from the energy of the incoming photons (e.g. Al-Ko, 1486.6 e¢V), the kinetic energy
of the emitted electrons detected in the hemispherical analyzer and the work function
of the detector. Due to the detection of electrons, the method is surface sensitive - the
analysis depth ranges from 1 - 10 nm depending on the inelastic mean free path of the

electrons in the materials and the angle between sample surface and detector.

The instrument used in this work is a custom-built SPECS XPS spectrometer with
a Al-ka source (uFocus 350, 1486.6 €V, beam energy and spot size: 70 W and 400
um, angle 51° to sample surface normal, base pressure: 5- 10719 mbar, measurement
pressure: 2 - 10~ mbar) and a hemispherical Phoisbos WAL-150 analyzer (acceptable
angle: 60°). The samples are mounted onto the sample holder with double sided carbon
tape. Pass energies of 100 /30 eV and energy resolutions of 1 eV/100 meV are used

for survey/detail spectra, respectively.

The data analysis was done with CASA XPS software, employing transmission correc-
tions (as per instruments vendor’s specifications), Shirley and Shirley Tougaard back-
grounds and Scofield factors. 92-94 The BE calibration was done by taking adventitious
carbon (C-C) as a reference signal at 284.8 eV. The detection limits are in the range of

0.1-1 at.%, the accuracy is around 10-20%.

3.3.4 Total reflection X-ray fluorescence

Total reflection X-ray fluorescence (TXRF) is based on the emission of characteristic
X-rays after a core electron has been removed by incoming high energy photons (X-
rays) and an electron from an upper orbital has filled the empty orbital. The difference
between EDX, XPS and this technique is that the first has an incoming electron beam
and outgoing photons, the second has photons coming in and photoelectrons going out

and the last one, XRF, has photons incoming and outgoing.

The incident angle of the incoming beam is below the critical angle of total reflection
for the reflector (below a few mrad for a quartz reflector), which limits excitation to
the outer layer of the sample, which is dispersed on the reflector. An energy-dispersive
X-ray detector is placed above the substrate. It is used for trace analysis due to its

detection limits in the pg range for excitation with X-ray tubes.

For this work an ATOMIKA 8030C X-ray fluorescence analyzer was used. It has a Mo
X-ray tube (monochromatized Ko: 17.5 keV, 50 kV and 47 mA for 100 s for X-ray
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TEM-EDX
outgoing o secondary
X-ray 7 electron

o outgoing
incoming X-ray
electron XRF

incoming e
X-ray photoelectron

XPS

Figure 3.1: X-ray measurement techniques: TEM-EDX; an incoming electron removes a core electron,

which gets filled by an electron from a higher orbital. The characteristic energy difference between the

two orbitals is released as radiative energy and detected by and EDX detector. XPS; an incoming X-ray

removes a core electron (photoelectron) which gets detected to determine the binding energy. XRF;

an incoming X-ray removes a core electron, the hole is filled by a higher energy electron, and the
characteristic energy difference between the orbitals is detected.

generation and an energy-dispersive Si(Li) detector. 1 mg of sample was fixed onto
the reflector with a polyvinyl alcohol solution (5 pul, 1%), which was dried before the

measurement.

3.3.5 Small angle X-ray scattering

Small angle X-ray scattering is based on the elastic scattering (typically 0.1 - 10°) of
electromagnetic waves at high energies when traveling through a material. It is non-
destructive and quantifies density differences leading to structural information, e.g.

particle shapes and sizes in the nanometer range.

The instrument used in this work was a Bruker AXS Nanostar with an Image Plate
(Fujifilm) detector and Fuji FLA7000 to scan the image. A capillary was filled with
the dry nanopowder or with a suspension in DI water before measurement. The data

was radially averaged and evaluated via Fit2D, a free software by ESRF.
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3.3.6 Infrared spectroscopy

Infrared (IR) spectroscopy is based on the transition of vibrational and rotational levels
of materials upon interaction with electromagnetic waves in the infrared range. Far IR
(¥ =400-10 em™!, )\ =25-1000 um) induces mainly rotation in molecules, mid IR (9 =
4000-400 cm‘l, A =2.5-25 ym) and near IR (9 = 12500-4000 cm‘l, A =0.8-2.5 um)

results in the vibration of molecular bonds.

The energy which is absorbed is characteristic for the type and strength of the bond (k)

and the reduced mass (i) of the molecule:

1 k
J=—,/— 3.3)
2nc | u
For a bond/vibrational mode to the IR active, its transition must include a change in the

dipole moment of the molecule, and the selection rule, Av; = =+1, must be fulfilled.

Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a special kind of IR spectrometer,
where the spectrum is not recorded by scanning through the wavelengths but calculated
via Fourier Transformation (FT) from a measured interferogram. This is done in a
Michelson interferometer, where a coherent light beam is split into two beams with
a beam splitter. While one part reflects on a fixed mirror, the other part reflects on a
moving mirror, back to the beam splitter where they recombine and superimpose. This
results in an interferogram, which display the intensity vs. the position of the moving
mirror, which is then transformed to an IR spectrum with FT. The advantages are a
faster analysis time, better signal-to-noise ratio and a higher optical throughput. FTIR

analysis has therefore become a standard measuring technique.

Attenuated Total Reflection

Attenuated total reflection (ATR) is an IR sampling technique that is commonly used
for the analysis of solids or opaque liquids. The incoming IR beam enters a prism of
a high refractive index materials (ATR crystal) under specific conditions (critical an-

gle for total reflection) under which it undergoes total reflection multiple times. The
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internal reflectance creates and evanescent field which extends beyong the surface of
the ATR crystal, where it can interact with the sample. If IR frequencies are absorbed
by vibrational modes of the sample, the evanescent wave will be attenuated. The depth
of penetration of the evanescent wave, which is in the order of micrometers, is depen-
dent on the wavelength, the refractive index of the ATR crystal and the sample and the
incident angle. It is a qualitative analysis technique rather than a quantitative one and
the spectra are not directly comparable to transmission FTIR spectra. Both limitations
are due to the dependence of the penetration depth on the wavelength as well as on the

extinction coefficients of the vibrational modes in the sample.95

In this work, two ATR-FTIR machines were used: A PerkinElmer FTIR Spectral
UATR-TWO with a spectrum Two Universal ATR (Single Reflection Diamond) crystal
was used to characterize the core-shell samples of set 1; a Bruker IR Tensor 27 with
a diamond ATR crystal was used to characterizte core-shell samples of set 2 and the

grafting of calixarenes during the synthesis of nanocavities.

3.3.7 UV-vis spectroscopy

In UV-vis spectroscopy visible and UV light is absorbed by matter by exciting valence
electrons into higher energy levels, and can be emitted in radiative relaxation of excited
electrons. The energy needed for the excitation is characteristic for a substance, e.g.
molecule or compound, the method is non-destructive, it does not require physical con-
tact with the sample and it can be used for transmission and reflectance spectropscopy.
Therefore, UV-vis spectroscopy is a common method for qualitative and quantitative

chemical analysis.

Diffuse reflectance spectroscopy

In diffuse reflectance spectropscopy (DRS) the UV-vis light is transmitted on a solid
surface. Photons can penetrate the materials into a certain depth and interact with the
matter thorough multiple reflections and absorptions. Additionally to specular reflec-

tion, some photons are diffusely scattered into different directions.

During the DRS measurement, a monochromator with a dispersive element scans

through the desired wavelength range. The incoming light is transmitted onto the sam-
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ple surface and the reflected light is collected in an integrating sphere (Ulbricht sphere)

where a representative portion is transferred to the detector.

In semiconductors, this method is often used to determine the bandgap. While a typical

UV-vis spectrometer displays the information in a Reflectance [%] vs. wavelength

[nm] for the determination of the bandgap, the information is transformed to display

(ozE)l/ T vs. E [eV], where o is the absorption coefficient and v is a factor that depends

on the nature of the electron transition, e.g. it is 1/2 for direct and 2 for indirect

transitions. ”° This o is often approximated with the Kubelka-Munk formula: 97
(1-Rw)®> K

This (F(Rw)E)l/ Y vs. E plot is often referred to as Tauc plot, and used to determine the
Tauc bandgap via intersection of a linear fit of this steep increase of the data with the
x-axis. Strictly speaking, this method is only valid for amorphous, nanostructured and

mixed-phase poly-crystalline materials. 9

In this work, DRS of powders was done with a Jasco V-670 UVvis photospectrometer
with an Ulbricht-sphere inside a diffuse reflectance unit. The sample was positioned

in a solid sample holder with a diameter of 3 mm.

S1 ‘ > —
T1= = Fluorescence
‘
UV-vis absorption
= Infrared absorption
= vibrationel Intersystem crossing
SOE'“.‘;"ES!Z' ) ¥ Vibrational relaxation

Figure 3.2: Optical spectroscopy techniques: Spectroscopy techniques involving UV-vis light include:

Infrared absorption, leading to mainly vibrational transitions; UV-vis absorption leading to mainly elec-

tronic transitions; UV-vis absorption to a higher electronic and vibrational state followed by vibrational

relaxation can lead to fluorescence, or, if intersystem crossing occurs, phosphorescence. S0 is the elec-
tronic ground state (singlet), S1 the excited singlet state and T1 rthe excited triplet state.
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Photoluminescence spectroscopy

In photoluminescence spectroscopy, the material absorbs a photon from the UV-vis
region to an excited vibrational level of an excited electronic level. It then undergoes
vibrational relaxation, non-radiative. It then either relaxes electronically, which leads
to fluorescence, or undergoes intersystem crossing, a forbidden transition involving a
spin change of the electron, which leads to a much slower relaxation called phospho-
rescence. Some of the characteristic red-shifted energy released during relaxation is
in the form of radiative energy, which is usually detected in an angle which excludes

detection of the reflected or transmitted excitation beam.

The term fluorescence spectroscopy is used for a standard analysis technique for flu-
orescent molecules, including many biostructures such as proteins. It is often used
in biochemical, medical and chemical analysis. Photoluminescence spectroscopy is
often applied for semiconducting materials in materials science, to analyze electronic

transitions, charge transfer mechanisms and defect types and concentrations.

Photoluminescence studies can be performed in several ways: In excitation spec-
troscopy the best wavelength for absorption of a materials can be determined and in
emission spectroscopy the radiative recombination of electrons and holes can be quan-
tified. Emission spectroscopy can be done in a time-resolved measurement, which
determines the lifetime of excited state which can lead to fluorescence (typically 107°

to 10 s) or phosphorescence (typically 1073 0102 5).%8

In this work, a photoluminescence spectrometer by Picoquant (FluoTime 300), with
two double monochromators for emission and detection, an Xe lamp to scan in the
wavelength range of 250 to 800 nm and a laser source at 378 nm, which is coupled
to the detector with a state-of-the-art time-correlated single photon counting (TCSPC)
system to detect the first photoluminescent photon that arrives at the detector after the

sample has been excited with a picosecond laser pulse.

3.3.8 Zeta potential
The Zeta Potential is the electric potential (Coulomb potential) at the shear surface

or slipping plane of a mobile particle in a suspension. Outside of the particle several

planes can be described: The Stern plane, which contains the Helmholtz double layer
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3 Methodology

of tightly bound ions, and the shear plane, which contains loosely bound ions. These
ions balance the particle’s surface charge and the suspended particle and its solvation

layer becomes neutral.

If the particle moves through the liquid, some
ions of the diffuse layer are removed through
friction and the particle regains some of its
potential. This potential is called Zeta Po-
tential (ZP). Its charge polarity is the same as

.. Surface potenti‘a’!;_.-“ ® the surface potential, though the ZP generally

e s . has a lower value.
Stern potential b

S e By applying an electric field to the suspen-
Zeta potentia sion the charged particles are set into move-

Figure 3.3: The Zeta Potential of a negatively ment. A laser beam, that is transferred through
charged particle in suspension. the solution, is scattered on the moved par-
ticles which leads to a Doppler shift. This
doppler shift is measured and then used to determine the electrophoretic mobility. Dif-
ferent models can be used to convert the electrophoretic mobility to the ZP; the choice
is dependent on the particle size and thickness of the electric double layer. Nanoparti-
cles in low electrolyte concentration suspensions can be treated with the Hiickel equa-

tion:
B 2eC

Me—3—n

where e is the electrophoretic mobility, € is the permittivity of the solution,  is the

(3.5

Zeta Potential and 7 is the viscosity.

By varying the pH of the suspension, a Zeta Potential curve can be determined, where
the intercept of the curve with the x-axis is used to determine the isoelectric point (IEP)
of a metal oxide. This is the pH where the surface charge of the particle is zero, which
means that the particles do not rebel each other and agglomerate strongly. 99.100 1f the
pH of a suspension is lower (higher) than the IEP of a metal oxide, then the surface
is negatively (positively) charged. A Zeta Potential above 30 mV (or below -30 mV)
means that the particles are sufficiently charged to repel each other and they are well

dispersed in the suspension. Between 0 and 30 mV they are weakly agglomerated.

In this work a ZetaPlus (Brookhaven Instruments Corporation) Zeta Potential Analyzer

was used. Sample preparation was done by weighing 10 mg of the metal oxide, filling
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3.3 Characterization

it up with 10 ml of HPLC water and ultrasonicating it for 5 minutes. It was then
stirred for 24 hours (aging) before it was diluted further 1:500, by dispersind 0.2 ml
in 10 ml of HPLC water. The pH was then adjusted with HCI and NaOH to 1, 3, 5,
7 and 9, which was determined with a glass electrode. The measurements were done
in a plastic cuvette, which was flushed with the suspension before measurement. Each
measurement was repeated three times. The Hiickel model was used to convert the

mobility data in Zeta Potential values.

3.3.9 Physisorption studies

Physisorption measurements are done at low temperatures (T = 77 K) by dosing small
amounts of an inert gas, such as N and Argon, which adsorbs on the sample surface
due to non-covalent attractive forces, and then decreasing the amount of adsorbed gas
in the sample room, which leads to desorption. Via measuring and evaluating the
amount of adsorbed and desorbed gas molecules and the adsorptive pressure, which
are illustrated in isotherms, the specific surface area and pore characteristics of the

sample can be unraveled.

In this work, Brunauer-Emmet-Teller (BET), deBoer t-plot methods and Barret-Joyner-
Halenda (BJH) were used to evaluate the gas adsorption data. BET is a common
method that is based on multilayer adsorption theory, an expansion of the Langmuir
adsorption theory. The Langmuir theory is based on the monolayer formation of ad-
sorbates on a surface in idealized conditions from which the Langmuir equation is

derived, which describes the fractional coverage VU o of the surface:

_[Aad]_ KeAq'pA
A_ —
[SO] 1+K?qu

(3.6)

where [A,4] is the surface concentration of the adsorbte A [m~2], Sy is the total number
of surface adsorption sites, KeAq is the equilibrium adsorbtion constant and pp is the

partial pressure of A.

The BET theory incorporates the possibility of multilayer formation during adsorption,
and is based on the assumptions that the Langmuir theory can be applied to each layer,
the adsorbents only interact with adjacent layers and the enthalpy of the first layer is
greater than of the second and higher layer. This leads to the BET equation and the
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3 Methodology

surface coverage OggT:

Nads C-p
0 = = 3.7
P i T (po-p (1 +(C- (R )) G

where n,q is the amount of adsorbate, ny, is the monolayer equivalent, p and p are

the equilibrium and saturation pressure of the adsorbates and C is the BET C-constant:

q19
Cre kT (3.8)

BJH is used to determine the pore characteristics, such as pore diameter, pore volume
and pore size distribution of mesopores and small macropores. It is based on the Kelvin

model of pore filling.

The DeBoer t-plot method is used to determine the micropore volume of microporous
materials and, by subtracting from the BET surface area, determine the external surface

area. This is done by comparing with standard isotherms of a non-porous reference. 101

N> physisorption measurements were done at 77 K on an ASAP 2010 and ASAP 2020
instrument by Micromeritics GmbH (Aachen, Germany). Proir to the measurements,

the samples (=~ 250 mg) were heated up to 80 - 150°C in vacuum for several hours.

3.3.10 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a thermal analysis method which measures the
changes in mass when a sample is heated in a specific atmosphere. Mass losses can
be due to several processes, such as desorption of physisorbed water on the surface,
hydrolysis of surface hydroxyl groups, combustion of organic substances, oxidation of

metals of reduction in reductive atmospheres.

TGA measurements were done with a TGA 8000 (Perkin Elmer). The heating rate was
either 5 or 10 K/min and a gas flo of 20 ml/min of synthetic air was used. 5 mg of the
sample was used as a starting mass. Before the measurement, the sample was held at

120-200°C for 2 hours to remove physisorbed water.
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3.4 Photocatalytic experiments

3.4 Photocatalytic experiments

Photocatalytic hydrogen evolution and dye degradation experiments were performed
in three different closed reactors which were designed for their specific purposes. All
reactors were water cooled and the reaction solution was illuminated by an Thorlabs
LED with a maximum at 365 nm (4 10 nm). Further details about the experiments,
such as detection methods, rate calculations, etc. can be found in the following sub-

sections.

3.4.1 Organic dye degradation

To evaluate the photocatalytic activity towards combustion of organic molecules, 10
mg of the catalyst powder was ultrasonicated for 10 min in 50 ml of an aqueous so-
lution of methyl orange (MO, C14H[4N3SO3—Na™, 8 mg/l) or methylene blue (MB,
C16H1gN3S*Cl~, 8 mg/l). The amount of catalyst and the dye concentration were op-
timized to lead to a 20-60% decolorization for the uncoated reference Anag, catalyst,
to make sure differences in conversion are apparent. The chosen dye concentration
ensures an optimum in UV-vis absorption, yet leaves the solution diluted enough to

apply a simplified Langmuir-Hinshelwood model.

First, the suspension was stirred in the dark in a closed, water cooled reactor for 2 h,
where a portion of 2.5 ml was collected and filtered through a syringe filter (Polypropy-
lene, 0.45 um) every 60 minutes for adsorption studies (Figure 3.4). The amount of

adsorbed dye was calculated by using the following equation:

2= (cp—co) [g-17'1-V [1]

e m = A T o] (3.9)

where c; is the concentration of the dye in the suspension after 2 hours, cy, is the
concentration of the solution without a catalyst after 2 hours, V is the volume of the
suspension, m is the catalysts mass (mg) and SSA is the selective surface area of the

catalyst.

After adsorption studies have been performed, the suspension was illuminated with
maximum intensity. The average distance between the light source and the suspension
was 14 cm and the photon flux at this height was 6.7 - 1020571, calculated according to

45



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3 Methodology

the following equation:

P [W]-A [m]
(h[J-s]-c[m-s71]-A [m?2]

d[m2.s1= (3.10)

where ® is the photon flux, P is the power measured with a power meter with an
effective area A = 0.31-107> m2, Ny 1s the Avogadro constant, h is Plack’s constant

and c is the speed of light in vacuum.

LED

Quartz
window

~ / — to UV-vis

Syringe

I cooling cooling
H,0 out H,0 in

Figure 3.4: Setup of the organic dye degradation setup. A photocatalyst is suspended in 50 ml of an
aqueous dye solution, which is stirred, cooled and illuminated with an LED lamp at 365 nm. A portion
of 2.5 ml is collected at specific time intervals to be analyzed via UV-vis spectroscopy.

Portions of 2.5 ml were removed from the solution after intervals of irradiation. The
decolorization of the solutions was analyzed in UV-vis spectroscopy and the peak areas
(340-600 nm for MO, 420-800 nm for MB) were evaluated to compare the photocat-

alytic activity of the samples.

Apparent rate constants of the first 30 minutes of photocatalytic decolorization were
determined with a simplified Langmuir-Hinshelwood scheme for low concentrations

resembling a first-order rate law:

c:c()-e_k't (3.11)

where c( is the initial concentration after reaching adsorption equilibrium, k is the
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3.4 Photocatalytic experiments

apparent first order rate constant and t is the time in seconds. 102,103

3.4.2 Online HER experiments

Online HER experiments were done in a custom-made flow reactor, through which a
carrier gas (argon 5.0) flows through the solution with 30 ml min~! (mass flow con-
troller by Q-Flow 140 Series, MCC Instruments), then goes through a CaCly trap and
a water trap (model WT 20.5 N, SUN-Control-Analytik GmbH) before it goes to an
online analyzer (X-Stream, Emerson) which quantifies Hy with a thermal conductivity
detector (TCD), and CO7 and CO with a photometric non-dispersive infrared (IR) gas
sensor. The water cooling temperature is controlled with a cryostat at 15°C for most of
the experiments shown in this work. Earlier experiments were cooled with an in-house
water cooling system without a specified temperature. The suspension in the reactor
(100 ml) was illuminated with an LED lamp at 365 nm from the top through a quartz

glass.

LED
Gas
analyzer
fis Quartz
Argon CaCl, window
out trap
no O
;o°
100°ml MFC
°,0,
Argoni
in
l cooling cooling
H,0 out H,0 in

Figure 3.5: Setup of the online HER setup: An Argon gas stream of 30 ml/min is transferred through

100 ml of a stirred, cooled suspension of the catalyst in a 1:1 Hpp:methanol solution containing specific

amounts of the Pt co-catalyst precursor. The suspension is illuminated with maximum intensity at 365

nm. The gas mixture is transferred through a water trap to the gas analyzer, which detects Hp, Oz, CO2
and CO.

The experiments were performed with in-situ photodeposition of the co-catalyst Pt.
20 mg of the catalyst (TiOy anatase or core-shell samples) was ultrasonicated in a
1:1 MeOH:HO solution for 60 seconds. After placing the suspension in the reactor,
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3 Methodology

it was cooled and flushed with argon. Then, 50 ul of a prepared hexachloroplatinic
acid (H2PtClg) stock solution was added to the suspension. In many experiments, this

addition was done in the dark, as visible light reduces some of the Pt

Calculation of the activity

The signal output of the gas analyzer is in ppm, which needs to be converted to absolute
values using the ideal gas law:
pV =nRT (3.12)

The activity is then calculated according to:

tivit
activity [umol - h_l] = M - flowrate [ml - min_l] .
106 ppm 10 ml
60 min p [Pa] 10° umol

(3.13)

h  T[K]-R[m3-Pa-mol"'-K-!]  mol

__activity [ppm] - flowrate [ml - min~1]

407.5 [ppm - ml-h-min~! - ymol]

The average distance from the lamp to the suspension was 10 cm and the estimated
photon flux was & =2.5- 102! m2 ¢! (Equation 3.10).

2

With the illuminated area of the reactor, Areactor = 2.8 - 1073 m?, itis possible to deter-

mine the number of incident photons per second (Equation 3.14).
# of incident photons [s_l] =0 [m_2 s_l] - Areactor [m2] (3.14)

The number of Hy molecules produced per second can be determined via Equation 3.15:

activity [umol -h™']- Ny [N-mol~']

# of H, molecules [s_l] = (3.15)
? 3600 [s-h~1]- 106 [umol -mol ]
Finally, the quantum yield or photonic efficiency can be calculated according to:
# of Hy molecules [s71]-2
Quantum yield [7%] = 01 Hz molecules [s 1-2 1, (3.16)

# of incident photons [s~!] '
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3.4 Photocatalytic experiments

Calculation of the co-catalyst amount

For this stock solution, 200 ul of a concentrated HpPtClg solution by Merck (8% in
H0, o(Pt)= 40 g I"!) was diluted to 10 ml (4.1 - 1073 mol - 1"!) which contains 8
mg of Pt. To calculate the volume to be added to the suspension, we assume a total
reduction of Pt** to Pt*:

CH,PiCls [WE.%] - Vpipette [ml] - eH,PtClg [g‘ml_l]

Cstock = _
T My, picq [g - mol 1 Viiask [ml] a7
_ 0.8 -0.2-1.05 41103 mol. 1!
409.81 - 0.010 '
v Meatalyst [8] - Ceocatalyst [WE.%]
tock = — — =
YO Mipgpiciglg - mol ™! - cgoek[mol - 171 ais)

~ 0.02 - 0.2
©195.084 - 4.1-1073

=50l

The error of this stock solution was calculated according to gaussian error propagation

with the uncertainties of the eppendorf pipettes and volumetric flasks provided by the

company: v -
Py — o(Pt Tl pipette L
e(P)stock = e(POH,prcilg - 17] Vgl .
200 £2.5 _1
= 4 s — = U. . 1 :l: 1.
0 Jo000 £25 =088 3%
m(POreactor = P(StOCk) [g- l_l] 'Vpipette [Hl] (3.20)

=0.8£0.95% - 50+£2.5=40ug£52%

As can be seen, the preparation of the stock solution only has a small error, provided
that the operator did not make any additional errors. However, the addition of the stock
solution to the reactor solution shows a bigger error (5%), coming from the error of the
eppendorf pipette. After addition, the reactor was closed and the baseline was stable in
the online analyzer after 60 minutes. The suspension was then illuminated for 30, 150
or 1080 minutes (short-, mid- and longterm experiments). The baseline values before
and after the illumination were used to correct the drift by subtracting a straight line

from the data points.
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3 Methodology

Calculation of the co-catalyst surface area

The Pt surface area was calculated according to the following reactions. Due to the
different wetting behaviors of Pt on the TiO; and SiO surface, we assumed the parti-
cles to have a hemispheric form and calculated the accessible surface area of the round

part only. 44 All dimensions are SI base units.

The upper surface area (A) and the volume of a single hemisphere, Ay and Vi, re-

spectively, were calculated according to:
Apg =271 (3.21)

Vig=2-71 (3.22)

where r is the radius taken from the diameter measured via TEM (see Table 6.2).

The measured relative mass of Pt was multiplied by the catalysts mass used in an
HER experiment to determine the absolute Pt mass m. The amount of hemispheric

nanoparticles N were determined via

(3.23)

where o =21.45¢g - cm™3 is the density of Pt.

Multiplying N with the surface area of one particle SAyg can be simplified to to total

surface area accessible
m
Atot = Aps N = ot (3.24)
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3.4 Photocatalytic experiments

3.4.3 Size selective hole scavenging

cooling cooling
H,0 out H;0in

Figure 3.6: Setup of the size selective HER setup

Size selective hole scavenging was done with TiO2 —SiO» core-shell nanoparticles de-
scribed in the former sections, but the SiO»> shell has cavities of ~ 1 nm in diameter,
giving access to some sacrificial agents (SAs) while discriminating others. The hydro-
gen evolution experiments (HER) done with size-selective catalysts were done without
a co-catalyst, as the co-catalyst nanoparticles would fill the nanocavities, blocking the

access of the SAs to the TiO> surface.

Due to the low activity of pure TiO7 in photocatalytic HER, the detection was done
by sampling a small gas amount from the head space from the reactor which was
analyzed with a gas chromatograph (GC). To achieve detectable concentrations, a small
reactor was chosen for these experiments, which also reduced the amount of solvent

and catalyst.

The reactor of choice contains a volume of 3 ml in total, of which 2 ml were filled
with the solvent, leaving 1 ml of gaseous head space. Of this head space 200 u 1 were
sampled every 30 minutes to be analyzed with a Shimadzu GC-2030, containing a 2m
Shincarbon column and a BID detector. The GC was calibrated for Hy, CO and CO»
and the results are presented in ppm. The temperature of the reactor was kept constant
with water cooling at 15°C. 5 mg of the catalyst was suspended in 2 ml of water, SA
and acetonitrile, ultrasonicated for 60 second and the transferred to the reactor, which

was closed gas-tight with a cap containing a septum. The reactor, which consists of
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quartz, was illuminated from the side. Total illumination lasted three hours.
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4 Preliminary studies

In this chapter I will give a detailed description of the preliminary characterizations of
the core-shell and nanocavities samples. I will also describe how several parameters
influence the activity and early-stage deactivation (ESD) during photocatalytic HER

and reproducibility of all photocatalytic (PC) experimental setups used in this project.

4.1 Characterization of core-shell nanoparticles

In this section I will discuss the results of preliminary characterizations of the core-
shell samples. These include the analysis of the shell thickness and structure with
microscopic, spectroscopic and physisorption methods. I will further show the analysis
of the interfaces and the shells influence on physical and chemical properties with

spectroscopic and electrokinetic analysis methods.

4.1.1 Shell thickness and surface properties
Introduction

There are several options to determine the layer thickness of a compound. Examples
are ellipsometry, some electrochemical measurements, optical scattering and several
microscopy techniques.79’99’104 Some of those techniques are only applicable for 2D
materials and others have an insufficient detection limit for nanoparticles, where char-
acterization is only valid if the shell exceeds a threshold thickness. %> When dealing
with ultrathin shells - below one nanometer - the characterization of the shell thickness

becomes more challenging.

In this project, several ultrathin shell thickness characterizations were tested and com-
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4 Preliminary studies

pared. First, I measured the particle diameters with Small Angle X-Ray Scattering
(SAXS). The shell thickness can be determined from the differences in particle sizes.
Two modes of sample preparation were applied; in an aqueous suspension and as a
dry powder. While SAXS has a lot of potential in measuring the particle sizes and
shapes, it was difficult to evaluate the measured data due to the formation of agglom-
erates - which is characteristic for TiO7 nanoparticles. We achieved better results with
the complementary techniques Transmission Electron Microscopy (TEM) and Energy
Dispersive X-Ray Spectroscopy (EDX), by comparing the determined shell thickness
from both methods. Im TEM images, a visible amorphous shell was measured at dif-
ferent spots. With EDX, the ratio of Si to Ti was determined and the shell thickness of
Si0; was calculated from the ratio, assuming that the shell coverage was uniform and

homogeneous:

Mapop - 1A
d=——shell/T8SL 103 ) @.1)
A~ Mpyik - rar;

where Mgpepp 1s the molecular mass of Si02, My, k is the molecular mass of TiO», rag;
and rar; are the ratios of Si and Ti from EDX, A is the surface area of 1 g TiO, and the

density of amorphous SiOp was takenasp=2 g- cm™.

Before the thickness calculation, I corrected with a factor containing the differences

between a rectangular layer box and a spherical shell ("curvature factor”):

%-TE(RS—I‘S)

B 4.2
d-4-m-r2 42)

Ss =

The numerator holds the volume of a spherical shell. The average inner radius ’r”
from TEM measurements was r = 8.5 nm and outer radius "R was ”r” plus the de-
sired thickness, respectively. The denominator holds the volume of a rectangular box
with the surface area of a shell as a base. The calculated thickness from Equation 4.1
was divided by this curvature factor of the spherical shell Vg to get a more accurate

thickness value.

When TiO3 is covered with an SiO7 shell, the surface characteristics change signifi-
cantly. When dispersed in water, different metal oxides have different effects on the pH
of the suspension, depending on the density of surface hydroxyl groups and the like-

lihood of their protons to dissociate. Proton dissociation changes the surface charge,
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4.1 Characterization of core-shell nanoparticles

which is a characteristic value for a metal oxide. The change of surface charge was
determined for different shell thickness by measuring the Zeta Potential (ZP). The ZP
can be used to calculate the apparent surface coverage of core-shell particles but the
results were not conclusive: >’ This method does not seem to work for ultrathin shells,
which could be due to a “subsurface effect”: The surface charge is influenced by the
underlying bulk TiO; until the shell reaches a critical thickness, and only then does the
surface charge have similar values as pure SiO;. The surface coverage was therefore
determined with TEM and correlates with the calculated thicknesses form the TEM-
EDX results (Equation 4.1).

To determine the specific surface area (SSA) and porosity of the shell, N2 physisorption
at 77 K was measured for the most relevant samples and the results were analyzed via
BET. The BET surface area includes all the surface area that N, can access, i.e. on
which it can adsorb and desorb. To get information about the porosity the t-plot method
was used to determine the microporous volumes of the samples and their contribution
to the BET SSA. With the difference in micropore SSA and BET SSA, the external
SSA, i.e. the externally accessible SAA for reactants which are too large to fit into

micropores, was determined. 101

Salt precipitation samples

The TEM images of the salt precipitation samples show that T9282§5% has a homoge-
neous shell thickness of 3.05 &= 0.87 nm, while the shell of ngslﬁg% was not visible
(see Figure 4.1b and c¢). EDX analysis revealed a shell thickness for T9252§8% of
0.27 £0.06 nm and for ngsl?g% of 0.05 nm (see Table 4.1). The big difference of
the shell thickness for T9282§g% determined via TEM and EDX is possibly due to an
agglomeration of the nanoparticles during the synthesis - during formation of the silica
shell the particles grew together and formed a larger agglomerate. Good dispersion

during the synthesis is crucial for a homogeneous coverage of the nanoparticles.

In SAXS measurements of the aqueous suspensions, the diameter of pure TiO2 nanopar-
ticles was determined to be 13 nm, while the T92S2§8% sample had a diameter of 14.2
nm. According to this, the shell thickness is 0.6 nm. The SAXS measurement of the
dry, powdered samples resulted in a diameter of 7.6 +-3.4 nm for TiO2 and 9.4 +2.6 nm
for T9282§8% . This leads to a shell thickness of 0.9 4.2 nm. Both measurement

methods, as a dry powder and in a suspension, led to different results, with a standard
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(a) Anatase (b) Te2S2504, (©) ToxS1,

Figure 4.1: Transmission electron microscopy (TEM) images of salt precipitation TiO, —SiO; core-shell
nanoparticles. (a) is pure anatase Anagy; (b) TgpS25(,, has a 2-3 nm thick visible layer; (¢) TgyS1§(,,
has no visible layer.

deviation that is higher than the determined shell thickness.

Self-assembled monolayers

The TEM image of the molecular self assembly core-shell sample TgpS155 shows
a very thin, inhomogeneous, barely visible layer of approximately 0.5 nm (see Fig-
ure 4.2a). EDX analysis revealed a shell thickness of 0.14 +0.02 nm, but this value
assumes a homogeneous coverage, while the TEM images show that only some ar-
eas are covered with an ultrathin layer of SiO;. It was therefore concluded, that this

method does not lead to a homogeneous monolayer.

Table 4.1: Physical properties of core-shell TiO2 —SiO2 nanoparticles: Calculated thickness as expected
from the synthesis, SiO» shell thicknesses determined from the average of 10 elemental ratios measured
by EDX and 10 thickness measurements from TEM images. *Shells are too thin to be detected.

Sample Shell thickness [nm]

Name steps calc. EDX TEM
Tg,S035° 0 0 0.03 4 0.03 0
To,S155,, 1 0.38 0.05 = 0.04 .
T2S2504, 2 0.86 0.27 £ 0.06 3.05+0.87
TorS155M 1 0.30 0.14 £ 0.02 ~0.5
To,S455! 4 1.2 0.03 & 0.04 *

Ty, S7555, 7 2.1 0.06 = 0.01 .
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4.1 Characterization of core-shell nanoparticles

(2) TSI (b) TorS435; () TS7i35,

(d) TorS455%, (e) Tor 84555, (f) TorS47S,

Figure 4.2: Transmission electron microscopy (TEM) images of molecular self assembly and sol-gel

TiO2-SiO; core-shell nanoparticles. (a) TgyS135M has a thin, visible layer; (b) TgyS45¢! and (c)

Tg,S7}5s, have no visible layer; (d) TgyS4377 has a thin, visible layer; (¢) TgpS4575, has a 1.2 nm
thick layer and (f) Tg>S47$s, has a thin, inhomogeneous layer.

Sol-gel samples

There are many sol-gel samples in this project that have been characterized and I want
to go trough them chronologically. My first attempt in stepwise sol-gel synthesis was
to filter and hydrolyze after each step of TEOS addition, which led to the samples
TgyS455" and Tg,S7357, - 4 steps and 7 steps of TEOS addition, ideally leading to
4 and 7 monolayers of SiO2 on the surface, respectively. The TEM images of these
samples are shown in Figure 4.2b and c. No shell is visible in these samples. EDX
analysis of TgpS7{S7, revealed a Si/Ti ratio that leads to a 0.06 40.01 nm thick shell,
much thinner than the expected 2.1 nm. According to SAXS, the shell on Tg,S455!
is 0.7 nm thick, but there was no layer visible in TEM. In conclusion, this synthesis

method SG1 did not lead to the expected results.

The next set of sol-gel core-shell samples were prepared with an ammonia catalyst and
ultrasonication either once before or before each TEOS addition step, depending on the
synthesis. This led to the samples T9284§%} , T9284§(13%) and T92S4§g%) . T9284§(13% has
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4 Preliminary studies

a very thin layer visible in TEM and a 0.55 £0.05 nm thick layer according to EDX,
which is significantly lower than the expected 0.96 nm. After calcination this powder
showed a lot of residual carbon. Tg,S45(5 has a 1.2+0.2 nm thick layer in TEM and a
0.7+0.07 nm thick layer according to EDX, which is lower than the expected 0.93 nm.
The difference in the thickness from TEM and EDX could be because of a permanent
agglomeration of the NPs during the synthesis - this sample was only ultrasonicated
before the synthesis. TgpS47S7 ., where the amount of added TEOS was calculated
according to the amount of surface hydroxyl groups, shows a thin, inhomogeneous
layer and according to EDX the layer thickness is 0.35 +0.02 nm, half of the expected

0.7 nm (see Table 4.2).

In conclusion, the synthesis that led to Tg,S43S¢, works best, and the repetition of ul-

trasonication before each TEOS addition seems to be important for the inhibition of a
permanent agglomeration of the particles and therefore for a homogeneous layer de-
position. Additionally, I decided to add the catalyst NH3 in each step, and to calculate
the amount of TEOS addition according to the surface area, rather than according to

the amount of surface hydroxyl groups.

Table 4.2: Physical properties of core-shell TiO; —SiO7 nanoparticles, “step-wise SG set 1”: Calculated

thickness as expected from the synthesis, SiO shell thicknesses determined from the average of 10

elemental ratios measured by EDX and 15 thickness measurements from TEM images. Specific surface

area (SSA) was determined via N, physisorption as has an error of +£2 m?g~!. *Shells are too thin to be
detected. **This value was not measured for this sample.

Sample Shell thickness [nm] SSA [ng‘l]

Name steps calc. EDX TEM BET micropores ext.
Tg,S055° 0 0 0.03 £ 0.03 0 92 0 92
To,S4377, 4 1.03  0.55+0.05 * ok ok ok
Tg,S4555, 4 1.03  0.70+£0.07  1.20+0.20 % % 3
To,S4555, 4 0.68  0.35+0.02 * o o o
Tg,S155] 1 0.17  0.10£0.01 * 88 2 86
TgrS255 2 034 0.30=+0.02 * 80 12 68
To,S31%5, 3 051  0.61+£003  0.63+0.13 81 11 70
To,S4555, 4 0.68  0.81+0.04  0.83+0.18 54 11 43
T9,S5%7, 5 0.85  091+£0.09  097+0.13 74 22 52
Ty, S8505, 8 137 1494033  3.64 £ 1.00 o o ok
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4.1 Characterization of core-shell nanoparticles

W

(@) ToS1585 (b) TorS235 (0) T 83},

(d) TorS45S5, (e) TorS5555, (f) TorS835,

Figure 4.3: Transmission electron microscopy (TEM) images of sol-gel TiO2 —SiO» core-shell nanopar-

ticles set 1. (a) 1-step sample TgpS155° and (b) 2-step sample TgyS255° have no visible layer; (c)

3-step TgyS3{$5, has a visible, inhomogeneous layer; (d) 4-step TgpS437S5, and (e) 5-step TopS575y,
have a homogeneous layer; (f) 8-step ngssgg% has a thick layer.

Sol-gel samples set 1

The combination of best parts of the three different step-wise sol-gel synthesis that led
to T92S4§%} , T9284§?%J and T9284?g¢%} ,1.e. a combination of ultrasonication, addition
of the NH3 catalyst and TEOS in each step, led to the sol-gel method 5 (SGS5) and first

set of step-wise sol-gel samples, referred to as “’step-wise SG set 1.

TEM-EDX

TEM images of these samples are shown in Figure 4.3. TgyS135° (1 step) has no

visible layer in TEM, but according to EDX the shell is 0.1 +0.01 nm thick on average.
Since a monolayer of amorphous SiO has a thickness of ~0.3 nm, one third of the
surface of the TgyS155° sample is covered with islands of Si05.!96:197 T4,82805 (2
step) is covered with one monolayer of SiO2 according to EDX; 0.30£0.02 nm, which
is too thin to be visible in the TEM images. For higher step samples, the shell is
visible in TEM: At least 10 positions were measured in the TEM images for visible

layers. For T 9283%% this leads to an average thickness of 0.63 +0.13 nm, which fits
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4 Preliminary studies

with the thickness determined with EDX: 0.61 +0.03 nm, but it is than the calculated
thickness, i.e. the projected thickness calculated during the synthesis, of 0.51 nm.
This could be because of an agglomeration of the anatase particles in the former steps,
which leads to less surface area available for the precursor to form the next SiO3 layer.
The determined external surface areas shown in Table 4.2 verify this assumption: The
higher the synthesis step number, the lower the surface area of the samples. With less

surface area to access, the following SiO» layers are going to be thicker than calculated.

T9284?§’§/U (4 step) shows a homogeneous layer in TEM, leading to a thickness of
0.83 £0.18 nm which is also close to the thickness according to EDX; 0.81 +0.04 nm.
Again, both values are higher than the calculated thickness of 0.68 nm. The five step
sample TgpS57%> has a homogeneous layer in TEM that was measured to be 0.97 +
0.13 nm. According to EDX it is 0.91 +0.09 nm. The 8 step sample Tg,S85¢, has
a thick layer in TEM; 3.64 £ 1 nm and a lower thickness according to EDX; 1.49 &
0.22 nm. It is clearly visible that the layer has grown around an agglomerate of anatase
particles (see Figure 4.3f). Due to the overall duration of the synthesis, this sample was
stirred overnight after the first four steps, where the particles may have agglomerated
permanently during the sol-gel condensation, before performing the last four steps.
Due to the non-linearity of the thickness with number of steps it is also possible that
one hour of stirring might not be enough for the conversion of TEOS to SiO7 to be
finished. The calculated thickness from the deposition amount of TEOS should lead
to 0.17 nm per step. In the 1-step sample To,S155° the thickness is only 0.1 nm and
the thickness seems to “catch up” in samples that are stirred longer. The comparison

of the calculated and measured thickness for each sample can be seen in Table 4.2.

N> -physisorption

Table 4.2 shows the changes of the specific surface area (SSA) for samples with dif-
ferent synthesis steps. The total SSA according to BET (SSAggT) decreases with
increasing number of steps. Analysis from the t-plot of the N, physisorption reveals
that part of the SSA (SSApjcropores) 18 composed of the inner surface area within mi-
cropores (pores with a diameter < 2 nm). 198 Micropores in the amorphous silica shells
are formed during sol-gel processes if the temperature is low (< 40 C°) and if silica
nuclei are formed before attaching to the core-shell particles. 108 1t is plausible that
the contribution of micropores to the total surface area increases with increasing step
number. This also explains why the thickness determined via TEM is larger than the

one determined via EDX for higher step samples.
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4.1 Characterization of core-shell nanoparticles

I calculated the difference between the SSAggT and SSAyjcropores as the active, ex-
ternal surface area (SSAext.). The SSAcxt. decreases considerably with increasing step
number, which I attribute to the increasing tendency of these core-shell structures to
form agglomerates during sol-gel condensation'%°. Even half an hour of ultrasonica-
tion during each step did not sufficiently inhibit the formation of permanent agglomer-

ates.

Table 4.3: Physical properties of core-shell TiO —SiO, nanoparticles, after an attempt to upscale the

synthesis: Calculated thickness as expected from the synthesis, SiO; shell thicknesses determined from

the average of 10 elemental ratios measured by EDX and 15 thickness measurements from TEM images.

Specific surface areas (SSA), t-plot external area and t-plot micropore area from Ny physisorption.

*Shells are too thin to be detected or were not measured for other reasons. **No Nj physisorption
measured for these samples.

Sample Shell thickness [nm] SSA [ngfl]

Name steps calc. EDX TEM BET micropores ext.
2T, S256 2 034  043+0.08 . 78 6 72
4T, S45S5, 4 0.68  0.87+0.11  073+0.15 70 14 56

T70S155° 1 0.17  0.03+0.01 * o ok o
T70S255° 2 034  025+0.03 . o ok o
T70S355, 3 0.51  0.56+£0.11 . o ok o
T70S4755, 4 0.68  0.73+£0.05 8 o ok o
T70S51%%, 5 0.86  0.85+0.09 . o ok o

Scaling up the synthesis

Due to the low amount of sample from the first set of step-wise SG samples - only
250 mg each, which were used for the dye degradation studies - an up-scaling of the
synthesis was attempted, first to 0.5 g and then to 1 g. TEM images of these samples
can be seen in the appendix, and their determined thicknesses from TEM and EDX
compared to the calculated thickness can be seen in Table 4.3. 2”dT9282§%5 has a
thicker shell than T9282§%5 and the standard deviation of the measurements is higher.
Up-scaling it to 1 g led to the samples T7(S1355” (1 step) and T7(S2¢5” (2 step), which
have a much lower measured amount than expected. However, samples with a higher
step number led to measured thicknesses close to the expected values. This could be
due to the less effective distribution of the precursor in the higher solvent volume right

after addition - longer synthesis times or more NH3 in the higher step samples gives
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4 Preliminary studies

the precursor enough time to form the layer. It should also be mentioned that right
before this synthesis the batch of anatase was changed. While the calculation of the
precursor amount included the surface area of anatase, the amount of nanopores and
their distribution might still be different for each batch.

Sol-gel samples set 2

To increase the homogeneous distribution of the precursor in the solvent prior to de-
position, the precursor was diluted 1:10 in abs. ethanol right before the addition and
added dropwise. The addition of the amount of TEOS was changed to attempt 0.15
nm of shell thickness deposited per step - half a monolayer. This finally led to the
’step-wise SG set 27, as seen in Figure 4.4. This method yielded better results which

can be seen in Table 4.3.

(a) T7S155° (b) T7S255¢ (¢) T7oS335

(d) T7oS4358, (e) T70S5355, (f) T70S63G5,

Figure 4.4: Transmission electron microscopy (TEM) images of sol-gel TiO, —SiO» core-shell nanopar-
ticles set 2. (a) 1-step sample T7(S155° has thin patches of SiO2; (b) 2-step T70S255¢ and (c) 3-step
T70S355° have a more homogeneous layer; (d) 4-step T70S4755,, (e) 5-step T7(S5}55, and (f) 6-step

T70S6§(63,6% have a very homogeneous layer.
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4.1 Characterization of core-shell nanoparticles

TEM-EDX

TEM images of these samples are shown in Figure 4.4. T7oS135¢ (1 step) has visible

patches of SiOp on the surface. According to EDX the shell is 0.16 £ 0.07 nm thick.
Since the monolayer of amorphous SiO has 0.3 nm, half of the surface of this sample
is covered with islands of SiO». T70S225}’06 (2 step) has a more homogenous amorphous
shell visible in TEM and according to EDX the sample is covered with one monolayer
of Si07; 0.31 £0.05 nm. T70S38%6 has islands on a homogeneous layer in TEM with
a measured thickness of 0.49 4-0.13 nm, which fits with the thickness determined via
EDX: 0.46 - 0.08 nm, and it is a bit lower than the calculated thickness. T7S4775, (4
step) to T70S6?g% (6 step) samples shows a homogeneous layer, and the thicknesses
determined via TEM and EDX correlate well, though they are lower than the calcu-
lated thicknesses, which might be due to an incomplete reaction time for higher step

samples.

Table 4.4: Physical properties of core-shell TiO —SiO» nanoparticles, step-wise SG set 2°: Calculated
SiO; shell thickness as expected from the synthesis, thicknesses determined from the average of 10
elemental ratios measured by EDX and 15 thickness measurements from TEM images. Specific surface
area (SSA) was determined via N» physisorption as has an error of +£2 m?g~!. *Shells are too thin to be

detected.
Sample Shell thickness [nm] SSA [m2g!]
Name steps calc. EDX TEM BET micropores ext.
Anazy 0 0 0.01 = 0.00 - 67 0 67
T70S055° 0 0 0.01 = 0.00 - 67 0 67
T7S155° 1 0.17  0.17£0.07 . 67 4 63
T70S255¢ 2 034  0.33+£0.05 * 56 8 48
T70S355° 3 051  049+008  049+0.13 60 7 53
T70S455%, 4 0.67  0.63+£0.08  0.64+0.11 58 10 48
T70S5755, 5 0.84  078+£0.11  0.78+0.14 63 14 49
T70S655, 6 101 097+£0.09  093+0.18 56 16 40

N»-physisorption

As observed in sample set 1, there is a decrease of the SSAggT and SSAcx surface area
for higher step numbers due to permanent agglomeration of the nanoparticles during

the sol-gel condensation . The amount of micropores increases with the step number,
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4 Preliminary studies

which is also consistent with the results from sample set 1 (Table 4.4). Therefore, the

up-scaling of the synthesis method has lead to comparable results.

Zeta Potential

With TEM, EDX and Nj-physisorption I determined the thickness and porosity of the
shells. ZP was used to investigate the changes in the surface chemistry with the shell
thickness. Figure 4.5a shows the ZP at different pH values for sample set 1. The results

are similar for set 2 (Figure 4.5b).

100 4750 100 +-TS0
+-T81 47181
+Ts2 +Ts2

507 —+-Ts3 5071 47183

TS4
~+TS6
+31
-+ Anatase

—+Anatase

Zeta Potential [mV]
o

Zeta Potential [mV]
o

5 10 0 5 10

Figure 4.5: Variations of the Zeta Potential with the pH of reference anatase, synthesized silica and
core-shell samples with various step numbers for (a) sample set 1 and (b) sample set 2.

It can be seen that the ZP changes gradually towards the pure silica ZP with increas-
ing synthesis steps, indicating that the surface coverage increases with the number of
steps.99 The isoelectric point (IEP), i. e. the intercept of the ZP curve with the x-axis,
is the pH at which the shear plane around the particle carries no electric charge. The
IEP can be linked to the point of zero surface charge. 105.110-112 Thjs means that at pH
7 the surface of anatase, which has an IEP of 6, is slightly negatively charged due to
deprotonation of surface hydroxyl groups.110 The reference sample T92S08%5, which
simulates the synthesis conditions in absence of TEOS, shows a similar curve as the
anatase, indicating that the reaction environment itself did not significantly change the
surface properties of anatase. The addition of silica affected the IEP considerably:
the thicker the silica shell, the closer the IEP of the samples are to the IEP of pure
silica (S1), which has a value of ~ 1, where a lot of surface OH groups are dissoci-

ated. According to the results from TEM-EDX, the surface of anatase is covered with
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4.1 Characterization of core-shell nanoparticles

a monolayer of SiO2 in the T9282§%5 sample, but the ZP is closer to anatase than it

is to SiO7. This is explained with the subsurface effect, where the surface charge of
ultrathin layers of SiO is influenced by the underlying bulk TiO3: As soon as the
shell reaches a critical thickness, which according to my results is 2-3 atomic layers,

the surface charge has similar values as bare Si0;.

Therefore, the ZP results cannot be used to determine the surface coverage, but they
show that the shell thickness increases gradually with the synthesis step number, which
can be correlated with the TEM and EDX results.

4.1.2 Nature of the interface and the electronic structure

To investigate the nature of the Ti-O-Si bonds and changes in the light absorption and
charge carrier behavior upon deposition of a shell, I characterized the most relevant
samples, e.g. core-shell SG set 1 and set 2, with spectroscopic techniques, such as

infrared-, UV-vis-, photoluminescence- and X-Ray photoelectron spectroscopy.

DRS UV-vis

Diffuse reflectance UV-vis spectra were recorded for both sets and transformed into
tauc plots, from which the optical band gaps were calculated via the intercept of the
extrapolation of the tangent on the photon energy axis (the details are explained in
section 3.3.7).
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(a) (b)

Figure 4.6: Band gap plots of sol-gel core-shell samples; (a) set 1; (b) set 2.
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4 Preliminary studies

The band gaps of the coated samples show a difference of maximum 0.04 eV and 0.01
eV to the reference samples, which have bandgaps of 3.17 eV and 3.2 eV for ngsOS%s
and T7(S03G°, respectively. This indicates that the optical absorption behavior did not

change upon the introduction of an SiO; shell.

ATR-FTIR

ATR-FTIR spectra of the coated samples and reference samples and pure silica can
be seen in Figure 4.7. Please note that these are qualitative results, and a quantitative

evaluation can only be done within a sample set and not between sets.
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Figure 4.7: ATR-FTIR spectra of SiO, S1 and core-shell samples with increasing shell thickness; (a)
set 1; (b) set 2.

The two peaks 1060 and 1180 cm™! , visible for the samples with a shell thickness
of at least one monolayer and the plain silica sample (S1), belong to the in-phase and
out-of-phase asymmetric vibration of Si-O-Si, respectively. 66,113,114 Tphe peak height
increases with increasing shell thickness. The peak maximum position shifts from
1055 to 1065 cm™! and from 1035 to 1065 cm™! with increasing shell thickness, for
set 1 and set 2, respectively. This shift indicates the formation of stronger Si-O-Si
bonds with thicker shells. The symmetric stretching vibration (in phase) of Si-O-Si
at 790 cm™! is only visible for the plain silica because it is overlaid by the broad Ti-
O-Ti vibration. !> The characteristic stretching vibration of Ti-O-Si at 940 cm~! is
visible for the coated samples and its intensity rises with increasing shell thickness
until Tg,S43$5, and T7(S355°, respectively. 16117 These results indicate the number

of synthesis steps needed to completely cover the surface with silica. However, the Ti-
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4.1 Characterization of core-shell nanoparticles

O-Si vibration is close to the vibration of Si-OH at ~ 945 cm‘l, visible for the silica

sample S1, which makes this conclusion debatable. 113,114

XPS

X-Ray Photoelectron Spectroscopy was measured for selected samples from both sets.
The results of selected samples of set 1, which includes the reference sample T92S0(S)%5,
2-step ngszgg;f, 4-step T9284§g§27 and 8-step T9288§g’%7 , can be seen in Figure 4.8.

The survey spectra can be found in the appendix (Figure A.5).

The binding energy B.E. of the oxygen O 1s signal shifts upward with increasing Si
content, indicating the decreasing negative charge around the oxygen due to the more
electronegative Si atoms. Several peaks can be fitted to the spectra: For T92$0(S)%5, the
major peak at 529.8 eV (purple peak) corresponds to the Ti-O-Ti bond while smaller
peaks were attributed to surface hydroxyl groups and carbon-oxygen bonds of adven-
titious carbon structures. '8 For TgrS255° and Tg, 43S, , peaks located around 531.8
eV and 532.8 eV increase in height. They were attributed to the Ti-O-Si (blue peak)
and Si-O-Si (green peak) bonds, respectively. With increasing shell thickness the Ti-
O-Ti signal decreases. This is due to the surface nature of XPS: As the SiOy shell
thickness increases less of the O 1s signal from TiO; is detected. Additional peaks
at higher B.E. can be attributed to Si-OH, adsorbed water and carbon oxygen bonds
of adventitious carbon structures, now adsorbed on the SiO; shell and having higher
B.E..68.74.116,119.120 T92$8§%}%J has a thick layer larger than 3 nm as a shell. Due to

charging of the sample, the signal is distorted and no peaks were fitted to the signal.

This Ti-O-Si1 bond formation can also be verified by the Si 2p core region of the XPS
spectra. For Tg,S235", only one peak can be fitted at 102.6 eV, while the TgS475:,
sample shows a broader signal, to which 2 peaks at 103 eV and 105.2 eV can be fitted.
Due to a decrease of electron density around Si in the Si-O-Si bond the B.E. shifts to
higher values compared to the Si in Ti-O-Si, indicating that at the Tg,S235> sample
most Si-O bonds are close to the TiOj surface, e.g. forming Ti-O-Si bonds. With

thicker shells a distinct Si-O-Si peak can be observed.”’

With increasing SiOy coverage, the two Ti peaks of the XPS data, Ti 2p1/2 and Ti
2p3/2 at 464.3 and 458.6 eV, respectively, shift towards higher BE, because of the
increasing amount of Ti-O-Si bonds, which reduce the electron density around the Ti
atom.%8 For the TgpS259° sample, the relative intensity of Ti-O-Ti seems to be too
high for a Ti-O-Si peak to be visible, while for thicker layers, at the T9254§'g}% sample,
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Figure 4.8: X-ray photoelectron spectroscopy (XPS) of the core-shell SG set 1. Shown here are detailed
measurements of the signals Si 2s, O 1s and Ti 2p. For a detailed analysis of the peaks please refer to
the text.

four peaks are visible. The total intensity of the Ti signal is reduced because the XPS

analysis is surface sensitive.

There are several differences between the XPS spectra taken for SG sample set 1 and
set 2. Please note that for the sample set 2 the shell was deposited on a different batch
of anatase, a significant time passed between the two measurements and they were
measured by different researchers, though on the same machine and with the same

measurement parameters.

The spectra of the selected samples from set 2, 1-step T7OSI§%6, 2-step T70822%6, 4-
step T70S43(%, and 6-step T7(S67¢s, , are shown in Figure 4.9. The Si 2p spectra reveal
an increase of the Si amount with increasing shell thickness. There is little Si detectable
for the T7OSI§%6 sample, but the signal becomes stronger for thicker shells. The grad-
ual chemical shift to higher binding energies from 102.3 eV to 103.3 eV for T70S1§%6
and T7(S67¢5, , respectively, reveals an electronic interaction between TiO2 and SiO».
Furthermore, the full width at half maximum (FWHM) of the peaks, shown in the
appendix (Table A.1), increases from 0.84 to 1.63 eV for T7OSI§%6 and T7OS6§g% ,
respectively, which indicates an interaction between the core and the shell. The survey

spectra can also be found in the appendix (Figure A.6).
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4.1 Characterization of core-shell nanoparticles
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Figure 4.9: X-ray photoelectron spectroscopy (XPS) of the core-shell SG set 2. Shown here are detailed
measurements of the signals Si 2s, O 1s and Ti 2p. For a detailed analysis of the peaks please refer to
the text.

The O 1s spectra for the reference sample T7OSO(S)%6 shows the Ti—O-Ti O 1s signal
at 529.9 eV. The signal was fitted with several peaks, which were attributed to adven-
titious carbon oxygen species, adsorbed water and the O 1s signals corresponding to
Ti—O-Ti at 529.9 eV (purple peak). 18 With the increase of shell coverage and thick-
ness a peak around 532.5 eV appears, which corresponds to the Si—O-Si bond (green
peak) and increases while the Ti—O—Ti signal decreases. For T70S285° and T7(S43(%,
a small peak around 532.1 eV, right between the Ti—O—Ti and Si—O-Si peak, can be
fitted to the signal, which is attributed to the Ti—O—Si bond (blue peak). 68,74,116,119,120

The Ti 2p 3/2 signal, corresponding to Ti—O—Ti, is positioned at 458.2 eV for T70S0(S)%6

and shifts to higher binding energies up to 459.1 eV for T7OS6?g’% . The FWHM of the
peak increases from 1.03 to 1.37 eV for Anazy and T7S6(¢5 , respectively (see Ta-
ble A.1). This is due to a decrease in electron density around Ti upon the formation of
a Ti—O-Si bond. The relative decrease of the Ti—O-Ti signal with increasing shell
thickness is smaller than in sample set 1. This different behavior could be due to the
change of the anatase batch or a change in the shell synthesis, i.e. a different inelastic

mean free paths of the electrons in the materials.

In conclusion, during synthesis Si—O first binds to the TiO surface, creating a mono-
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4 Preliminary studies

layer and inducing a shift to higher binding energies. After full coverage of the TiO7
surface more Si—O—Si bonds are created, leading to the increase in shell thickness and
broadening of the signal.76’121 The combined characterization with TEM, FTIR and
XPS thus suggests a layer-by-layer growth via the van-der-Merwe or the Krastanov
growth model (see Figure 2.9).

Photoluminescence lifetime

Transient photoluminescence spectroscopy can be used to study the recombination of
excitons in the core-shell structures. Upon electron-hole recombination photons are
emitted, and the photoluminescence (PL) emission intensity and lifetimes can be used

to quantify the recombination.

Electron and hole traps, which are associated with defects in TiO7, have been found to
lead to a broad photoluminescence signal in the visible range. In anatase, a PL peak
at ~ 530 nm (green PL) has been assigned to the recombination of mobile electrons
from the conduction band with trapped holes in the valence band, which are associated
with oxygen vacancies. Another peak between 600 and 650 nm (red PL) comes from
a recombination of trapped electrons in the conduction band with mobile valence band
holes from the valence band (Figure 4.10a). 122 1y my studies, I found that the contri-
bution of the red photoluminescence is much smaller than the green emission peak, as

can be seen in the appendix (Figure A.2).

3.6

Lifetime [ns]

w

Valence band

TSO TS1 TS2 TS3 TS4 TS5 TS
()
()

Figure 4.10: (a) Trap states due to electron or hole defects in TiO; leading to a broadband photolumines-

cence in the visible range; green emission comes from recombination of electrons with trapped holes,

red emission from trapped electrons with VB holes; redrawn from Mercado et al. 122; (b) photolumines-

cence lifetimes Ty 1n¢ With standard deviation determined with a two-term exponential fit. Note that the
measurements were performed on samples before Pt deposition.
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4.1 Characterization of core-shell nanoparticles

In literature, several reports describe the increase of the lifetime of excitons upon intro-
duction of a Si07 phase close to Ti02.59’73’74 I measured the reference and core-shell
powders in a suspension of deionized water at a concentration of 2 g - 1=, with an ex-
citation wavelength of 378 nm, to take emission spectra and analyze the lifetime at the
maximum of the emission peak (550 nm). I did not observe any changes in the inten-
sity of the PL signal or new trap states upon introduction of an SiO> shell (Figure A.2).
The exciton lifetimes Tay 1n¢ showed distinct changes with shell thickness, as seen in
Figure 4.10b and in Table 4.5. The lifetimes increase from 2.9 to 3.7 ns from Anay) to
T70S285° and T7(S355° and then decrease slightly for thicker shells.

Table 4.5: The determined lifetimes fitted via a two-term exponential fit. Shown are both lifetimes and
the average lifetimes weighted by the intensities.

Sample 11 [ns] T, [ns] TAv.Int [DS]
T70S055° 4.48 +£0.50 0.71 +£0.15 2.91 4+0.23
T7S155¢ 476 +0.28 0.80 + 0.05 3.36 +0.15
T70S255° 5.20 +0.49 0.89 +0.12 3.73+0.25
T70S355° 5.14 +£0.34 0.88 == 0.06 3.69 +0.20
T70S455%, 4.64 +0.26 0.79 + 0.05 335+0.16
T70S5555, 4714032 0.84 £ 0.13 3.46 +0.19
T70S67¢5, 4.90 £ 0.29 0.77 £ 0.05 3.38+£0.16

The following explanations for the increase in lifetime upon SiO3 introduction to TiO7

are found in literature.

* Yang et al. stated that new electronic states are created by SiOy species on
the surface above the top of the valence band of anatase. They supported this
statement with a peak fitting of the PL signals, which were red-shifted upon
introduction of an SiO; shell, and a peak fitting showed an additional peak at
600 nm. 123

* Miyashita et al. explain the increase in lifetime with band bending and charge
separation at the interface of TiOy and SiO;. However, this effect was de-
scribed for SiO7 layers thicker than 10 nm, where the layer thickness is insu-

lating enough to keep the charge carriers at the interface; 3 layers thinner than 3
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4 Preliminary studies

nm generally allow electron tunneling and transfer through the shell.. 488,124

¢ The introduction of SiO7 on the TiO, surface leads to interfacial Ti-O-Si bonds
that serve as trap states in which charge carriers are caught, thus leading to lower
recombination. An optimal amount coating for maximum lifetime increase was
found to be ~ 5% of SiO7 on P25 by Yuan et al. while it decreases for thicker
shells. 74

The best peak fit I achieved in my emission spectra leads to two fitted peaks, at 630
and 557 nm (see Appendix, Figure A.3). I did not observe any changes in the emission
signal upon Si0O; introduction, neither in the peak position, FWHM, nor in the intensity
(see Appendix, Figure A.2a). I can therefore not confirm the creation of new electronic
states that were found by Yang et al.. Due to the low thickness of the shell (<1 nm)
I can also not explain the lifetime increase with the band bending at the TiO2-SiO7
interface, as Miyashita et al. did. The increase in lifetime is therefore explained with
the creation of trap states at the Ti-O-Si bonds. A monolayer of SiO3 seems to lead to

the longest lifetime of the electron-hole pairs.

Charge transfer investigations

A hypothesis for the lifetime decrease with thicker shells could be less efficient charge
separation due to the insulating layer. In order to ensure an efficient charge separation,
the charge carriers need to transfer through the insulating shell and into the water. This
provides the driving force for further charge separation at the TiOy —Si0O; interface. If
the SiO; shell becomes too thick, then this process may become limited because the
charge carriers cannot transfer through the shell but rather accumulate at the interface,

which means that charge carriers recombine faster, thus reducing the lifetime.

To test if the SiO shell hinders the charge transfer from TiO; to the solution, I illu-
minated the catalysts in a terephthalic acid (TA) solution with a 365 nm LED lamp
for 10 minutes. TA acts as an OH radical catcher: If the charge transfer is hindered,
less OH radicals are produced, leading to a decreased concentration of the oxidized
product 2-hydroxyterephthalic acid (TAOH) (Figure 4.11a). TAOH can be quantified

by measuring its fluorescence at 425 nm (see appendix Figure A.2b). 125

I determined the charge transfer efficiency by comparing the peak areas of the emission
peaks (Figure 4.11b). There was no significant decrease of the emission with the in-
crease of the shell thickness. The charge transfer is barely inhibited by the shell, which
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4.2 Characterization of nanocavities samples

Terephthalic acid
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Figure 4.11: (a) Photoluminescence lifetimes tay 1o¢ With standard deviation determined with a two-
term exponential fit; (b) Determination of reactive oxygen species (ROS) via fluorescence of OH-TA
(average of 3 replicates). Note that the measurements were performed on samples before Pt deposition.

is compliant to former charge transfer studies through ultrathin insulating layers.75

Below a shell thickness of 3 nm electron tunneling is possible.44’88’124 Therefore, the
decrease in lifetime for thicker layers cannot be due to charge accumulation at the

core-shell interface.

Therefore, it remains unclear as to why the fluorescence lifetime should decrease for
shells thicker than a monolayer. Since the difference is close to the standard deviation

of the exponential curve fit, it will not be investigated further (Figure 4.10b).

4.2 Characterization of nanocavities samples

In this section I will discuss the results concerning the synthesis of core-shell samples
containing nanocavities in their shells. First, I will describe the characterization of
templates which were grafted onto TiO7 before SiO; deposition, where I will focus on
quantifying the amount of the templates. I will also show spectroscopic characteriza-

tions and finally a few results concerning the nanocavities after shell deposition.

4.2.1 Quantifying the amount of calixarenes on the TiO surface

To quantify the amount of calixarenes on the TiO2 powders, TGA was used to measure

the mass loss and calculate the surface coverage.
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4 Preliminary studies

The following method was used for the TGA measurements displayed in Figure 4.12:
5 mg of the powder was heated to 195°C and held at this temperature to remove ad-
sorbed H>O until the weighted mass was stable (Am < 0.01% over 3 min). The
sample was then heated further with 5 K- min~! until 900°C. The combustion temper-
ature of 4-tert-butyl-calix[4]arene is 325°C.82

Figure 4.12a shows the mass loss of calixarenes of P25 with two different synthesis
lengths, 4 and 48 hours of refluxing, and two potential reference samples, which were
created by refluxing or stirring P25 in toluene (abs.). Unfortunately, the reference
samples show a mass loss due to the combustion of unknown substance with an onset
temperature at 450°C. For this reason, untreated P25 was used as a reference substance
for the calculation of the surface coverage with calixarenes. It is clearly visible that
the duration of synthesis does not lead to a significantly different calixarene coverage:

Both samples show a mass loss of ~ 1.8%.

Mass [%]

300 400 500 600 700 800 300 400 500 600 700 800
Temperature [°C] Temperature [°C]
(a) (b)

Figure 4.12: The mass loss in TGA measurements due to combustion of calixarenes on TiO, nanopar-
ticles (a) The reference samples and different synthesis length of calixarenes on P25; (b) the calixarene
standard synthesis on different phases of TiO5.

The maximum surface coverage was calculated the following way: Assuming the most
dense circle packing, which leads to a surface coverage of 90.69%, a surface area of
55 m?- g_1 of P25 and an upper area of 4-tert-butyl-calix[4]arenes of 1.5 - 10718 m2,
the maximum mass loss in the TGA would be 3.9%. Therefore the surface coverage

on P25 is ~ 46%.%3

Figure 4.12b shows the mass loss of calixarenes with the standard synthesis of 48
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4.2 Characterization of nanocavities samples

hours on different modifications of TiO>: P25, anatase and rutile. While rutile shows
a smaller relative mass loss than P25, anatase shows a significant higher mass loss,

which is due to the higher surface area of anatase.

A monolayer of calixarenes on anatase (SSA = 92 mz) would amount to a mass loss
of 6.4%. The measure mass loss of 2.7% therefore leads to a surface coverage of
42%, which is similar to the P25 sample. Both anatase samples showed similar results;

48h 2nd 48h
TanaCegy and ““TanaCegy (not shown here).

Since the immersion time during synthesis does not seem to affect the coverage signif-
icantly (Figure 4.12a), which indicates that the saturation is reached quickly, I varied
the amount of hydroxyl groups on the anatase surface to increase the calixarene surface
coverage. To quantify the hydroxyl groups on the surface, a TGA method reported by
Mueller et al. was used: The powder was heated up 120°C and held at this temper-
ature to remove adsorbed H>O until the weighted mass was stable (Am < 0.01%
over 3 min). It was then heated to 500°C and the mass loss, assumed amount of hy-
droxyl groups at 500°C and a calibration factor were used to calculate the amount of
hydroxyl groups on the anatase surface.3? According to this, untreated anatase has a
hydroxyl density of 6.3 - 10'8 OH-m™2, calcined anatase has 3.6- 10! OH-m™2 and
anatase treated with AHP has a density of 7.1 - 10'8 OH-m™2. TGA plots can be seen
in Figure 4.13a.

100 100 11000
% 800
995 % o e
S = 600 g
0 w 94 =
v w e
@ 99 © 400 2
= = 92 =3
£
2
—Taa 90 200
98.5 Tanp
— Tealc 88
0
150 200 250 300 350 400 450 500 100 150 200 250 300
Temperature [°C] Time [min]
(a) (b)

Figure 4.13: TGA analysis on pure titania T,p, to (a) quantify the amount of OH groups on the surface
after oxidation and calcination pretreatment; to (b) quantify the amount of calixarenes chemisorbed on
the surface of Anag, after different synthesis methods.
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4 Preliminary studies

To quantify the calixarenes on the surface of anatase (calixarene calibration), the TGA
method was optimized: After the isothermal step at 195°C, the sample was heated up
to 325°C and held for 120 minutes. It was then heated up further to 900°C. The results,
after subtracting the respective reference measurements, can be seen in Figure 4.13b.
It can be seen that TanaCégg‘, Tanan‘gg and Tanac?gg all have approximately the same
mass loss, while Tanangh has a lower mass loss, which results in a surface coverage

of 31% - in reference to the maximum possible surface coverage.

The AHP treated and calcined samples show a much higher and lower mass loss, re-
spectively, which leads to a calculated surface coverage of 60% and 15%, respec-
tively. This method is therefore a good approach to tune the amount of calixarenes

chemisorbed on the TiO7 surface.

4.2.2 Spectroscopic measurements of calixarenes on the TiO>

surface

The calixarene calibration samples were also analyzed via spectroscopic methods, to

see if any signals can be used to quantify the amount of calixarenes on the surface.

100.5

100
=

—_ ® 9951
g T g
< :

L. o 99r
=
7]
3

H 98.51

I i
. . . ‘ 08 . . . . .
200 300 400 500 600 700 800 3200 3100 3000 2900 2800 2700 2600
Wavelength [nm] Wavenumber [cm'1]
(@) (b)

Figure 4.14: Spectroscopic analysis to quantify the amount of calixarenes chemisorbed on the surface
of Anag, after different synthesis methods.

The Kubelka-Munk (KM) plots can be seen in Figure 4.14a. Please note that the back-
ground of these measurements was pure Anagy, so this spectrum shows only the ab-

sorption peak of the Ti-O-C bond at 410 nm, i.e. the measured signal comes from
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4.2 Characterization of nanocavities samples

the chemisorption of calixarene on TiO7 (orange complex). 83 The original reflectance
data can be seen in the appendix (Figure A.9). The peak intensity does not scale with

the amount of calixarenes determined in TGA measurements: While the peak height of

TanaCeob is between the peaks intensities of the higher calixarene amount T AppCesn

48h 48h 48h 48h
and the lower amount T, Ccg7, the peaks for TanaC353, TanaClg7 and Tana Ce3' are

about the same height as the TAppCEb peak, even though their calixarene content is

lower. Therefore, KM plots cannot be used to quantify the amount of calixarenes.

Figure 4.14b shows the ATR spectra of the calibration samples. Here, the focus lies

1

on the calixarene signals between 2800 and 3000 cm™". The intensity of the most

intense peak at 2960 cm™! increases with the amount of calixarenes determined in
the TGA measurements: The ToppCesp peak is highest, while the samples with the
lowest calixarene concentration, TeaCes and TanaCay', are the smallest and hardly
quantifiable due to the low signal-to-noise ratio. The peaks of Tanacggg, Tanacg‘gg and
TanaC1el show a similar peak height, in accordance with the amounts determined in
TGA. Due to the low signal intensity, ATR-FTIR is not a good method to quantify the

calixarene coverage on TiO».

4.2.3 Characterization of the nanocavity containing core-shell
Ti0>-SiOy particles

(a) TorS4NC (b) TgrSENC

Figure 4.15: Transmission electron microscopy (TEM) images of nanocavity containing TiO2 —SiO2

core-shell nanoparticles. (a) TgrS4™C show an inhomogeneous layer due to nanocavities with an average

layer thickness of 0.8 + 0.3 nm; (b) Tg>S6NC shows a layer as inhomogeneous, but the layer is thicker
(1 £ 0.5 nm).
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4 Preliminary studies

Figure 4.15 shows typical TEM images of the nanocavity containing core-shell parti-
cles after removal of the calixarene templates. Due to the 3D nature of the particles, it is
not possible to view the 1 nm sized nanocavities, but the TEM images clearly show an
inhomogeneity in layer thickness, which suggests a nanoporous layer. Tg>S6NC, which
has 6 steps of SiO; sol-gel deposition clearly shows a thicker layer (1 4+ 0.5 nm) than
To,S4NC, which only has 4 steps of deposition (0.8 4 0.3 nm).
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4.3 Influence of parameters on HER

4.3 Influence of parameters on HER

In this section I will discuss the different parameters that influence the photocatalytic
activity during hydrogen evolution reaction (HER), such as the sources of the sacrifi-
cial agent methanol and the Pt precursor, the conditions of the addition of platinum,
ultrasonication, UV lamp control, the TiO phase, the amount of the co-catalyst plat-
inum, and the cooling water temperature. I will further compare different systems

toward the early-stage deactivation (ESD) during HER.

Influence of parameters on the activity

In the following subsection, several parameters will be changed during HER with 0.2
wt.% Pt on anatase (Anagy) in 50ml H2O and 50 ml methanol to investigate the in-
fluences on the photocatalytic activity and to maximize the reproducibility. The co-
catalyst Pt was deposited in-situ during illumination of the photocatalyst TiO3. This
was done by adding specific amounts of the Pt precursor HyPtClg to the reaction mix-

ture before closing the reactor and illuminating it.

® 0.2 wt.% Pt
20 mg Anag;

@ In-situ PD - light on
® 30 ml/min

Online HER:

® 50 ml MeOH in 50 ml H,O

@ No US @ UV: 365 nm
@ In-house water cooling

VELELLTH

4t Batches of MeOH/Pt

3t Controller:
Manual vs. digital

1000 T T 1000 T :
—MeOH #1, Pt #2 —manual controller
—MeOH #1, Pt #1 manual controller
800+ —MeOH #2, Pt #2 800+ —manual controller4
—MeOH #2, Pt #2 —manual controller
‘T'_‘ -I—H —digital controller
f 600+ f 600 —digital controller -
[=] =] —digital controller
E £
= 400+ = 400t
Q o
200 200
0 * - : - . - 0 - * - * - *
50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Time [min]

(a)

Time [min]

(b)

Figure 4.16: Hydrogen evolution reaction over time (a) while varying the sources of methanol and Pt,
using the manual controller and applying no ultrasonication and (b) varying the controller, also without
ultrasonication.
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4 Preliminary studies

Methanol and Pt batch

To exclude influences of different commercial batches of the sacrificial agent methanol
and the co-catalyst precursor HpPtClg, different batches of those purchased chemicals
were varied during HER experiments. Figure 4.16a shows that changing the methanol
and HpPtClg source do not impact the activity during HER. This indicates that there is

no significant effect by the batches of the precursor or sacrificial agent.

LED lamp controllers

The LED lamps can be either controlled by a manual or a digital controller, which,
according to power meter measurements, lead to slightly different power outputs over
time. Figure 4.16b shows that they seem to have a slight impact on the activity over
time; the use of the manual controller leads to a stable activity over time; while us-
ing the digital controller leads to a small deactivation that is assigned to the controller

rather than to the inherent early-stage deactivation that has been observed in our sys-

tem.
.2 wt.% Pt Online HER:
20 mg Anag, @ 50 ml MeOH in 50 ml H,0 @ UV: 365 nm
® In-situ PD [ house water cooling %Pt ad n: light vs. dark
@ 30 ml/min Manual controller 3 US: none vs. 60s
1000 T T 800 T
—Pt addition light —no US
— Pt addition light no Us
800+ — Pt addition light < —no US
— — Pt addition light ., ooy —no US|
- — Pt addition dark - —Uus
< 6001 —Pt addition dark | = —us
[=] —Pt addition dark [=] 400+ —us |
E —Pt addition dark E
= 400} g =
3] 3]
2001
200
0 " " " A . 3 0 " " 1 h . "
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time [min] Time [min]

(@ (b)

Figure 4.17: Hydrogen evolution reaction over time (a) comparing the addition of the Pt precursor

with the room light on and in the dark and (b) with and without 60 seconds of ultrasonication prior

illumination, using the digital controller and applying no ultrasonication and Pt precursor addition in
the dark.
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4.3 Influence of parameters on HER

Addition of the Pt precursor

The Pt precursor was originally added while the room light was turned on, but accord-
ing to L. Deilmann some of the Pt is already deposited when under illumination of
visible light. 2% Therefore, I compared the impact of the Pt addition on the activity
and ESD with the room light on and off. It can be seen in Figure 4.17a that, while
the reproducibility was not increased, the activity was obviously influenced by the Pt
addition in the dark.

Ultrasonication

To increase the dispersion of the TiO; catalyst, the suspension was ultrasonicated (US)
for 60 seconds before degassing with Ar and before Pt addition. As can be seen in Fig-
ure 4.17b there is a big increase in reproducibility when US is applied. This indicates
that ultrasonication offers control over the dispersion that is important for comparable

results.

Online HER:

@® 50 ml MeOH in 50 ml H,O ® UV: 365 nm

PD - dark ® US:60s 3t Water cooling T:
0 mifmin ® Manual controller 12 - 19°C

800 T T T T

600

400

¢ [umol h™]

200

0

0 50 100 150 200 250
Time [min]

Figure 4.18: Hydrogen evolution reaction over time while changing the temperature of the water cooling
system.

Water cooling temperature

Another crucial parameter is the temperature of the cooling water. The effect of this
parameter may not be very distinctive at first and it only reveals itself over a long time:
In the course of a few days the temperature of the in-house cooling water, which may
be influenced by the outside temperature does not change much. However, if the exper-

iments are repeated after a few weeks the activity changes significantly. Figure 4.18
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4 Preliminary studies

shows the effects of changing the cooling water temperature during an experiment.
Crucially, a decrease of 5°C can decrease the activity by more than 25%. In the end,
the installation of a cryostat, which set the temperature to 15°C, helped to increase the

reproducibility significantly.

@ 0.2 wt.% Pt Online HER:

® US: 60 s @ 50 ml MeOH in 50 ml H;O ® UV: 365 nm

@ In-situ PD - dark @ Water cooling T: 15°C JtAnag; mass:
@ 30 ml/min @ Manual controller 20 - 80 mg

1200

1500 -
—20mg
20 mg L
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Figure 4.19: Hydrogen evolution reaction over time with different amount of catalyst; (a) shows time-
dependent HER plots; (b) shows the start activity, which is the maximum activity, and the end activity
plotted against the catalyst mass.

Variation of the catalyst amount

To see if the amount of mass in the system is rate limiting, I increased the mass to
see how much the activity increases. Originally, 20 mg of catalyst was used in an
HER experiment, which leads to a suspension concentration of 0.2 g/l. The amount
was increased to 40 mg and 80 mg. As seen in Figure 4.19 the maximum activity
increases almost linearly with the catalyst mass, while the ESD is strongest for lower
amounts and minimized for the highest concentration of catalyst. The fact that there is
no saturation plateau visible in Figure 4.19b indicates that the catalyst amount used in

this work is not rate limiting.

Longterm studies and early-stage deactivation

The early-stage deactivation (ESD) describes a strong (multi-)exponential decay of the

activity after a maximum is reached after ~ 50 minutes of illumination. It has been
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4.3 Influence of parameters on HER

Online HER:

» 0.2 wt.% Pt

0 mg Anag; @ 50 ml MeOH in 50 ml H;O @ UV: 365 nm

itu PD - dark ®US: 60 s @ Water cooling: 15°C
® 30 ml/min ® Manual controller 3t 18h of illumination
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Figure 4.20: (a) Hydrogen evolution reaction over time with illumination over 18 hours shows the ESD
in this system; (b) TEM image of an HER experiment conducted on P25 that shows the encapsulation
of the co-catalyst Pt. 127

observed in several HER systems in Eder’s research group; G. Haselmann found that
it is connected with the ratio of oxygen vacancies and amount of Pt, and a possible
explanation is the decoration of Pt with suboxide TiOx species, as can be seen in
Figure 4.20b. 127 Further investigating the causes for ESD is an important part of this
work. To determine the saturation rate after ESD, the illumination was extended to
18 hours. Figure 4.20a shows the longterm study of anatase, where the activity is

decreased to 16% its original activity.
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4 Preliminary studies

Influence of parameters on the early-stage deactivation

In the following subsection, the amount of Pt and the effect of ultrasonication on the
early-stage deactivation (ESD) will be investigated over several phases of TiO7 in a

50ml H2O and 50 ml methanol system.

The first parameter varied was the phase of TiO7, e.g. anatase, rutile, and the popu-
lar combination of the two; commercially obtained Evonik P25 (formerly Degussa) -
which, according to Evonik, consists of 80% anatase and 20% rutile. P25 was further
compared to a self-made mixture of the two phases in the same ratio (8:2 anatase:rutile
mixture). With this comparison the influence of the interface between anatase and ru-
tile can be investigated; since Evonik synthesizes P25 via flame-spray pyrolysis, which
creates particles that comprise both phases sharing intimate contact with each other;
while the 8:2 mix is made by simply mixing the pure phases together. Other parame-
ters varied were the amount of Pt photodeposited on the support and ultrasonication of

the suspensions before HER.

Please keep in mind that these experiments were performed before the system’s repro-
ducibility was optimized (see section 4.5). The comparison of photocatalytic activity
is therefore not reliable, so I will only focus on the impact of the parameters on the

percentage of ESD.

Online HER:

@ UV: 365 nm
20 mg Ti0, @ 50 ml MeOH in 50 ml H,0 3 Anay, vs. rutile

In-situ PD - light ~ @In-house water cooling 3 Pt amount: 0.1 to 1.0 wt.%
@ 100 ml/min @ Digital controller It US: none vs. 60s

1200 T 400 -
—0.1 wt.% Pt —0.1wt.% Pt
1000+ —0.1 wt.% Pt + US| —0.1wt.% Pt + US
—0.2 Wt.% Pt 300} —0.2wt.% Pt
— 800t 0.2 wt.% Pt + US | - 0.2 wt.% Pt + US
- 0.5 wt.% Pt - 0.5 wt.% Pt
< 500l —0.5 wt.% Pt + US | < 2001 —0.5wt.% Pt + US
g —1.0 wt.% Pt g —1.0wt.% Pt
5 400} —1.0 wt.% Pt + US | 5 00l —10wt% Pt+US |
© ©
200}
0
0
-200 : : . : -100 : : . :
0 50 100 150 200 250 0 50 100 150 200 250
Time [min] Time [min]
(a) Anatase (b) Rutile

Figure 4.21: Hydrogen evolution reaction over time with different Pt co-catalysts amounts and ultrason-
ication for the phases (a) anatase and (b) rutile.
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4.3 Influence of parameters on HER

Anatase and rutile

First, the TiO phases, anatase and rutile, were kept the same while the amount of Pt
was varied with and without ultrasonications. From the combined results shown in

Figure 4.21 the following conclusions can be drawn:

* Over anatase the ESD is strongest for 0.2 wt.% of Pt (Figure 4.21a).

* Ultrasonicating (US) the anatase suspension before illumination seems to have

no impact on the ESD.

* The impact of US on the activity over anatase is inconclusive: For the 0.2 wt.%
sample the US lowers the activity while for higher Pt loading it increases the
activity slightly.

* The amount of Pt has a strong impact on the activity over anatase, which is

because Pt acts as the active sites for the HER.

* Interestingly, the Pt amount does not seem to have an impact on the HER activity

over rutile, as seen in Figure 4.21b.

e Over rutile, 0.1 wt.% shows a similar deactivation behavior as over anatase,

while it is much lower for 0.2 wt.% Pt.

* The ESD behavior is lowest for Pt amounts over 0.5 wt.% for both phases.

These results are congruent with literature: Anatase is reported as the phase with the
highest photocatalytic activity for hydrogen reduction, owing to its higher conduction
band position, smaller particle size, longer lifetime and faster migration of photoex-
cited electrons and holes. On the other hand, rutile is considered to be superior in
photocatalytic oxygen evolution - which is not relevant in my studies due to the addi-

tion of the sacrificial agent methanol, which is easily oxidized by both phases. 33,36

Other studies showed that the photocatalytic activity rises with the Pt amount from
0.1 to 1.0 wt.% over anatase while it does not increase over rutile. 128:12% While these
reports are agreeing with the HER results displayed above, they do not explain the
reason for these different activities. A possible explanation might lie in the platinum
deposition on the two phases, leading to differently dispersed or sized Pt nanoparticles

on the TiO» surfaces.

To investigate this, TEM images were taken after 50 minutes of HER over 0.2 and 1.0
wt.% Pt + US of both phases (see Figure 4.22). The size distribution was determined

by measuring the diameters of 15 particles. As seen in Table 4.6, the NPs are initially
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(© (d)

Figure 4.22: Transmission electron microscopy (TEM) images of of Anatase with (a) 0.2, (b) 1.0 wt.%
Pt and Rutile with (c) 0.2 and (d) 1.0 wt.% Pt

Table 4.6: The average Pt size for 0.2 and 1.0 wt.% Pt after 50 minutes of HER over rutile and anatase.

Phase Pt amount [wt. %] Pt size [nm] Phase Pt amount [wt. %] Pt size [nm]
0.2 1.94+0.5nm ) 0.2 2.2+0.7 nm

Anatase Rutile
1.0 1.94+0.5nm 1.0 2.8+1.2nm

bigger on rutile, their size also increases more with the Pt amount and the size distri-
bution of the particles is bigger. A higher Pt amount leads to higher agglomeration on
both phases, while the Pt NPs are well distributed for the 0.2 wt.% loadings.

P25 and 8:2 mix

Figure 4.23 shows the comparison of HER for P25 and the self-made mixture of
anatase:rutile (8:2 mix). With higher Pt amounts (> 0.5 wt.%) over P25 very high
activities can be achieved. While anatase and the 8:2 mix show ESD up to 0.2 wt,%
Pt and rutile only for 0.1 wt.% Pt, P25 shows strong ESD up to 0.5 wt.% Pt. The
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4.3 Influence of parameters on HER

)} 100 ml/min

Online HER:

0 ml MeOH in 50 ml H,0

In-house water cooling
@ Digital controller

3 P25 vs. 8:2 mix
34t Pt amount: 0.1 to 1.0 wt.%
7t US: none vs. 60s

2000
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Figure 4.23: Hydrogen evolution reaction over time with different Pt co-catalysts amounts and ultrason-
ication for (a) commercial P25 and (b) self-made mixture of anatase:rutile 8:2.

increases in activity and ESD might be due to synergistic effects in P25, e.g. charge
separation at the anatase/rutile interface. Additionally, ultrasonication decreases the
ESD over 0.5 wt.% Pt on P25, while it has almost much lower effects over other sys-
tems (Figure 4.23a). The 8:2 mix generally shows both lower activities and low ESD
for Pt amounts above 0.5 wt.%, but its behavior for lower Pt amounts is similar to P25.
Overall, the 8:2 mix behaves similar to anatase, which the mixture is mainly composed
of.

Conclusion
The combined results of the ESD in each system can be seen in Table 4.7.

1. The ESD is strongest for low Pt amounts (< 0.5 wt.%), particularly with P25,

while higher amounts show a much lower ESD.

2. The impact of ultrasonication on the ESD is insignificant in most systems, con-

trary to previous results. 127

3. With the exception of rutile, higher Pt amounts lead to higher overall activities.

According to the results in this section the following setup was chosen; The use of
manual controller, to minimize changes in the activity due to a decrease in illumination
intensity; ultrasonication for 60 seconds prior to the HER to increase reproducibility;

and addition of the Pt precursor in the dark, to exclude photodeposition before data

87



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4 Preliminary studies

Table 4.7: Hydrogen evolution reaction activity after 70 minutes of illumination compared to maximum

activity in percent for different TiO; phases and varying Pt co-catalyst amount. Deactivating samples

with more than 25% loss of activity after 60 min of illumination are bold. For anatase, both the 0.1 and

0.2 wt.% Pt lead to ESD, which is not affected by US. The 8:2 mix behaves similarly. Rutile only shows

ESD for 0.1 wt.% Pt, which is decreased with US. P25 shows ESD up to 0.5 wt.%, which is decreased
with US only for 0.5 wt.% Pt.

Phase US Pt Deactivation Phase US Pt Deactivation
[60 s] [wt. %] [%] [60 s] [wt. %] [%]
0.1 45 0.1 48
0.2 50 0.2 22
no no
0.5 12 0.5 8
1.0 10 ) 1.0 0
Anatase Rutile
0.1 39 0.1 36
0.2 45 0.2 19
yes yes
0.5 10 0.5 3
1.0 5 1.0 0
0.1 37 0.1 42
0.2 43 0.2 36
no no
0.5 74 0.5 3
1.0 15 ) 1.0 0
P25 8:2 mix
0.1 41 0.1 36
0.2 50 0.2 37
yes yes
0.5 27 0.5 9
1.0 12 1.0 1

acquisition. The water cooling temperature was set to 15°C in all experiments, as this
parameter is crucial for a high reproducibility. The 0.2 wt.% Pt anatase system was
chosen for further experiments; because it shows strong ESD; it is a pure phase, which
makes analysis of the mechanism more straightforward; and the ESD seems to be not
strongly dependent on ultrasonication, which can create additional oxygen vacancies
that have been connected to the ESD in former studies. 127 I decided to apply ultrason-
ication before each experiment, simply because better dispersion of the catalysts will
likely increase the reproducibility of the system. Henceforth, the 0.2 wt.% Pt loading

on anatase catalyst will be referred to as Pt/TiO5.
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4.3 Influence of parameters on HER

Summary of parameters influencing the ESD

The combination of the findings of this work and former works of my colleagues,

Haselmann and Deilmann, let me reach the conclusion that the ESD during photocat-

alytic HER with Pt/TiO3 is dependent on the following parameters:

The source of illumination; UV light leads to ESD while visible light illumina-

tion does not. The ESD increases with increasing illumination intensity. 126,127

Contrary to Haselmann’s results, the findings here suggest that ultrasonication of

the catalyst before the photocatalytic experiment does not increase the ESD. 127

Calcination of the catalyst before HER reduces the ESD. 127
Lower Pt concentrations (< 0.5 wt.% Pt) lead to increased ESD (see Table 4.7).

The phase of TiO7 is relevant: P25 shows significant ESD up to 0.5 wt.% Pt,
Anatase up to 0.2 wt.% Pt and Rutile only for 0.1 wt.% Pt (see Table 4.7).

ESD was only observed up to a threshold concentration of the catalyst in the re-
action solution, which is below 80 mg of the catalyst in 100 ml of a methanol/water

solution (see Figure 4.20).

The creation of oxygen vacancies is facilitated by UV illumination and ultrasonication,

while it is healed through calcination.

44,130,131 The results therefore indicate that the

amount of Pt and oxygen vacancies has a central influence on the ESD. The reasons

will be further explored in section 6.1.
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4 Preliminary studies

4.4 Oxygen evolution reaction

Online HER:

®0.2 wt.% Pt ® 0.1 M Na,S,04 in H,0

mg Anag; Water cooling: 15°C
® In-situ PD - dark ® Manual controller
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Figure 4.24: (a) Exemplary time dependence plot of the oxygen content in % over pure TiO> loaded
with 0.2 wt.% Pt in a 0.1 M NayS0Og solution. Upon illumination the O content rises with nearly
constant gradient; (b) the derivative of the rising oxygen content in the reactor. The data was smoothing
with a moving average algorithm. The light purple area indicates illumination with UV light (365 nm).

To investigate if the complementary water-splitting reaction does also show early-stage
deactivation, an oxygen evolution experiment (OER) was performed with Pt/TiO5.
Due to the relative minute amount of O created in the system, a highly sensitive

oxygen sensor was used in a new system that has been developed by the Eder group.

1 mg of catalyst powder was suspended in 2.5 ml of an 0.1 M Na»SOg solution in
distilled water by ultrasonicating it for one minute. The experiment was done in a
reactor (1.5 cm diameter) with a UV LED lamp illuminating from the side. Before
closing the reactor specific amounts of an aqueous HpPtClg solution were added to
the suspension in the dark. Pt species deposit on the metal oxide surface and reduce
during illumination leading to 0.2 wt.% Pt of the catalysts mass. The reactor was
sealed gas tight with a septum on top through which a retractable needle-type O sensor
(Pyroscience) was punctured. Before illumination, the gas room in the reactor was
flushed with argon until the Oy sensor showed a stable baseline. The suspension was
stirred at 500 rpm and exposed to UV irradiation from an LED lamp (Thorlabs SOLIS-

365C) with an emission maximum at 365 nm. The duration of illumination was 6 hours
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4.4 Oxygen evolution reaction

to observe possible changes in the activity.

As seen in Figure 4.24, upon illumination the O content rises with nearly constant rate
- no significant ESD of the oxygen evolution is observable. Unlike the HER, which
takes place on the Pt surface, the OER evolves directly on the TiO, surface. 132 The
investigation of OER in the context of ESD has been done for the first time in this

work; the results show that the ESD is connected to the co-catalyst Pt.
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4 Preliminary studies

4.5 Reproducibility of the photocatalytic systems

In this section I will show the reproducibility and error of the photocatalytic systems;

the online HER, the dye degradation and the size selective HER system.

Reproducibility of the HER systems

The reproducibility of the HER system is reported for the following parameters: 20 mg
of catalyst powder in 50 ml of HPLC methanol and 50 ml DI water was ultrasonicated
for 60 seconds and then transferred to a reactor. The suspension was flushed with argon
before the Pt co-catalyst precursor HyPtClg was added in the dark, e.g. with the room
lights turned off and window shades closed. The cooling water temperature was set to
15+0.5°C.

Online HER:
© 50 ml MeOH in 50 ml H,O
u PD - dark ®US: 60 s
@ 30 mi/min @ Manual controller

@ Water cooling: 15°C
4% 20 mg Anag, and Anay,

= < 300}

o Q

E E

= = 200f

Q (5]

100
-100 . . - - 0- . - . :
0 50 100 150 200 250 0 50 100 150 200 250

Time [min] Time [min]
(a) (b)

Figure 4.25: Reproducibility of the hydrogen evolution reactions over time with (a) Anag, and with (b)
Ana70.

For Anag,, the mean and standard deviation of the starting activity was found to be
520 =20 ymol - h~!. For the end activity, after 150 minutes of illumination, they were
found to be 410411 umol - h!. In percentage, these errors are less than 5%. The
average deactivation was 79 +£2.7%. The values were calculated for 5 measurements

which can be seen in Figure 4.25a.
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4.5 Reproducibility of the photocatalytic systems

For Anay, the mean and standard deviation of the starting activity was 365 £37 umol -
h_l, at the end it was 170 4= 17 ymol - h™!. In percentage, these errors are about 10%.
The average deactivation was 46 +0.4%. The values were calculated for 3 measure-

ments which can be seen in Figure 4.25b.

Reproducibility of the dye degradation system

The dye degradation system was tested for its reproducibility by measuring the pho-
tocatalytic degradation of each dye over the reference Anag, three times. For methyl
orange (MO) the mean and standard deviation of the conversion were 29 + 2.9% after
30 minutes and 79 + 7.8% after 120 minutes. For methylene blue (MB) the mean and
standard deviation were 18 4 2% after 30 minutes and 60 4 9.4% after 120 minutes.

The results can be seen in Figure 4.26a.

Reproducibility and LOQ of the size selective hole scavenging

system

The system for size selective hole scavenging was tested for its reproducibility with
5% of 5-nonanol as a sacrificial agent in a 10% H2O in acetonitrile (aCN) solution.
This was done by repeating one set of measurements, that is Anag, and Tg,S6NC, 3
times and calculating the mean and the standard deviation. The maximum standard
deviation after 3 hours of illumination was found to be 0.09 umol - g_l. The results of

the set of measurement can be seen in Figure 4.26b.

The limit of quantification (LOQ) is not clearly defined by IUPAC, it is most often
referred to as 10 times the standard deviation of the blank. This value, 10 times o
is sometimes seen as arbitrary and conventions differ from laboratory to laboratory.
According to EURACHEM’s guide to analytical chemistry, the ”limit of quantitation
is the lowest concentration of analyte that can be determined with an acceptable level
of uncertainty. It should be established using an appropriate measurement standard
or sample, i.e. it is usually the lowest point on the calibration curve (excluding the
blank). It should not be determined by extrapolation. Various conventions take the
limit to be 5, 6 or 10 standard deviations of the blank measurement.”. 133-135 5.10

times this value would require to a minimum activity of 0.5-1 umol - g_l after 3 hours,
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which is not achieved with nonanol as a sacrificial agent in HER.

Dye concentration clco
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Dye degradation:

@ UV: 365 nm ® 8 mg/l dye in H,0

® 10 mg Ana,; @ 50 ml solution

@USs: 600 s ® In-house water cooling
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Figure 4.26: Reproducibility of the (a) dye degradation and (b) size selective HER setup.
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5 Rate limiting steps of dye
degradation

5.1 Introduction

TiO,, as a catalysts, is often used as a model system for fundamental and applied
photocatalytic studies. The combustion of organic dyes, as reactants, is considered a
model application for photocatalysis. Commonly used dyes are methylene blue and
methyl orange.59’62’103’136’137 The efficiency of heterogeneous catalysts depends on
the catalyst’s surface characteristics, such as the surface area, polarity and surface
charge, and charge carrier dynamics, such as recombination and their transfer to the
surface. The reactant can converse indirectly via the reaction with OH radicals, which
are formed on the catalysts surface and can travel up to 500 um, but they are conversed
more easily if they interact with the catalyst’s surface, where they are adsorbed closely

to the charge carriers created in the semiconductor.

Core-shell structures with ultrathin shells offer a tunable system for functional and
mechanistic investigations in heterogeneous catalysis. By varying the shell’s thick-
ness the interaction and therefore the adsorption and degradation of the reactant will
be influenced. Coating of photocatalysts with ultrathin SiO, shells can have several
additional advantages. It can lead to reduced recombination of electron-hole pairs and
less agglomeration of nanoparticles, therefore a better quantum yield and a higher ac-

cessible surface area,>9:02:67,74,108

TiO2 —Si07 core-shell structures have been investigated for different applications in
photocatalysis, with shells mostly limited to thick (several nm) and/or mesoporous
coatings.57’67*138_141 As expected, coatings of several nm thickness diminish the pho-
tocatalytic activity, often to zero, due to an inhibition of charge transfer. 34,142 Accord-

ing to my preliminary results, ultrathin shells below 1 nm of thickness, do not have
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5 Rate limiting steps of dye degradation

a significant influence on the charge transfer to the surface (Figure 4.11(b)). Only a
few groups have investigated the effects of SiO, coatings thinner than 2 nm, often with

irregular thickness and morphology. 58,107,108,143

To investigate the contributions of possible charge transfer inhibition, charge recom-
bination, adsorption efficiency and photocatalytic degradation efficiency in core-shell
samples with nonporous shells of different thicknesses between 0 and 1 nm, I per-
formed dye degradation studies of a positively and negatively charged dyes and com-

pared their results.

N
3
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blue N s* N7
\ o \
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l hv, TiO,
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Figure 5.1: Possible degradation mechanisms of (a) methylene blue (MB) and (b) methyl orange
(MO) 144,145

In particular, I chose methyl orange (MO) and methylene blue (MB). Methyl orange
is a negatively charged, water-soluble, organic azo dye. SiO; suspended in water has
a negatively charged surface, on which MO will be adsorbed less and an SiO7 coating
is therefore expected to decrease the photocatalytic activity. This has been verified in

literature, unless the coating was incomplete or mesoporous; then, it was found that
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5.2 Adsorption and degradation studies

the introduction of SiO7 even increases the degradation kinetics and extend. 67,146 The
hypothesis is that the SiO, shell decreases the extend of agglomeration of the cata-
lyst NPs, which consequently leads to a higher yield of OH® radicals, which fuels the
degradation. A certain threshold thickness was observed, at which the degradation effi-
ciency decreases. Methylene blue (MB) is a positively charged, water-soluble organic
dye used in the textile and paper industry. Literature has shown that TiO, coated with
Si0; are more efficient in degrading MB photocatalytically. This is explained with an
increased adsorption of the positively charged dye on the negative silica surface and

5

reduced recombination rates of generated excitons. 9.141 None of these studies have

compared the effects of different shell thicknesses.

Table 5.1: Relevant characteristics sample set 1 which was used for dye degradation studies: SiO, shell
thicknesses measured by TEM and EDX, specific surface areas (SSA), t-plot external area and t-plot
micropore area from BET.

Sample Shell thickness [nm] SSA [ng‘l]
TEM EDX BET micropores external
TSO - 0.03 + 0.03 92 - 92
TS1 - 0.10 £ 0.02 88 2 86
TS2 - 0.30 £ 0.02 80 12 68
TS3 0.63 £0.13 0.61 +£0.03 81 11 70
TS4 0.84 £0.18 0.81 £ 0.04 54 11 43
TS5 0.97 £0.13 091 £ 0.1 74 22 52

5.2 Adsorption and degradation studies

The sample set used in this section was sample set 1, consisting of TgpS05G°, TgrS155°,

T92$2§%5 , and so on. To increase the readability I will refer to them as TSO, TSI,
TS2, and so on. For details about the preliminary characterizations, please refer to
section 4.1. A summary of the most relevant results for this chapter can be seen in

Table 5.1.

I investigated the effects of silica shell thickness on the photocatalytic degradation of

differently charged reactants via UV irradiation. To monitor their degradation I ana-
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5 Rate limiting steps of dye degradation

lyzed their decolorization via UV-vis, which is usually the first stage of the molecule’s

decomposition. 147-149 Proposed degradation mechanisms can be seen in Figure 5.1.

I prepared solutions of each dye with a concentration of 8 mg "1, To test the repro-
ducibility, the experiments were done three times with pure Anag, (see section 4.5).
Blind measurements without a catalyst were also performed to determine the degrada-
tion by illumination alone. 10 mg of the powder were dispersed in 50 ml of the dye
solution with ultrasonication. The suspension was then transferred to a photoreactor
(subsection 3.4.1), placed into a dark box underneath an LED lamp with a maximum
emission at 365 nm. The amount of catalyst and the dye concentration were optimized
in the bachelor project of a student to lead to a 20-60% decolorization for the uncoated
reference Anag, catalyst, to make sure differences in conversion after the introduction

of an Si0; shell are apparent. 150
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Figure 5.2: Adsorption studies in the dark of a blind and different core-shell samples of (a) methyl
orange (MO) and (b) methylene blue (MB).

The measured pH values of the catalyst suspended in dye solution were 4.4 and 4.3 for
MB and MO, respectively. The titania surface is therefore slightly positively charged,
while the silica surface has a negative charge. As shown in Figure 4.5, the core-shell
structures exhibit IEPs that lie between the respected values of both pure oxide refer-
ences. According to this, it is expected that methylene blue, as a positively charged
reactant, will adsorb more strongly on the core-shell structures within increasing silica

thickness, while the adsorption of methyl orange will decrease.
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5.2 Adsorption and degradation studies

Adsorption studies

First, I determined the adsorption equilibrium by stirring the suspension in the dark for
2 hours. I correlated the adsorbed amount with the respective SSAggT (Table 5.1) and
further compared it to the value of the blind measurement. The graphs show that the
negatively charged reactant (Figure 5.2a) is indeed adsorbed to a higher extend on the
positively charged TSO than the positively charged reactant (Figure 5.2b). It also shows
that the adsorption capacity of the positive reactant increases with increasing shell
thickness of a negatively charged SiO layer, up to TS4, which has a layer thickness of
0.81 nm. The negative reactant, while initially showing a decrease in adsorption when
the shell is introduced, shows an increase in adsorption for the sample TS5 Considering
that the adsorbed amounts were measured after two hours, and thus at equilibrium (see
Figure 5.3a), the increased adsorption can be attributed to filling of micropores, which

have been determined to be double as high for TS5 as for thinner layers.

1.5 1 -
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1 = —--TS1
g ‘ _ E 0.6} —T52
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E- 8 TS4
o 0.4+ TS5
2050 5 ~*—blind
< o
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=
0 . — 0
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Figure 5.3: (a) Selected spectra shown for the adsorption (.2 to 0 hours) and degradation (0 to 2 hours)
of methyl orange (MO) on TS2; (b) photocatalytic degradation of MO over no catalyst (blind), reference
TSO and different core-shell samples (TS1-TS5).

Degradation of MO

Figure 5.3a shows the selected UV-vis absorption spectra of the MO adsorption and
degradation experiment done with the most effective sample, TS2. The highest peak is
the absorption from the original solution before adding the catalyst, and the next three

spectra were taken from the supernatant solution after the addition of the catalyst: One
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5 Rate limiting steps of dye degradation

immediately after ultrasonicating the catalyst in the solution for one minute, and two
more after stirring in the dark for up to two hours. As can be seen, the adsorption
in the dark is small and the equilibrium is achieved quickly - it was achieved after

ultrasonication, for all samples.

Figure 5.3b shows the degradation in MO dye concentration upon illumination with
UV light. TS1 and TS2 show a slightly increased photocatalytic performance com-
pared to the reference TS0, while the activity gradually decreases with thicker shells
(TS3 to TSS) to values below the reference values (see Table 5.2). The higher activity
of TS1 and TS2, compared with the reference sample TSO, is surprising, especially if
we consider that the adsorption capacity of MO on these catalysts was lower than on
TSO (Figure 5.2).

Concluding from these results, the adsorption is not the rate limiting step in this system.
A possible explanation for the activity increase is a better dispersion of the nanoparticle
catalysts due to the negatively charged silica surface. This explanation is often found
in literature 197-146 While it is true that the IEP of the coated samples, which is around
pH 5, would favor dispersion of the catalysts in neutral solutions, it is unlikely that the
dispersion is favored at the measured pH of 4.4 (MB) and 4.3 (MO).

The increase could also be due to reduced recombination of electron-hole pairs upon
charge trapping at the silica-titania interface as discussed by Hu et al>?. We did not ob-
serve such changes, e.g by solid-state photoluminescence spectroscopy, in this sample
set. We did, however, measure an increased lifetime of charge carriers in suspension
of sample set 2 (see Figure 4.10). According to this, the introduction of an SiO3 shell
fuels the photocatalytic activity by reducing electron-hole recombination in the cata-

lyst.

Another explanation is that the formation of Ti-O-Si sites can foster the photocatalytic
activity: In TiO-rich TiO2 —SiO7 mixed samples these interfacial sites act as aprotic
Lewis acidic sites, contrary to protic Bronsted sites, as the charge difference in the
differently coordinated metals (the coordination number is 6 for Ti** and 4 for Si*)
leads to a positive charge imbalance, which activates the oxidation of negatively or-
ganic dyes.68’15 I Furthermore, it has been proposed that the Ti-O-Si bonds exhibit
higher O adsorption and could promote the formation of active oxygen species and

increase the mobility of lattice oxygen, enhancing the catalytic activity. 152

I observed an increase in the number of Ti-O-Si bonds in ATR-FTIR (Figure 4.7) with
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5.2 Adsorption and degradation studies

increasing step number. It is likely that these bonds become inaccessible beyond a
monolayer of silica (i.e. > TS2). Therefore, the activity does not increase further in
the thicker core-shell structures T3 to TS5, but decreases significantly. Beyond that,
the adsorption is unfavored and the Ti-O-Si sites do not accelerate the photocatalytic

conversion.

Degradation of MB

Figure 5.4a shows the selected UV-vis absorption spectra of the MB adsorption and
degradation experiment done with TS2. As in Figure 5.3a, the highest peak is from the
solution before adding the catalyst, and three more spectra were taken after ultrasoni-
cating for one minute and stirring in the dark. As with MO, the adsorption equilibrium

is achieved after ultrasonication.
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Figure 5.4: (a) Selected spectra shown for the adsorption (.2 to 0 hours) and degradation (0 to 2 hours) of
methylene blue (MB) on TS2; (b) photocatalytic degradation of MO over no catalyst (blind), reference
TSO and different core-shell samples (TS1-TS5).

As soon as illumination starts, a decrease of the peak at 664 nm can be seen, while
the peak at 615 nm decreases much slower. One explanation for this is, that the peak
at 665 nm corresponds to the monomer of methylene blue, while the peak at 615 nm
corresponds to the dimer - which gets degraded much slower. 123 Another possible
explanation is, that the peak at 664 nm corresponds to methylene blue as is, while
the successive demethylation leads to absorption at lower wavelengths. 154 The two

peaks in the UV region correspond to the aromatic rings, and their decrease shows the
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5 Rate limiting steps of dye degradation

degradation of the molecule to smaller fragments. 145 The peak shift was found to be

the same over all measured catalysts.

The photocatalytic activity enhances until TS2, beyond which it decreases again, while
showing an activity larger than the reference sample TSO (Figure 5.4b, Table 5.2). TS2
shows only half of the adsorption efficiency of thicker shell samples, while still show-
ing the highest photocatalytic activity. This is explained by several processes. On the
one hand, the increase in adsorption capacity and the reduction of electron-hole pair
recombination benefits the degradation process for all core-shell samples. So does the
acceleration of the catalytic activity by accessible Ti-O-Si sites, which accelerate the
conversion up to TS2, explaining its high conversion compared to its adsorption effi-
ciency. Beyond that (TS3 - TSS5), the conversion shows a similar trend as the adsorption
efficiency, suggesting that in this thickness regime the reactant adsorption becomes rate

dominating.

Table 5.2: SSAex¢, normalized apparent rate constants of the first 30 minutes of methyl orange (MO)
degradation and methylene blue (MB) degradation of different core-shell samples.

Rate constant -10~4 [s‘1 m‘z]

Sample
MO R?2 MB R?
TSO 1.95 0.99 1.09 0.99
TSI 3.21 0.99 2.59 0.98
TS2 4.01 0.99 13.1 0.99
TS3 1.59 0.99 8.18 0.97
TS4 2.03 0.99 9.21 0.99
TS5 0.75 0.99 7.15 0.97

The apparent rate constants of the first 30 minutes of the degradation studies were de-
termined with a pseudo-first order rate law and normalized with the SSAex¢. calculated
from BET (Table 5.2). I used the external surface area SSAcx¢. to correlate the data be-
cause micropores and small mesopores impose kinetic limitations for pore diffusion of
large reactant molecules, such as MB and MO, which is hindering dynamic processes

in liquid phase, 32:155-157

From TS1 to TS2, e.g. up to 0.3 nm shell thickness, the degradation rates for MO and

102



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

(]
i
r

M YOU

5.3 Conclusion

MB increase. The rate contributing factors are; the adsorption, which is determined by
the surface charge and thus decreases for MO and increases for MB; the reduction of
the charge recombination, which decreases up to TS2; and the access to acidic Ti-O-Si
sites, which are also most prominent on the TS2 sample. Beyond a thickness of 0.3
nm, the degradation rates for both dyes decrease; for MO the rate constants reach
similar values as over TS0, while for MB the rate constants are much higher than
over the catalyst without a shell. The access to the Ti-O-Si sites is hindered, as is its
contribution to the degradation. The charge recombination is constant over each shell
thickness, but its contribution does not play a dominating role for the degradation rate;
for MO it is not higher over shell thicknesses beyond a monolayer than over TSO. The
adsorption in this thickness regime is as low for MO as it is over TS2, while it further

increases for MB.

For TS0, the rate dominating factor is the adsorption of the reactant, which is favored
for MO. The degradation of both MO and MB is most efficient over the sample TS2,
and decreases for only one of them for thicker layers. This indicates that the access to
Ti-O-Si sites is the rate dominating factor for layers up to 0.3 nm (TS1 and TS2). For
thicker layers, the adsorption seems to play the dominating factor to the degradation

rate, as it decreases the rate for MO and increases it for MB.

Note, that the charge transfer is not rate limiting in this thickness regime, as has been
determined in preliminary studies. It will, however, be rate limiting for much thicker
shells (> 3 nm), which suppress the transfer of charge carriers from the core to the
adsorbed reactants.®”-7* A reduction in catalyst NPs agglomeration has also not been
proposed as dominating the degradation rate, as the agglomeration of the NPs is not

expected to be significantly decreased in the determined pH.

5.3 Conclusion

In this project I showed how the deposition of ultra-thin layers of SiO, on TiO,
nanoparticles with different thicknesses in the range between 0 and 1 nm can unravel
contributing factors in photocatalytic combustion of organic dyes. Importantly, tests
with both, positively-charged and negatively-charged dyes, allowed a direct compari-
son of photocatalytic performance and the identification of rate dominating factors in

this ultra-thin thickness regime.
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5 Rate limiting steps of dye degradation

Rate dominating factors for dye degradation

Adsorption Access to Lewis acid Adsorption Charge
MO > MB sites MB > MO transfer
> > > —
>
s sl Eaas — — — 5i0,
TSO TS1 TS2 TS3 TS4 TS5 m— TiO,

Figure 5.5: Concluding remarks of dye degradation studies: For TS0 the adsorption of the dye, which is

more efficient for MO than for MB, is the dominating factor for the degradation rate. Up to one mono-

layer coverage the accessibility of Lewis acid sites is rate dominating. After full coverage, Lewis acid

sites are not accessible anymore and the effect of adsorption becomes dominating, which is beneficial
for MB and detrimental for MO.

Accessible Ti-O-Si bonds in samples TS1 (islands of SiO2) and TS2 (monolayer of
Si0y) act as active Lewis sites and are likely responsible for the observed increase in
activity for both dyes. In this thickness regime (<0.3 nm) the accessibility of these
acidic sites is the rate dominating factor. When the shell is thicker than a monolayer
(TS3-TS5), these sites are not available anymore. Instead, the effect of adsorption
becomes dominating; this leads to a favor of the degradation activity for the positively

charged MB and disfavors the degradation of the negative MO.

This work demonstrates that the performance of a photocatalyst can be tuned through
the deposition of ultra-thin shells, with the performance being defined by the reduction

of the charge recombination, the adsorption and the accessibility of interfacial sites.
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6 Deactivation during HER

6.1 Introduction

When composited with platinum nanoparticles as a co-catalyst, TiO3 is one of the most
active photocatalyst for hydrogen evolution reactions (HER).3%:158-160 There are two
different ways to achieve Pt deposition on photocatalyst supports: Ex-situ, e.g. by wet
impregnation or photodeposition with subsequent oxidation and reduction treatments
at elevated temperatures, and in-situ, e.g. by in-situ photodeposition.41’45’46’49 The
advantages of photodeposition are that P+ will preferentially deposit on sites where
photogenerated electrons are likely to reach the surface of the catalyst, thereby en-
suring that electrons reach the co-catalyst during photocatalysis which increases the
activity. 161 Although Pt/TiO; is considered a benchmark for HER, the reported re-
action rates vary considerably, as these values depend on temperature, light intensity,

reactor design and amount and type of sacrificial agents. 162,163

The research group of Prof Eder recently observed a deactivation during the early
stages of photocatalytic hydrogen evolution, i.e. during the first three hours, in a sys-

t.164 This effect has been investigated by

tem that uses in-situ photodeposition of P
varying several parameters, such as Pt amount, catalyst pretreatments, methanol con-
centration, dispersion, illumination source wavelength and intensity. It was found that
the early-stage deactivation (ESD) is prominent under specific conditions: With low
Pt concentrations (< 0.5 wt.%) and methanol concentrations > 25%. It was enhanced
under high UV intensities and with ultrasonication (US) pretreatment, and strongly re-
duced after calcination pretreatment in air. Though there is still a lack of understanding
about the origin of the effect, it is likely connected to the amount of oxygen vacancies,
which are introduced through UV illumination and US, they can be and they are healed

through calcination (see section 4.3).44’130’131

Several processes can affect the kinetics and the extend of ESD during photocatalytic
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6 Deactivation during HER

HER with methanol as a sacrificial agent. The hypotheses thus are:

1. A change in the methanol oxidation mechanism, possibly leading to the for-

mation of CO - a known Pt catalyst poison.38

2. A strong metal-support interaction between Pt and TiO; leading to either
a change in the geometric effect, i.e. encapsulation of the Pt NP with sub-

stoichiometric TiO2_y, or a change in bifunctional effects. 164,165

3. A change in the size, agglomeration and chemical state of the Pt NPs during

the photocatalysis. 166

6.1.1 Methanol oxidation mechanism

Methanol is often used as a sacrificial agent in photocatalytic HER, because it is eas-
ily oxidized and, as a benchmark reference system, the reaction pathways have been
studied by several groups and are summarized below. 167-169 please keep in mind, that
some of these conclusions stem from gas-phase studies, while our experiments are

conducted in the liquid phase.

The first step of methanol oxidation on TiO is the chemisorption of a methoxy group,
for which oxygen vacancies are the preferred adsorption sites. 38:170-172 According to
time-resolved IR spectroscopy, photogenerated holes are captured by methoxy in the
course of a few nanoseconds, hundred times faster than the capture by surface hydroxyl
groups, and a few thousand times faster than the reduction of protons on Pt. 172,173 1
the direct methanol oxidation pathway, the capture of a hole leads to a methoxy radi-
cal, the consumption of another hole and deprotonation leads to formaldehyde (Equa-

tion 6.1,170.172

CH30H — CH30[, +H" ' CH308, +H" M CH 0 +2H"  (6.1)

Bimolecular side reactions of methanol can lead to methyl formate, ethanal and dimethylether. 16

+4ht

2CH30H —— HCOOCH3 +4H" (6.2)
+2h* +
2CH30H —— CH3CHO +H;0+2H (6.3)
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6.1 Introduction

2CH30H — CH3-O-CH3 +H0 (6.4)

The formaldehyde generated in Equation 6.1 can capture two more holes and oxidize
to either formic acid, dioxomethylene (DOM) or CO. 167,168

.

CHyO+H,0 ™, HCOOH +2H* (6.5)
+

CH20(a) +H20 255 CH200 +2HY (6.6)

CH,0 2", co+2H* 6.7)

Products can further lead to Canizzaro disproportionation of DOM (Equation 6.6) to
adsorbed methoxy and formate at low temperatures. Formic acid (Equation 6.5) either

oxidizes to CO» or dehydrates to CO, while the latter has shown to be more likely in

gaseous studies. 167,168
2CH207 — CH30(a) + HCOO(y) + Ogs) (6.8)
+2ht +
HCOOH —— CO»+2H (6.9)
HCOOH — CO+H0 (6.10)

Methyl formate (MF) disproportionates to methoxy and formate. The latter dehydrates
similar to Equation 6.10. According to Schubert et al. MF leads to larger amounts of

CO than from formic acid but the kinetics are slower 10°

+
HCOOCH3 +OHgy) L CH30(a) + HCOO() + H* (6.11)

According to the proposed mechanisms, several pathways can lead to the generation
of CO. The formation of CO is crucial, as it is a known Pt catalyst poison that strongly
adsorbs on the active sites, blocking the hydrogen evolution. 1741 a study by Huang et
al., HCOOH and HCHO were also identified as poisonous to Pt and both Pt and TiO2,
respectively. 175

In order to better understand whether the ESD is connected to a change in the CO/CO»
formation mechanism, I monitored both gases simultaneously with Hy during the first

hours of photocatalytic HER. It appears that for low Pt concentrations (< 0.5 wt.%
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6 Deactivation during HER

Online HER:

® UV: 365 nm
0 mg TSO (set 2) @ 50 ml MeOH in 50 ml H;0 ® Water cooling: 15°C

® In-situ PD - dark @®US:60s @ 18h of illumination
30 mifmin ® Manual controller 4+ 0.2 and 1.0 wt.% Pt

a) 1000 T T b) 15 =
—Anatase 0.2 wt.% Pt
——Anatase 1.0 wt.% Pt r,:
800 ~ 3
| E
— | =
- | ~
= 6007 | 8
]
E ‘ |
= c)
V400 ~
=
S 05
200 ‘ g
? 8
0- ' - ' - . 0
0 200 400 600 800 1000 1200 0 500 1000

Time [min] Time [min]

Figure 6.1: Anatase with 0.2 an 1.0 wt.% Pt in a longterm photocatalytic hydrogen evolution experiment.

a) is the hydrogen evolution, which deactivates for lower Pt amounts; b) shows the CO; generation,

which, in the 0.2 wt.% Pt sample decreases with the Hp decrease, but it rises over time in the 1.0 wt.%

Pt sample; c) shows the CO generation, which rises with the deactivation for the 0.2 wt.% Pt sample and
is comparatively low for the 1.0 wt.% Pt sample.

Pt) the CO» evolution correlates well with the Hy evolution. In contrast, CO shows
a strong increase with the ESD and the decrease in CO» evolution. This indicates a
change in the methanol oxidation mechanism that is related to the Hy deactivation (see
Figure 6.1). For higher Pt concentrations (> 1.0 wt.% Pt) no ESD and much less CO
generation was observed. This result is among the first CO/CO; generation studies in
the liquid phase and it is consistent with gas phase studies, where a higher Pt content
led to a higher selectivity towards CO2 and lower selectivity towards CO formation. 167
Pt NPs or atoms occupy the preferred adsorption sites for methanol, i.e. oxygen va-
cancies, which can lead to different methanol oxidation mechanisms. 171,172 Indeed,
we recently observed with in-situ ATR that at lower Pt concentrations bimolecular side
reactions are dominant: For 0.7 wt.% Pt an oxidation pathway via methyl formate pre-
vailed for the first 15 minutes, followed by a direct pathway as soon as Pt growth was
completed after 30 minutes. Oxidation on TiOp with 2.7 wt.% Pt solely followed the

direct pathway. 38

CO can act as a poison for Pt when enough CO is generated to adsorb on a significant
amount of available Pt sites. As can be seen in Figure 6.1c, the average rate of CO is
around 0.5 ymol - h™! after the ESD of Hp. A full coverage of the Pt surface with CO
requires one CO molecule per surface Pt site. 176 The diameter of a Pt nanoparticle is
around 1.7 nm for 0.2 wt.% Pt/TiO2, which amounts to a dispersion of 0.66, i.e. 66%
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6.1 Introduction

of the Pt atoms are surface atoms.!”” The amount of Pt surface atoms is therefore 0.1

umol, which is well below the average amount of generated CO per hour.

In summary, the amount of Pt is connected to the ESD as well as to the amount of
generated CO. Both, methanol as well as the Pt precursor, preferably adsorb on surface
oxygen vacancies. There seems to be a competition for those adsorption sites which
apparently changes the methanol oxidation mechanism. This change in mechanism
leads to either intermediates that act poisonous to the catalyst or to the generation of

CO - a known Pt poison - which is related to the Hp deactivation.

6.1.2 Strong Metal-Support Interaction

wl 10y-x

(a) (b) ()

Figure 6.2: Strong metal-support interaction; (a) electronic effect; (b) bifunctional effect and (c) geo-
metric effect.

The agglomeration and size of the co-catalysts NPs on the TiOy support influences the
photocatalytic performance, as they determine the amount of active sites for HER -
which are on the Pt surface - and the amount of electrons transferred to the co-catalyst
- as the electron density is inversely proportional to the metal NPs size.20-72.178,179
These characteristics are determined by the strength of the metal-support interaction.
”Strong metal-support interaction” (SMSI) is intensively studied in heterogeneous catal-
ysis. It was first described by Tauster et al., who described the suppression of Hp and
CO chemisorption capacity on metal clusters on TiO; after it has been reduced chemi-
cally at high temperatures. 178,180 Three factors have since then been described which
contribute to the strength of metal-support interaction: 44

* An electronic factor, describing the charge transfer between the metal and the

support, leading to changes of the electronic structure in the metal (see Fig-
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6 Deactivation during HER

ure 6.2a).

* A bifunctional factor, describing new reaction sites at the boundary between
metal and support, which leads to separate yet synergistic reaction sites improv-

ing the photocatalytic performance (see Figure 6.2b).

* A geometric factor, where the metal cluster is decorated or encapsulated by mo-
bile sub-oxide species, such as TiO,_y, blocking active sites on the co-catalyst
(see Figure 6.2c). This phenomenon is known to occur on reducible metal oxides
such as TiO».

The metal-support interactions are defined by interfacial phenomena, including chem-
ical reactions, transport phenomena and charge redistribution during interface forma-
tion. Depending on the strength of the metal-support interaction, new phases can form
between metal and support. For weak interactions the electronic structure is almost
unchanged. Non-transition metal oxides, where the cation has no d-orbital available
for bonding, the transition metal weakly interacts with the oxide anion. Supports like
this, examples are SiO, and MgO, do not provide good nucleation centers for metal
clusters, and the clusters are prone to migrate even at low temperatures. On transi-
tion metal oxides, the co-catalyst can interact with the d-orbitals of the cation. The
metal is closest to the cation when surface anion vacancies are available as nucleation
centers. This interaction between metal and cation was found to be mainly ionic, stem-
ming from the electron transfer from the reduced cation to the metal, known as the
electronic effect of SMSI. 72

The bifunctional effect describes how the support can participate in the creation of
catalytically active centers at the triple-phase boundary (TPB), also called “dual site”
reaction system. Reactant A is adsorbed on the support while reactant B is adsorbed
on the metal. The mobile reactants move to the metal-support perimeter where they
react with each other (Figure 6.2b). Therefore, the density of those TPBs, increased by
low agglomeration and small particle sizes, as well as the amount of surface oxygen

vacancies close to the co-catalyst can influence the photocatalytic activity. 72

The geometric effect, leading to the partial or total encapsulation of the co-catalyst,
involves the transfer of sub-stoichiometric TiOy species onto the metal. This is energet-
ically favorable when the metal’s surface energy (y) is larger than the oxide surface’s
surface energy. Especially metals with a surface energy higher than y > 2.0 J/cm™2

are prone to encapsulation. Pt, Ir, and Os have a surface energy higher than 2.0 J/em™2
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Figure 6.3: Surface energies y and work functions ¢ of different transition metals. For the work func-
tions, ¢ (111) values were taken for fcc metals, (100) values for bcc metals, if available. Otherwise
polycrystalline values were taken. '8! Surface energy y values were taken from calculations by Mezey
and Giber. %2 Two regions are drawn, concerning their behaviour on TiO;: Region I, where encapsu-
lation is expected (¢ > 5.3 eVandy > 2 Jm~2) and region II, where oxidation of metals on TiO» is
possible (¢ < 4.7 eV). This graph was redrawn from Fu et al., but some values were updated. 183

while Au, Ag and Cu have a low surface energy. Metal oxides with a low surface en-
ergy are, for example, TiO2 and V205, while Si02 and AlpO3 have a higher surface
energy.n’]84 It has also been shown that encapsulation occurs for metals with large
work functions on reducible n-type oxides, such as defective TiOy, where the Fermi
level Ef of the metal is below the Ef of the support. 44 For work functions and surface

energies of common metals commonly used as co-catalysts see Figure 6.3.

However, SMSI and the connected effects were originally described for catalysts which
were treated with high temperatures under highly reductive atmospheres. 185,186 Tphe
question emerges if the observations can be transmitted to in-situ photodeposited Pt
during low temperature photocatalysis. Some groups have reported the decoration of
noble metals by Ti-suboxide of -hydroxide species after in-situ photodeposition.
Encapsulation requires the generation of oxygen vacancies in reducible metal oxides,
which are can be introduced through a highly reductive atmosphere (Hp) at high tem-
peratures (> 300°C), through ultrasonication treatment or through illumination with
UV light.#+130:131 [ndeed, US treatment increases the ESD while healing the oxy-
gen vacancies through calcination in air strongly reduces it. 127 While it is not clear if
US treatment and UV illumination induce enough oxygen vacancies in TiO; to pro-

mote significant SMSI related effects, there is a clear indication that the deactivation is
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6 Deactivation during HER

connected to a critical number of oxygen vacancies.

In summary, SMSI and its related effects are strongly connected to the catalytic ac-
tivity: The electronic and bifunctional effects can increase the activity, while the ge-
ometric effect lowers it due to the blocking of active sites on the Pt surface. As has
been described in section 4.3, the ESD highly depends on the ratio of Pt to the surface
oxygen vacancies Vq, 1.e. a low Pt/Vq ratio in a catalyst shows strong ESD while a
high ratio shows only long-time linear deactivation. The amount of surface oxygen
vacancies in connection to the strength of metal-support interaction has been inves-
tigated before: Pt binds more strongly to the support when adsorbed on an oxygen
vacancy, which influences the electronic effect. 188 Furthermore, some reaction mech-
anisms are influenced by oxygen vacancies in proximity to the co-catalyst, which is
related to the bifunctional effect. 139 Oxygen vacancies also promote the mobility of
sub-stoichiometric oxide species TiOy, leading to the encapsulation of Pt and blocking
its active sites which then inhibits Hy generation, according to the geometric effect. 190
My hypothesis, therefore, is that the initial amount and further generation of surface
oxygen vacancies during photocatalysis influence the strength of the metal-support in-
teraction; which can facilitate the encapsulation of the co-catalyst, thereby decreasing
accessible active sites; or it leads to changes in the bifunctional effect and therefore

changes in the activity.

6.1.3 Nature of the Pt co-catalysts

The dispersion, morphology and oxidation state of Pt on TiO2 will also affect the ac-
tivity during HER. Some studies have investigated the the oxidation state during pho-
toreduction and analyzed the size, shape, loading and dispersion of the Pt co-catalysts

after illumination.

Kozlova et al. noticed that most of the photodeposited Pt had a oxidation state of 2+,
and the catalyst deactivated after 400 minutes due to agglomeration of the Pt NPs. 166
Yang et al. observed that the photoreduction of Pt** to P2+ and finally Pt takes several
hours until Pt? is the dominant species, while Vorontsov et al. found that the initial
oxidation state during photoreduction is only higher than 0 in basic solutions. 191,192
Murcia et al. also noticed an increase in the size with increased illumination time,
possible reoxidation of Pt0 or desorption by OH* species present in the illuminated

aqueous solution and a decrease in dispersion with the deposition time. They observed
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an increase in activity up to 120 minutes during photocatalytic phenol oxidation, where
a maximum of Pt® was observed. !®! These studies mainly describe how the activity
during photocatalytic oxidation of organic molecules decreases after a few hours due
to changes in the co-catalyst. None of them describes the deactivation kinetics during

the early stages of HER that has been observed in our research group.

It was also found that the Pt reduction rate is influenced by the concentration of Pt** in
the solution. In the concentration range relevant for this project the rate increases lin-
early with the concentration, which can explain why the Pt loading affects the ESD. 193
The deposited NPs are also expected to have a higher diameter when deposited from
higher concentrated solutions: The electron density in the already deposited Pt NPs
hinders the creation of new nucleation sites, and the Pt precursor will preferentially

reduce over already adsorbed Pt than on the TiO; surface. 161,194

The dynamic nature of Pt on TiO3 is definitely complex and several contributions are

summarized: 103

* Nanoparticle growth 161,166

» Migration/Ostwald ripening leading to agglomeration 166

e Dissolution to P¢*t47:161

« Slow reduction by illumination !91:192

« Oxidation of Pt to PtOx 193

t4+

e The concentration of Pt™™ in the solution determines the reduction rate and size

of the NPs 193:194

There is also some confusion about the different terms concerning the migration of

Pt-species on the TiOy surface:

* Ostwald ripening: Smaller particles are less stable than larger particles, and sin-
gle atoms will detach from small particles, migrate across the surface and reat-

tach to other particles.16-197

* Particle migration: Nanoparticles diffuse over the surface and sinter/coalesce or

agglomerate with other nanoparticles. 197,198

* Dissolution to higher oxidation states and reduction at other sites on the support’s
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surface. 4’
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Figure 6.4: The stability of Pt nanoparticles on TiO,: Shows are an equilibrium between Pt**, Pt>* and
adsorbed Pt? nanoparticles on the surface, which possibly migrate over the surface to form agglomerates
or increase in size.

The size increase and agglomeration can have detrimental effects on the photocatalytic
activity: On larger NPs less surface atoms are available for reactants to adsorb and
react. Furthermore, the electron density transferred from the support to the metal NP
is inversely proportional to its size.!’? Agglomeration of the NPs leads to an increased
travel path of photogenerated electrons, which means than less electrons reach the co-

catalyst to react with adsorbed reactants, leading to a lower quantum yield.

Surface defects, such as oxygen vacancies, play a great role in the nucleation and
stabilization of metal NPs on the supports surface. The increased concentration of
electrons in surface oxygen vacancies and the proximity to Ti"" is the reason these
defects serve as nucleation centers, where the Pt** reduces. 199 A explained above,
transition metal co-catalysts are more stable on reducible metal oxide supports than
on non-reducible metal oxides, due to covalent mixing between d-orbitals. 44200 The
mobility of the Pt particles is reduced with increasing metal-support interaction. It
is therefore expected that the migration and agglomeration during photocatalysis is
less pronounced on TiO; than on core-shell TiO; —SiO» catalysts. However, SMSI
may only be induced with pretreatment of the Pt/TiO; at higher temperatures under

reductive atmospheres.

In summary, the Pt size and agglomeration can change during photocatalysis, and the
reduction of Pt may be slow and only fully reduced after hours of UV illumination,
especially when Pt was photodeposited in-situ, without any pretreatment. My hypoth-
esis is that these changes decrease the photocatalytic activity, because the amount of

accessible surface Pt atoms, its electron density and the overall quantum yield is deter-
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6.1 Introduction

mined by the size and agglomeration of the NPs. It is thereby of interest to compare
the activity and stability of the photocatalytic conversions over untreated Pt/TiO, with
Pt/TiO; pretreated at high temperatures under reductive atmospheres, which likely in-
duces stabilizing SMSI effects.

6.1.4 Summary

Several possible reasons for the ESD were explained in this section:

1. The methanol oxidation mechanism: It is likely connected to the amount of
available surface oxygen vacancies on which methoxy adsorbs as a first mech-
anistic step. The course of the mechanism can lead to different CO/CO; ratios
during the photocatalysis, where a higher CO/CO3 ratio could be detrimental to

the photocatalytic activity as CO acts as a potent poison for the Pt co-catalyst.
2. The strength of the metal-support interaction:

a) The bifunctional effect, which is influenced by the amount of oxygen va-

cancies in proximity to the co-catalyst.

b) The geometric effect, where the generation of oxygen vacancies can lead

to mobile TiO,, which can encapsulate the co-catalyst.

3. The stability of Pt during photocatalysis: The size and agglomeration of the NPs
can change during photocatalysis which decreases the number of active sites and
the quantum yield of the catalyst. This behavior is influenced by the nature of

the support.

4. The oxidation state of Pt: Without reductive pretreatment of the co-catalyst,
the photoreduction was found to be rather slow in higher concentrated samples,
according to literature. This leads to a change in available co-catalysts mass and

a change in the co-catalysts size during photocatalysis.
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6 Deactivation during HER

6.2 Deactivation with Pt/TiO>-SiO»

In order to better understand the phenomenon of early-stage deactivation (ESD) and
to investigate the possible contributions explained in the former section, which are
connected to the nature of the support and the number of surface oxygen vacancies, I
developed the idea of using core-shell structures of TiOp with an ultrathin shell of a
non-reducible metal oxide, such as SiO», as a photocatalyst for HER. It is well known
that SiO» has a lower density of oxygen vacancies, a higher surface energy and a more
negative surface charge than TiO>.71:72 There are several ways in which an Si0O; shell
can affect the ESD:

* SiO7 has less oxygen vacancies on which methoxy species can adsorb and it
will affect the methanol oxidation mechanism, which could be related to the

deactivation.

* Si0O3 is less mobile than TiOy and therefore and less prone to encapsulate the
Pt co-catalyst.

 If the bifunctional effect is connected to the deactivation, a different behav-
ior concerning product formation will be expected when then Pt co-catalyst is
attached to SiO7 instead of TiO».

* The shape and mobility of Pt NPs will be affected by the nature of the support,

which can affect the quantum yield.

* The photoreduction mechanism and kinetics of Pt depends on the amount of
precursor adsorption and nucleation sites, i.e. oxygen vacancies, which are lower
on Si0».

In order to compare the two systems, i.e. Pt/TiO2 and Pt/TiO2 —Si103, the SiO; shell
needs to be homogeneous and ultrathin to allow charge transfer from the catalyst do
the co-catalyst, i.e. electrons need to be able to travel uninhibited from TiO7 to the

S10» surface.

So far, only very few works have studied TiO2 —SiO7 core-shell structures for pho-
tocatalytic water splitting; those who have, used comparatively thicker shells. For
example, Gong et al. used shells of 10 nm and more and observed that the Hp pro-
duction is negligible in this layer thickness region.67 The decrease in activity is most
likely attributable to the comparatively large thickness of the shells, which seem to

116



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

6.2 Deactivation with Pt/TiO» —SiO>

suppress the transfer of charge carriers from the core to the adsorbed reactants. To
verify the charge transfer in the thickness regime between 0.3 and 1 nm, I performed
charge transfer photoluminescence studies, which show that the electron transfer is not
inhibited by an SiO; layer in this thickness regime, and hence fulfill the requirement

mentioned above (see Figure 4.11b).

I investigated the effect of an SiO; layer with different thicknesses on the hydrogen
evolution reaction using in-situ platinum photodeposition, to determine the influence
of the SiOy shell, with variable thickness, on the photocatalytic activity, ESD and
Pt size, dispersion and stability. In each run, 20 mg of catalyst powder was sus-
pended in 100 ml of 50:50 deionized water:methanol (HPLC grade) by ultrasonicating
it for one minute. Before illumination, specific amounts of an aqueous HpPtClg solu-
tion were added to the suspension in the dark, leading to a nominal concentration of
0.2 wt.% Pt (£0.01 wt.%). Pt species deposit on the metal oxide surface and reduce
during illumination.38 The suspension was stirred at 500 rpm and exposed to UV ir-
radiation from an LED lamp (Thorlabs SOLIS-365C) with an emission maximum at
365 £10 nm. The HER rate was monitored for an illumination period of 2.5 hours in
order to follow the ESD behavior.

The experiments were done at least three times to assure the reproducibility of the
system. The standard deviation after 2.5 hours of illumination was found to be less
than 20 wmol h!.

Table 6.1: Physical properties of SG sample set 2: SiO» shell thicknesses determined from the average

of 10 elemental ratios measured by EDX and 15 thickness measurements from TEM images. Specific

surface area (SSA) was determined via Ny physisorption as has an error of +2 m?g~!. *Shells are too
thin to be detected.

Sample Shell thickness [nm] SSA [m?g 1]
EDX TEM BET micropores external
TS0 0.01 £ 0.00 * 67 0 67
TS1 0.17 £ 0.07 * 67 3 64
TS2 0.33 £0.05 * 55 7 48
TS3 0.49 £ 0.09 0.49 £0.13 60 6 54
TS4 0.63 £ 0.09 0.64 £0.11 58 10 48
TSS 0.78 £ 0.11 0.78 £0.14 62 13 49
TS6 0.97 £ 0.09 0.93 £0.18 56 16 40
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6 Deactivation during HER

The samples used in this part of the work were from the sample set 2, consisting of
T7OSOS%6,T7OSI§%6, T70822%6, and so on. To increase the readability of this chapter,
I will use the short names for the samples, e.g. T70S055° will be TS0, T7(S155°
will be TS1, T7(S2¢5° will be TS2, and so on. For details about the preliminary
characterizations, please refer to section 4.1. A summary of the most relevant results

for this chapter can be seen in Table 6.1
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Figure 6.5: Exemplary time dependence plots of the hydrogen evolution rate over pure TiO, and core-

shell samples SG set 2 loaded with 0.2 wt.% Pt in 50 vol.% methanol solution with US treatment. The

light purple area indicates illumination with UV light (365 nm). Note that the plots shown here are
typical examples. The average values of all measurements can be seen in Table A.3.

The time-dependent HER behavior with the reference sample and different SiO7 shell
thicknesses can be seen in Figure 6.5. The reference sample, pure TiO2 (TSO0), showed
the highest maximum rates, yet also the strongest ESD. The rate reached an average
maximum of 360 pmol - h™! after about 20 min of illumination, then it dropped to a

value of 160 pmol - h™! after 2.5 hours without reaching saturation.

The introduction of SiO7 has greatly impeded the deactivation of Pt for HER. The ESD
is decreased for all core-shell samples; the sample TS1 shows only half of the ESD of
TS0 (26 vs. 53%) and upon introduction of a monolayer of SiO; (TS2), it was reduced
to about 15%, i.e. the end activity was 85% of the highest activity, (Table 6.2). The

deactivation increases again for thicker layer samples, such as TS5 and TS6.

The Si07 layer also decreased the overall photocatalytic activity: TS2 shows only half
the activity of TS0 after 2.5 hours of illumination, and the activity decreases gradually

for thicker shells. Since the layers in this thickness regime are thin enough to facilitate
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electron transfer from TiO7 to Pt, the decrease in activity is not likely caused by the

insulating properties of the layer (see Figure 4.11).

However, the decrease in catalytic performance could very well be because of differ-
ences in the metal-support interaction, such as; a change in the bifunctional effect, i.e.
a different phase in the TPB; or a change in the electronic effect, i.e. the interfacial
interaction or bonding mechanism between Pt and support. The interaction and bond
properties determine the electron transfer to the metal, the adsorption properties and Pt
photoreduction mechanism, which influence the Pt size, dispersion and stability on the

support. 201

The reasons for the decrease in activity will be investigated in the next section.
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6 Deactivation during HER

6.2.1 Reasons for the decrease in activity with the introduction of

an SiOy layer

(b) TSI () TS2

. e 2N
(d) TS3 (e) TS4 (f) TS5

Figure 6.6: Typical transmission electron microscopy (TEM) images of TiO> — SiO; core-shell nanopar-

ticles with increasing shell thickness. (a) TS0 and (b) TS1 have no shell and layers of SiO7, respectively.

The Pt nanoparticles are well dispersed; (c) TS2, (d) TS3, (e) TS4 and (f) TS5 have thicker shell thick-
nesses. Thicker layers lead to higher Pt nanoparticle agglomeration.

To investigate the cause for the decreased activity I filtered the catalysts after HER,
washed it with methanol and dried it in air to characterize it with TEM and TXRF. A
closer look at TEM images of the Pt/TiO2 —SiO3 core-shell samples reveals significant

differences in the dispersion and location of Pt nanoparticles (Figure 6.6):

* Firstly, TEM reveals that the Pt nanoparticles (NPs) show an increasing tendency
for agglomeration with increasing shell thickness. This observation is in line
with the work of Bo et al., who reported that metal particles tend to agglomerate

on SiO7 more than on TiOz.90

120



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

blio
nowledge

3
|
r ki

m You

6.2 Deactivation with Pt/TiO» —SiO>

* Secondly, the TEM images show that the average size of the Pt NPs increased
from 1.7 to 3 nm for TSO to TS6, respectively. This leads to a lower dispersion
of Pt particles and thus a smaller catalytic surface, therefore reducing the amount
of active sites/TPBs.

e Thirdly, the amount of Pt deposited on the catalyst deviates from the nomi-
nal loading of 0.2 wt.%, as determined by Total Reflection X-Ray Fluorescence
(TXRF). Table 6.2 shows that the actual Pt loading decreased from 0.2 wt.% to
almost half that value after a monolayer was introduced. Either 1) some of the
Pt was still dissolved and not deposited on the supports surface, or 2) the Pt NPs

were attached weakly to the support and detached after deposition.

s Ti0, @ S0, € Pt Without Si0, shell:

TS0 T51 752 The Pt NPs are
small

TS6
well dispersed
the amount
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Figure 6.7: Reasons for the decreased activity of Hy evolution with the introduction of a SiO; shell.

The deposition of Pt nanoparticles on core-shell TiO2 —SiO; samples changes with the thickness: With

thicker shells, the agglomeration and size of the nanoparticles increases, while the amount of deposited
Pt on the surface decreases.

The results confirm that the platinum deposition works better on a TiO surface than

on SiO7. This can be due to two factors:

1. Contrary to TiOp, where Pt binds to an empty d-orbital, on SiO7 only the oxygen
anion is available for bonding. This leads to weaker bonds, possibly migration
at low temperatures and easy removal through a filtering and washing process of

the catalyst, as has been done prior to TXRF measurements. /290

2. The number of oxygen vacancies, which can serve as nucleation sites for Pt,
is significant lower on SiO; than on TiO3. Additionally, the negative surface

charge increases gradually with the shell thickness, which decreases the initial
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6 Deactivation during HER

approach of the precursor, PtLg 2, to the surface, and can lead to lower or dif-
ferently dispersed precursor adsorption. 193 Fewer Pt nucleation sites and less
precursor adsorption can lead to; a different photodeposition mechanism of the
Pt precursor (see page 136, specifically Equation 6.15), which leads to less PtY
deposited on the catalyst’s surface and a higher initial size and agglomeration of

Pt NPs; and slower reduction kinetics.

Table 6.2: The platinum amount determined via Total Reflection X-Ray Fluorescence (TXRF). The Pt
size was determined from TEM images (15 particles). The photocatalytic activity after 2.5 hours of
illumination was normalized and correlated to the calculated Pt surface area (see Table A.2). The deac-
tivation was determined by comparing the highest activity to the activity after 2.5 hours of illumination.

Pt amount Size Norm. activity Deact.
Sample
[wt.%] (nm] [%] [%]

Pt/TSO 0.20 £ 0.02 1.7+£0.3 100 £3 53+04
Pt/TS1 0.22 £ 0.02 20£0.5 80 L5 26 £2.0
Pt/TS2 0.12 £ 0.01 21+£04 96 +5 15+69
Pt/TS3 0.16 £ 0.02 23+0.7 56+3 17+£33
Pt/TS4 0.10 £ 0.01 2.7+£0.7 45+ 2 11+13
Pt/TS5 0.10 £ 0.01 26£0.6 2242 31+£12
Pt/TS6 0.11 £ 0.01 3.0+ 09 20£2 37+438

The determined lower platinum loading and higher particle size are the cause for the
lower photocatalytic activity during HER, since the surface area of the co-catalyst, i.e.
number of active sites, directly correlates with the activity. They are major factors for
the decrease in HER with the increase of shell thickness. I normalized the HER rates
to the estimated changes in Pt surface area that is exposed to the reaction solution (the

calculation of the surface area can be found in section 3.4.2 and Table A.2).

Figure 6.8 shows the normalized activity of HER, and the end activity (after 2.5 hours
of illumination) is only slightly lower over the TS2 sample. TS1 shows 80% of the
activity and the samples TS3 to TS6 show a gradual and significant decrease down to
20% of the activity without a shell (Table 6.2).

Since the charge transfer is not significantly inhibited in this shell thickness region
the decrease of the end activity is attributed to the remaining ESD of 26% over TS1

and to the increase of agglomeration with increasing shell thickness for thicker shells
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Figure 6.8: Exemplary time dependence plots of the hydrogen evolution rate over pure TiO> and core-

shell samples SG set 2 loaded with 0.2 wt.% Pt in 50 vol.% methanol solution with US treatment. The

data shown here is the same as in Figure 6.5, but the rate is correlated to the calculated Pt surface area

determined from the nanoparticle size and amount of Pt (Table 6.2). The calculation of the Pt surface

area is shown in the box to the right and in the appendix (Equation A.1). The light purple area indicates
illumination with UV light (365 nm).

(TS3-TS6). Agglomeration has a diminishing effect; by a) increasing the average travel
distance of photoelectrons from their origin of generation to the Pt electron sink, there-
fore increasing the probability for recombination; and by b) decreasing the number of

accessible active sites or TPBs. 72:202

The difference in the starting activity (after 20-50 minutes of illumination) is attributed
to different interaction between the reactants or Pt with the catalyst and is connected
to the cause for the early-stage deactivation, which will be investigated in the next

section.

HER activity decrease with SiO; shell due to:

< Monolayer: Remaining ESD (26%)
= Monolayer: Less Pt deposited (~ 50%) and agglomeration of Pt NPs
+ Pt NPs size increase with shell thickness

Pt size, amount and agglomeration determines accessible active sites
Agglomeration increases mean electron travel path to co-catalyst

Figure 6.9: Concluding remarks concerning the HER activity decrease with introduction of an SiOy
shell. After normalizing the activity to the Pt size and amount, the agglomeration causes further de-
creases in the activity.
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6 Deactivation during HER

6.2.2 Reasons for the decrease of the ESD with the introduction of
an SiOy layer

As stated at the beginning of this chapter, different reasons could explain the ESD dur-
ing HER with Pt/TSO catalysts: A change in methanol oxidation mechanism leading
to the catalyst poison CO; SMSI related effects, i.e. a bifunctional or geometric effect;
a change in size and agglomeration of the co-catalyst; or slow reduction of Pt during

in-situ photodeposition. 174

Changes in the methanol oxidation mechanism
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Figure 6.10: Exemplary time dependence plots of the a) H, as in Figure 6.5; b) CO2 and ¢) CO evolution
rate over pure anatase and core-shell samples loaded with 0.2 wt.% Pt in 50 vol.% methanol solution
with US treatment. The light purple area indicates illumination with UV light (365 nm).

The methanol oxidation mechanism can be investigated by monitoring the generation
of CO7 and CO. As can be seen in Figure 6.10, the CO» rate decreases after an ini-
tial maximum and increases again after 60 minutes of illumination. In contrast, the
CO rate rises with the Hp deactivation, indicating a possible connection between the
H» decrease and the CO increase. Most intriguingly: The sample with the lowest de-
activation, TS2, also shows the lowest CO generation. This disagrees with the Mars
van Krevelen (MvK) mechanism, which states that CO interacts with lattice oxygen,
reduces the metal oxide and forms CO; and an oxygen vacancy.2?? This mechanism
should be inhibited on non-reducible metal oxides, such as SiOp. This suggests that

the cause for the different CO/H; selectivity has to be found at an earlier step in the
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6.2 Deactivation with Pt/TiO» —SiO>

methanol oxidation pathway. According to the methanol oxidation mechanisms pro-
posed in the beginning of the chapter, three intermediates are likely responsible for the

generation of CO: formic acid, methyl formate (MF) and formaldehyde.

Naito et al. used these intermediates to study the mechanism of methanol reforming
over several catalyst, and they found that formic acid had the lowest selectivity for
CO over Pt—Ru/S107 catalysts and much higher selectivity for CO over Pt—Ru/TiO3,
while methyl formate and formaldehyde showed similar selectivities over both cata-

lysts.

Online HER:
wt.% Pt mg TS0 vs. TS2 3 50 ml MeOH + 50 ml H,0
S:60s Water cooling T: 15°C 50 ml HCOOH + 50 ml H,O
n-situ PD - dark ® Manual controller 00 ml 37% H,CO in H;O
© 30 mi/min @ UV: 365 nm 4t 30 ml MF + 30 ml H,0 + 40 ml aCN
a) 100 r , 400 b) 80 2
~ TS0 HCOOH \
TSOMF {350 < 60 \ 1.5
80 —TS0 H,CO = \
—rsocHyon 1300 2 49 1
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Figure 6.11: Exemplary time dependence plots of the a) Hz; b) CO2 and ¢) CO evolution rate over

pure TSO and d) Hy; e) CO; and f) CO evolution rate over TS2 loaded with 0.2 wt.% Pt with different

sacrificial agents; formic acid, methyl formate (MF), formaldehyde (left y-axis) and methanol (right
y-axis). The light purple area indicates illumination with UV light (365 nm).
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6 Deactivation during HER

Table 6.3: The activities of Hy after 2.5 hours of illumination, the relative Hy activity after 2.5 hours

compared to the starting activity after 20-50 minutes, the CO/Hj selectivity and the ratio of CO/CO,

after 2.5 hours for the reference TSO and the core-shell sample TS2 for different sacrificial agents (SA)
are displayed in this table. The plots can be seen in Figure 6.11.

H, A activity CO/H, CO/CO,

Sample SA

[umol -h71] [%] [%] [%]
Pt/TSO MeOH 159 46 0.26 27
Pt/TS2 MeOH 79 89 0.01 1
Pt/TSO HCOOH 71 246 11 10
Pt/TS2 HCOOH 30 211 7 7
Pt/TSO MF -3 - - 43
Pt/TS2 MF -14 - - 30
Pt/TSO H,CO 74 99 3 88
Pt/TS2 H>CO 17 69 7 64

These three intermediates were used as sacrificial agents (SAs) instead of methanol for
the samples with the highest and lowest deactivation, TSO and TS2, to see if there is
any significant change in the CO selectivity. The results can be seen in Figure 6.11.
I calculated the CO/CO3 ratios and CO/Hj selectivities by dividing the CO rate af-
ter 2.5 hours of illumination with the respective CO7 or H rate for each experiment.
The ratios, selectivities, the activity after 2.5 hours in reference to the starting activity

and the measured Hy rates after 2.5 hours for each experiment can be seen in Table 6.3.

The observations are summarized here:

* There was no Hp generation when MF was used as an SA.

¢ With the introduction of a SiO» shell the CO/CO> ratio decreases. The decrease
of this ratio is very similar for formic acid (6.7 vs. 9.9%), methyl formate (30
vs. 43%) and formaldehyde (64 vs. 88%).

* The effect of SiO7 on the CO/CO3 ratio is much more pronounced when methanol
is used as an SA (1 vs. 27%)

* When comparing the CO/H; selectivities, then formic acid has a lower and
formaldehyde has a higher selectivity for CO (and CO2) when a SiO; shell is

introduced.

* None of the experiments with intermediate SAs show deactivation behavior in

the Hy generation.
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6.2 Deactivation with Pt/TiO» —SiO>

With SiO,; shell:
Methanol: CO/CO, ratio is 1%

Without SiO; shell:
Methanol: The CO/CO, ratio is 25%

Intermediates: The CO/CO, ratio
is 30% lower than over TiO,
Intermediates: No deactivation was

observed The selectivity for CO/H; and CO,/H;

decreases with formic acid and
increases with formaldehyde

The first adsorption step may be
crucial - needs in-situ studies

CH30H CH30H

?
Figure 6.12: Concluding remarks of methanol oxidation mechanism studies: The crucial mechanistic

step may be the adsorption of methanol on surface oxygen vacancies, which are numerous in TiO2 but
barely present in SiO;

So far, these results do not explain why there is no CO generation over TS2 when
methanol is used as an SA. As no ESD was observed with other SAs over Pt/TSO,
it is possibly connected to the formation of the first methanol oxidation intermediate:
Methoxy. Methanol forms methoxy preferably on an oxygen vacancy, of which much
fewer are present on SiO7. The proximity of adsorption sites, and therefore of reac-
tants, defines the reaction mechanism, e.g. direct oxidation or bimolecular side reac-
tions. The first few crucial steps in the methanol oxidation mechanism could therefore
differ strongly over Pt/TSO and Pt/TS2.38

Summary of the methanol oxidation mechanism experiments

My experiments suggest that differences in the methanol oxidation mechanism exist
and that likely the first step is key and determines the early-stage deactivation. To
unravel the differences in the first crucial steps of the mechanism over Pt/TSO and

Pt/TiO; —Si02 in-situ studies are needed.
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6 Deactivation during HER

SMSI effects and Pt agglomeration

Next, I investigated the effect of the ultrathin SiO7 shells on potential SMSI effects
that can be related to the change in activity, such as the bifunctional and the geometric
effect.

Changes in the electronic effect of SMSI during HER have not been proposed as a
hypothesis for ESD. The absence of relation has also been confirmed by my studies:
As described above, the introduction of the SiO; shell significantly decreases the ESD.
The deactivation is decreased by ~ 50% in the TS1 sample, where islands of SiO7
cover half of the TiO; surface. During photodeposition, Pt will more likely deposit
on the TiOy surfaces or at the TiO7 —SiO7 edges than on the SiO; shell.?0 Since the
deactivation is strongly affected in this sample even though electronic effect is not

inhibited, it is not majorly related to the ESD.

The bifunctional effect

The bifunctional effect describes how dual active sites at the TPB of metal and sup-
port significantly influence the catalytic activity, which could change with the amount
of surface oxygen vacancies close to the co-catalyst. While the reduction of protons
mainly happens on the Pt surface, the dissociation of water is accelerated by surface
oxygen vacancies, ideally close to the co-catalyst. The methanol oxidation mechanism,
such as side and back reactions, can be influenced by the cooperation of metal oxide

surface defects with the metal sites. 204

To investigate if the bifunctional effect is the cause for the deactivation, I used a core-

a T
) 600 —T50 _

TS1 Online HER:
—TS2 1
—TS4NC
—TSs4 |

500 0.2 wt.% Pt (nominal)

) US: 60 s
@ In-situ PD - dark
@ 30 ml/min
® 50 ml MeOH in 50 ml H,O

400

@ Water cooling T: 15°C
nual controller
® UV: 365 nm
3¢ Core-shell set 1:
TSO - TS2, NC4 + TS4

¢ [umol h'1]
w
8

0 50 100 150 200 250
Time [min]

Figure 6.13: Time-dependent HER plots over the reference sample, core-shell samples of the sample set
1 and nanocavities containing core-shell samples. The light purple area indicates illumination with UV
light (365 nm).
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6.2 Deactivation with Pt/TiO» —SiO>

shell sample with nanocavities in the shell for HER experiments (Tq,S4NC, four steps
of SiO deposition). The Pt will rather deposit inside the nanocavities than on SiO2 and
the TPB will be defined by Pt and the surrounding SiO2, contrary to Tg,S1355° where
Pt NPs are at least partly surrounded by TiO;. The results can be seen in Figure 6.13.
Please keep in mind that the samples used for this experiment series is from sample
set 1, which shows an overall lower ESD. The ESD behavior of the Tg,S4YC sample

strongly resembles the ngsli%s sample, even though the overall activity is decreased.

The HER activity lies between the activity of a monolayer of SiO; (TS2) and 0.9
nm of SiO» without nanocavities (TS4). While the electronic effect in not hindered
in the TgpS4NC sample, and therefore not connected to the decrease in activity, the
bifunctional effect may be. The TPB could play an important part to the photocatalytic
activity, and the thick, surrounding SiO; layer could strongly inhibit the bifunctional
effect, i.e. decreasing the HER activity. Furthermore, the decrease in activity can
be partly attributed to the Pt NPs sizes, which are 1.8 + 0.4 nm for pure Anag, and
2.3+ 0.5 nm on Tg,S4C,

TEM images of the catalysts after HER can be seen in Figure 6.14. Due to the simi-
lar deactivation behavior over TgpS136°, where Pt is partly surrounded by TiO2, and
Tg,S4NC, where it is surrounded by SiO3, the bifunctional effect, though possibly re-

sponsible to the overall activity decrease, is not the major cause for the ESD.

(a) Anag, (b) TgrS4NC

Figure 6.14: Typical transmission electron microscopy (TEM) images of Pt on a) anatase and b)
Tg,S4NC, a nanocavities containing sample after HER.
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6 Deactivation during HER

The geometric effect

The geometric effect describes the encapsulation with sub-stoichiometric TiOx during
photocatalysis, which could inhibit the Hy generation. To investigate this, my first
strategy was to filter the catalysts after HER experiments, dry them in an air flow
and analyze them via TEM. There was no encapsulation layer indicating a possible
SMSI encapsulation effect visible for the sample exhibiting deactivation (Figure 6.6a).
Since there is a possible reversibility of the encapsulation effect when the catalyst is
exposed to air, I used a different sample preparation strategy: I performed longterm
HER experiments (18 hours of illumination) and kept the sample under Argon until
shortly before the TEM measurement. 186 Still, no encapsulation was observed in these

samples, and the geometric effect was not found to be a major cause for the ESD.

However, another intriguing change concerning the Pt NPs was observed: The Pt par-
ticles strongly agglomerated (see Figure 6.16). This observation has been reported
by few other groups, who investigated the deactivation over Pt/TiO2 during differ-

ent photocatalytic applications, but it has not yet been observed for the ESD during
HER. 127,166,205-207

During TEM measurements, I made another interesting observation: Some Pt NPs
were not attached to the metal oxide but rested on the amorphous carbon film. It is
possible that in-situ Pt photodeposition does not lead to a strong attachment of the Pt

NPs to the support.

Pt nanoparticle agglomeration

The photocatalytic activity of Pt/TiO, systems is strongly dependent on the size and
dispersion of the Pt NPs, and the ESD could be explained with the agglomeration of
the NPs during HER. To test this hypothesis, I prepared TEM samples after 30, 150
and 1080 minutes of UV illumination of in-situ photodeposited Pt on TSO and TS2,
the samples which show the highest and lowest deactivation, respectively, to see if the

Si07 layer has an influence on the agglomeration.

I prepared samples with 0.2 and 1.0 wt.% Pt to investigate if the Pt size increase and
agglomeration is dependent on the Pt concentration. The time-dependent HER rates
can be seen in Figure 6.15: Over 1.0 wt.% Pt/TS0, the long-term deactivation is only
25% and correlates almost linearly with time compared to the ESD over 0.2 wt.%

Pt/TS0, which shows an exponential decay, and leads to a decrease in activity of 85%
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6.2 Deactivation with Pt/TiO» —SiO>

Online HER:

@ 50 ml MeOH in 50 ml H;0 ® Water cooling: 15°C
- dark 20 mg TS0+TS2 (set 2) @ 18h of illumination
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Figure 6.15: TSO and TS2 with 0.2 an 1.0 wt.% Pt in a longterm photocatalytic hydrogen evolution ex-

periment. a) is the Hp evolution, which deactivates for lower Pt amounts; b) shows the CO; generation,

which, in the 0.2 wt.% Pt sample decreases with the Hy decrease, but it rises over time in the 1.0 wt.%

Pt samples; ¢) shows the CO generation, which rises with the deactivation for the 0.2 wt.% Pt sample
and is comparatively low for the other sample.

after 1080 minutes of illumination. Incidentally, the maximum activity of 1.0 wt.%
Pt/TSO is only one third higher than the maximum activity of 0.2 wt.% Pt/TS0.

Core-shell samples show stable, but lower activities than over the same Pt concentra-
tions on TSO. The CO7 and CO rates behave according to my former findings: With
the ESD the CO7 rate decreases and the CO rate rises, while for non-deactivating sam-
ples the CO7 rate rises with time and the CO rate is negligible. This fits with previous

observations that the CO formation correlates with the deactivation.

0.2 wt.% Pt

The TEM images of 0.2 wt.% Pt on TSO and TS2 can be seen in Figure 6.16. After
30 minutes of illumination, at the start of ESD, some of the Pt particles on TSO are
agglomerated. The agglomeration strongly increases over time. After 1080 minutes

large agglomerates have formed and no single Pt NPs can be seen anymore.

It has been found before, that Pt incidentally shows higher Pt NPs sizes and agglomera-
tion over an SiO7 shell, especially with thicker shells (Table 6.2). This was attributed to
an decreased dispersion of the Pt precursor on the SiO surface, due to less nucleation
sites, i.e. oxygen vacancies, and consequently a different photodeposition mechanism

(see end of this section, specifically Equation 6.15). While the initial agglomeration
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6 Deactivation during HER
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(a) 0.2 wt.% Pt/TSO after 30 min
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Figure 6.16: Typical transmission electron microscopy (TEM) images of Pt/TS0O and Pt/TS2 core-shell

nanoparticles with 0.2 wt.% Pt when taken directly from the reactor solution after HER. The anatase

reference TSO after (a) 30; (b) 150 and (c) 1080 minutes of UV illumination and the core-shell sample
TS2 after (d) 30; (e) 150 and (f) 1080 minutes of illumination.

is not strongly pronounced over the monolayer of SiO7, the Pt sizes are higher than
over bare TiO,. The agglomeration also increases over time, but more Pt NPs share an
interface with the support on TS2 than on TS0, where many of the NPs are lying on top
of each other. Therefore, the agglomeration on TS2 is less pronounced. Additionally,

the NPs size is much more stable over time on TS2 than on TSO.

1.0 wt.% Pt

The TEM images of the 1.0 wt,% Pt samples before and after HER are shown in Fig-
ure 6.17.

No ESD was observed over these samples and the initial agglomeration is indeed much
lower than on the 0.2 wt.% Pt samples, while the initial Pt size is higher (2.9 vs. 1.9
nm). The agglomeration and size of the Pt NPs on the TSO sample changes slightly

over time (2.9 to 3.3 nm), which could be connected to the small and almost linear de-
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6.2 Deactivation with Pt/TiO» —SiO>
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(c) 1.0 wt.% Pt/TS2 after 30 min (d) 1.0 wt.% Pt/TS2 after 1080 min

Figure 6.17: Typical transmission electron microscopy (TEM) images of Pt/TS0O and Pt/TS2 core-shell

nanoparticles with 1.0 wt.% Pt when taken directly from the reactor solution after HER. The anatase

reference TSO after (a) 30 and (b) 1080 minutes of UV illumination and the core-shell sample TS2 after
(c) 30 and (d) 1080 minutes of illumination.

activation. Compared to TS0, the TS2 sample with 1.0 wt.% Pt shows the same initial
Pt size (2.9 nm), no deactivation during HER and no changes in the agglomeration or
size of the NPs. Again, the TS2 sample shows lower but more stable HER rates and a
higher Pt stability.

Discussion of the Pt size and agglomeration studies

The results of the Pt sizes, deactivation behavior and HER activities are summarized in
Table 6.4. It shows that a strong agglomeration and size increase is observed for early-
stage deactivating samples, some size increase and some agglomeration for almost
linear deactivations, while stable sizes were observed in samples showing stable HER
rates. The HER stability increases with a higher concentration and the introduction of
an SiO7 shell.
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6 Deactivation during HER

a) Pt mobility

The different deactivation behavior and Pt NPs stability over 0.2 and 1.0 wt.% Pt on
TSO could be explained with the difference in concentration: The NP size increase and

agglomeration due to diffusion of NPs or due to Ostwald ripening over the supports

surface is dependent on the Pt concentration and surface coverage. 208

Table 6.4: The deactivation, activity after 1080 minutes of illumination, Pt size development and ag-

glomeration over long-term HER experiments with 0.2 and 1.0 wt.% Pt over reference sample TS0 and

core-shell sample TS2 are shown in this table. Deactivating samples with more than 50% loss of activity
after 1080 min of illumination are bold.

Sample Deact. Activity Pt size [nm] Agglomeration
Pt [wt. %] [%] [wmol - h‘l] after 30 150 1080 min
TS0 0.2 84 620 1.9+06 25+£09 2.6+1.0 yes
1.0 25 790 29+0.6 33+0.8 some
SO 0.2 0 60 23+1.0 27£07 24406 some
1.0 5 294 2.8+0.6 2.7£0.7 no

b) Reduction kinetics

Interestingly, the activity of 1.0 wt.% Pt/TSO0 is only slightly higher than over 0.2 wt.%
Pt/TSO after 30 minutes of illumination. Calculating the surface area of Pt in both
catalysts with the Pt NP diameters after 30 minutes of illumination and the nominal
Pt loading, 0.2 and 1.0 wt.%, respectively, leads to 2- 107 m? for 0.2 wt.% and 6.4 -
1073 m? for 1.0 wt.% Pt (for the calculation refer to section 3.4.2). According to this,
the activity over 1.0 wt.% is expected to be 3 times as high as over 0.2 wt.% Pt/TSO0.

The nonlinear increase in HER rate with the Pt loading could also be explained with
the difference in concentration, as it determines the reduction kinetics. In the relevant
concentration ranges of this project, the photodeposition rate is linearly dependent on

the concentration and on the constant of adsorption: 193

r=k9 ~ kKc (6.12)

where r is the reaction rate, ) is the occupancy ratio of the adsorption sites, k is the rate

constant, K is the constant of adsorption and c is the concentration.
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6.2 Deactivation with Pt/TiO» —SiO>

Therefore, the reduction rates are different for 0.2 and 1.0 wt.% Pt precursor concen-
trations, which leads to different activities and possible lower deactivation over time.
With 1.0 wt.% the Pt on TSO is reduced fast and initially forms larger particles, while
with 0.2 wt.% the reduction on TSO is slow and smaller particles, with a higher activity,

are formed. The NPs grow while the reduction advances - and the activity decreases.

¢) Photoreduction mechanism

Compared to 0.2 wt.% Pt/TS2, the activity over 1.0 wt.% Pt/TS2 is 5 times higher. The
determined surface area of Pt is 1.6 - 10~ m? for 0.2 and 6.7 - 10~ m? for 1.0 wt. %,
which is four times as high and nearly fits the difference in activity over these two
samples. The initial Pt NPs sizes for 0.2 and 1.0 wt.% Pt show less differences on TS2
than they do on TSO (Ad=0.5 nm vs. Ad=1.0 nm). Compared to TS0, the HER rates
are smaller, which has formerly been attributed to the higher Pt size, agglomeration

and a lower deposited Pt amount.

Generally, the Pt NPs on SiO, show a higher initial size than on TiO2, due to a less
effective precursor adsorption and photodeposition mechanism; and less changes in

the size and agglomeration with time and therefore more stable HER rates.

It has been proposed above that the negatively charged surface of SiOp lead to less
adsorption of the Pt precursor PtClg 2 and therefore slower reduction to PtY. At first,
this seems contradictory to the explanation above, where a higher Pt precursor concen-
tration leads to faster reduction and therefore lower HER rates, which would conclude
that a slower reduction on SiO7 leads to higher initial HER rates. However, the crucial
factor is the initial size of the Pt NPs. They can become initially larger with higher Pt
concentrations, due to the faster reduction and NPs size growth; on SiO» due to fewer

nucleation sites, which determine the photoreduction mechanism.

Two different photodeposition mechanisms have been proposed: 193

1. Either all Pt** cations are adsorbed on the catalyst’s surface before illumination
and get reduced to pt0 by photoelectrons generated in TiO3 (E0 = 1.44V vs.
SHE), which then form NPs by agglomeration. Due to the amount of oxygen
vacancies on TiO7, this mechanism is more likely to happen on the reference

sample TSO.
P +ne” — PO (6.13)
mPt); — Ptm (6.14)
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6 Deactivation during HER

4+ 4+

2. Or, initially, only some Pt™™ cations get reduced on the surface and further P
cations adsorb on those metallic nuclei, where they get reduced cathodic-like to
form clusters, which then grow in size through continued reduction of following
Pt**. Due to the lack of surface oxygen vacancies on SiO7, this mechanism is

more likely to happen on the core-shell sample TS2.

"+ +ne”

P} Pt3 = ... > Ptm  (6.15)

- P
PO+ Pt PO* + e L p, *

On the SiO shell, where little of the precursor is adsorbed, some of the Pt reduces on
nucleation sites, and following precursor ions adsorb on the PO rather than on the SiO>
surface. This mechanism explains the initially larger NPs even though the reduction is

slower than on TS0, and less Pt is deposited overall.

Summary of the SMSI and Pt agglomeration experiments

Neither the electronic, bifunctional nor the geometric effect of SMSI were found to
be the major causes for ESD. However, during these investigations, I found that TEM
measurements show a strong agglomeration and size increase of Pt NPs during HER
in early-stage deactivating samples, i.e. in 0.2 wt.% Pt/TiO2; while they show stable
sizes and less agglomeration in samples with a stable activity, i.e. when an SiO; layer is
introduced or when the Pt concentration is increased (Table 6.4). It was suggested that
the minimization of the deactivation in these samples is connected to an initial higher
size and agglomeration of the Pt NPs, which are due to different precursor adsorption,
photodeposition mechanisms and reduction kinetics. The observations and suggested

reasons are illustrated in Figure 6.18.

I therefore deduced that the ESD on 0.2 wt.% Pt/TSO0 is connected to the Pt mobility on
the support, which includes a size increase and agglomeration; and a slow reduction of
the Pt precursor, which initially forms small Pt NPs that increase in size when the re-
duction advances. Similar connections have been described in studies concerning pho-
tocatalytic oxidation of organic molecules over catalysts with a higher Pt loading (0.5
- 2.0 wt.%), where a linear deactivation was observed after several hours. 161,166,205
However, it has not been investigated regarding the strong and nonlinear deactivation

during the early-stages of photocatalytic HER, i.e. in the first hour of illumination.

The effect of increasing the stability of the Pt size and dispersion on the HER activity

and ESD will be investigated in the next section.
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6.2 Deactivation with Pt/TiO» —

Si0»

HER early-stage deactivation:

Is not connected to:
SMSI effects (bifunctional, geometric)

Is likely connected to:
Pt mobility (size increase and agglomeration) and slow Pt reduction

In-situ PD of Pt without SiO; shell: In-situ PD of Pt with SiO, shell:

0.2 wt.% Pt 1.0 wt.% Pt Less Pt precursor adsorbed on surface: Different
NPs initially small and Faster reduction kinetics reduction mechanism and slower kinetics
dispersed NPs initially larger and Pt amount deposited lower than nominal value
Pt mobility during HER: more agglomerated NPs initially larger
Strong size increase and Pt mobility during HER: Pt size increase during HER: Negligible
agglomeration Less pronounced Agglomeration: Less pronounced

i 0
ey

Final

agglomeration.

&4
&4

Figure 6.18: Concluding remarks concerning the SMSI and Pt agglomeration studies. The ESD in 0.2
wt.% Pt/TiO> is not caused by SMSI effects, but by the Pt size increase and agglomeration due to its
mobility and its slow reduction. With higher Pt concentrations on TS0, the NPs are initially larger due to
faster reduction kinetics, and less Pt mobility, i.e. negligible size increase and less agglomeration, was
observed. With an SiO; shell, the NPs are initially larger due to a different photoreduction mechanism,
no size increase was observed and the agglomeration was overall less pronounced than on TSO; there
was some agglomeration with lower, but none with higher Pt concentrations. A higher initial Pt size
and agglomeration correlate with lower, but more stable HER rates, and less changes in Pt size and
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6 Deactivation during HER

Dependence on the Pt deposition method

To further investigate the connection between Pt stability, i.e. changes in agglomera-
tion and size, and ESD during HER I changed the Pt deposition method.

In-situ photodeposition has several advantages for photocatalysis: The reduction of
pt+t requires electrons so the Pt atoms will preferentially deposit on sites where pho-
togenerated electrons reach the surface, ensuring that following electrons can reach the
co-catalyst, which increases the electron density in the Pt and therefore the photocat-

161 The combined results of the time-dependent HER and TEM images

alytic activity.
before and after the HER leads to the hypothesis that the Pt NPs are not attached well
to the support leading to instabilities in their position, size and, consequently, their
ability to collect electrons. Besides photodeposition, a common Pt deposition method

is wetness impregnation, often followed by thermal and reductive treatments.

The high temperature reductive treatments strengthen the attachment between Pt and
TiO7 by not only reducing the Pt but also the TiO,. Reduced TiO3 has more oxygen
vacancies on which Pt adsorbs and form a strong Pt-Ti bond, while Pt can only form a

weak bond with the oxygen anion on stoichiometric TiO;.2%

G. Haselmann showed that pretreatments, which lead to more oxygen vacancies, facil-
itate ESD, while calcined TiO2, which has less oxygen vacancies, shows more stable
H» evolution rates. 127 According to these results, the reduction of TiO2 does not not
increase the stability of the Hj rates. Nevertheless, the reduction of Pt may be more
effective when Pt/TSO catalysts are reduced in a pretreatment before HER rather than

via in-situ photodeposition. 161,166

The following deposition methods were compared to in-situ photodeposition: Wetness
impregnation (WI) was done in an aqueous suspension of TS0 and TS2 (100 mg - ml™)
by adding the Pt precursor and stirring it for 2 hours, followed by drying it at 90°C for
24 hours. Half of the powder was calcined at 325°C in air for 3 hours and reduced
with a flow of 2% Hj in argon at 325 °C for 2 hours. As a side note, 325°C was the
set temperature for the oven and the sample temperature is 20-30°C lower than the
oven temperature (=~ 300°C). This temperature is a compromise of the ideal reduction
temperatures for the investigated systems: HpPtClg on TiO3 is reduced at ~ 145°C,
while on SiOy it is reduced at higher temperatures, from 240°C up to 330°C.48:209.210
300°C was set as the maximum sample temperature, because the reduction of TiO7 in

the presence of Pt starts above 300°C. 209 The deposition routes employed in this work
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6.2 Deactivation with Pt/TiO» —SiO>

are summarized here:
¢ In-situ photodeposition (in-situ PD)
* Wetness impregnation without Hy treatment (WI - no Hp)

* Wetness impregnation with Hp treatment (WI + H»)

With this, I want to investigate if the reductive treatment stabilizes the NPs by strength-
ening the metal-support interaction, therefore decreasing the mobility, and by fully
reducing Pt*+. 166

Pt deposition methods on bare TiO

Online HER:

® 50 ml MeOH in 50 ml H,0 @ UV: 365 nm

lumination ®US: 60s L later cooling: 15°C
@ 30 ml/min @ Manual controller * itu PD/WI w/wo H;

a) 700 —— b) 15
—TS0 in-situ PD
— T80 ex-situ WI -
6001 — TS0 ex-situ WI + H2 | % 10
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Figure 6.19: Exemplary time dependence plots of the a) Hy; b) CO» and ¢) CO evolution rate over the
reference sample TSO loaded with 0.2 wt.% Pt with different deposition methods and post-treatments.
The light purple area indicates illumination with UV light (365 nm).

Longterm HER plots of Pt deposited on TSO with different methods can be seen in
Figure 6.19. The WI + H» sample shows no early-stage but a small linear deactivation
- similar to 1 wt.% Pt/TSO (see Figure 6.15). The WI - no H> sample shows the same
deactivation behavior as the in-situ PD sample - the reductive pretreatment is thus key
and plays a more critical role than the type of deposition (WI vs. PD). The CO; curve
shows a higher maximum over the in-situ PD sample, over the WI - no H> sample it
shows a lower maximum but similar values after 18 hours. For the WI + H> sample the

COg, rises over time. The generation of CO during these experiments shows the same

139



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
10
ledge

now!

3
|
r ki

6 Deactivation during HER

increase over time for all samples, those with and without ESD. This is in disagreement
to my former hypothesis - that the ESD of Hj is connected to the methanol oxidation

mechanism and the increase in CO generation.

05 1 15
Size [nm]

(c) TSO WI + H, before HER (d) TSO WI + H; after HER

Figure 6.20: Typical transmission electron microscopy (TEM) images of Pt/TS0O with 0.2 wt.% Pt de-
posited with ex-situ wetness impregnation (WI) without H, reduction (a) before and (b) after longterm
HER and with Hj reduction (c) before and (d) after longterm HER (1080 minutes of illumination).

Figure 6.20a shows the WI - no H; catalyst before HER. Pt particles are barely visible
and are smaller than 0.5 nm. After HER the Pt particles increased to ~ 2 nm in size
(Graph b). Agglomeration is barely visible for this sample, which is different to the
the in-situ PD sample (Figure 6.16c¢), even though the deactivation behavior for those
two samples was very similar. The size increase, due to the mobility or slow reduction

of Pt, is therefore more crucial for the ESD than the agglomeration.

When the catalyst was pretreated with Hy (WI + H> ), some small Pt particles ~ 1 nm
can be seen before HER, and after HER the TEM graphs show several well dispersed

Pt particles and their size increased to ~ 2 nm (see Figure 6.20c, d). There was no ESD
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6.2 Deactivation with Pt/TiO» —SiO>

during HER, but the Pt NPs still changed their size by about 1 nm. The stability of the
Pt has increased with the reductive treatment, but changes in the size during HER and a
small, almost linear deactivation was still observed. The size increase is not attributed
to the advancing reduction, because Pt is reduced before HER, but rather to a mobility

of the deposited Pt, which causes a slow, almost linear deactivation.

Pt deposition methods on TSO:

WI without H, treatment behaves as in-situ PD on TS0

Pretreated WI Pt/TSO shows a small size increase and linear deactivation
ESD is due to a slow photoreduction rather than to Pt mobility after
deposition

Figure 6.21: Summarized observations concerning the Pt deposition methods on TSO. It was found that

the reduction in a pretreatment still leads to some size increase and a small deactivation, and that the

main reason for the ESD is the size increase due to a slow photoreduction in samples where Pt is reduced
by illumination.

Im summary, the reductive pretreatment with Hp at elevated temperatures (=~ 300°C)
stabilizes the Pt NPs on the TiO2 and reduces the size increase, which consequently
minimizes ESD. In these observations, the size increase correlates more with the ESD
than the agglomeration. It was suggested that the Pt mobility after deposition plays a
less important role to the ESD than the size increase due to the slow photoreduction.

Pt deposition methods with an SiO> shell

Longterm HER plots of TS2 can be seen in Figure 6.22. The in-situ PD sample shows
no deactivation during HER and only a small increase in the CO and CO genera-
tion over time. Surprisingly, the WI - no H> sample shows an ESD, even though a
monolayer of SiO» minimized the deactivation in my former results. However, the
deactivation here is slower than over TSO. The CO» rates shows similar deactivation
while the CO rates increased over time, which is consistent with other ESD experi-
ments. The WI + H» sample shows stable HER and CO; rates and negligible amounts
of CO. Interestingly, both WI samples show a much higher activity than the in-situ PD
sample. While there are differences in the HER behavior over in-situ PD TS0 and TS2
samples, the WI Pt deposition on TS0 and TS2 leads to very similar HER behavior.

Figure 6.23 shows TEM images of the TS2 samples before and after HER. The Pt size
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6 Deactivation during HER

Online HER:

0.2 w
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Figure 6.22: Exemplary time dependence plots of the a) Hp; b) CO, and ¢) CO evolution rate over
the TiO2 —SiO2 core-shell sample TS2 loaded with 0.2 wt.% Pt with different deposition methods and
post-treatments. The light purple area indicates illumination with UV light (365 nm).

2
Size [nm]

50 nm

Size [nm]

(c) TS2 WI + H; before HER (d) TS2 WI + H, after HER
Figure 6.23: Typical transmission electron microscopy (TEM) images of Pt/TS2 with 0.2 wt.% Pt de-

posited with ex-situ wetness impregnation (WI) without H» reduction (a) before and (b) after longterm
HER and with Hj reduction (c) before and (d) after longterm HER (1080 minutes of illumination).
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6.2 Deactivation with Pt/TiO» —SiO>

and size increase shows similar trends as on the TSO catalysts: The Pt particles show a
change in size of around 1 nm when the deactivation is low, while the size increase is
> 1.5 nm when the ESD is > 50%. The size distribution was very narrow in most of

the samples.

The higher end activity of the WI + H» sample could be because of the comparatively
small Pt NPs (1.9 nm). But the Pt size difference between the in-situ PD (2.4 nm) and
WI - no Hp (2.1 nm) should also lead to differences in the HER activity, which was
not observed. Therefore, the Pt sizes do not correlate with the end activity. Another
explanation for the higher activity is the more complete deposition of Pt during the
reductive pretreatment. It has been shown in former studies, that the photodeposition
of Pt on an SiO7 shell is significantly decreased compared to the photodeposition on
bare TiO».

In summary, the stability during HER of the WI deposited Pt samples is similar on
TSO and on TS2. This suggests that the prereductive treatment is more essential for
stable HER rates than the introduction of an SiO7 shell. It was also found that the WI
samples lead to a higher HER activity as the in-situ PD sample, which may because

because of a more complete deposition of Pt.

Pt deposition methods on TS2:

Pt deposition with WI leads to similar HER stability behavior as on TSO

The overall activity is higher with WI than with in-situ PD
HER stability not determined by the SiO, shell but by the prereductive
treatment

Figure 6.24: Summarized observations concerning the Pt deposition methods on TS2. They suggest,
that the activity is higher with WI due to a more complete Pt deposition, and that the SiO» shell has less
essential for the HER stability than the prereductive treatment.
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6 Deactivation during HER

Summary and discussion of the Pt deposition experiments

The results of the longterm experiments with different Pt deposition methods are sum-
marized in Table 6.5. It shows the deactivation after 1080 minutes in percent, though
not all loss of activity follows the exponential decay typical for ESD. It also shows the
maximum activity after 20-50 minutes, the Pt NPs sizes before and after HER deter-

mined via TEM and if changes in the Pt NPs agglomeration are visible in TEM.

Table 6.5: The deactivation after 1080 minutes of illumination, the maximum activity after 20-50 min-
utes, Pt size development and agglomeration over long-term HER experiments with 0.2 wt.% Pt de-
posited via in-situ PD and WI over reference sample TS0 and core-shell sample TS2 are shown in this
table. Deactivating samples with more than 50% loss of activity after 1080 min of illumination are bold.

Sample Deact. Activity Pt size [nm] Agglomeration
H; red. [%] [1mol - h‘l] before after HER
in-situ PD no 84 620 - 26+1.0 strongly
TS0 ] no 74 600 < 0.5 2.1+£0.5 no
ex-situ WI
yes 15 350 1£0.3 2+04 no
in-situ PD no 0 60 - 2.440.6 some
TS2 ) no 76 190 <05 21403 no
ex-situ WI
yes 16 140 0.8+0.2 1.9+0.8 no

1. Samples which were not pretreated in reductive atmospheres:

* On TSO0: Generally show the same HER behavior, i.e ESD, as over in-situ PD
Pt/TS0, which may be due to to

— Pt NPs size increase (>1.5 nm over 18 hours)
— Slow reduction of Pt

* On TS2: Surprisingly show the same ESD behavior as over TSO when WI was
used, contrary to in-situ PD Pt/TS2. The Pt deposition method influences the
adsorption and dispersion of the precursor on the TiO7 and SiO; surfaces before

photoreduction, which determines

— the photodeposition mechanism

— the reduction kinetics

144



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

6.2 Deactivation with Pt/TiO» —SiO>

Agglomeration of the Pt NPs was only observed in some samples showing ESD.

a) Effect of the Pt particle size on the accessibility of sites

The Pt size increase plays a more important role than the agglomeration, as agglomera-
tion was not observed in all early-stage deactivating samples. While the agglomeration
is difficult to quantify, the decrease of surface atoms due to the size increase can be es-
timated. Let’s assume that the mobility of reduced Pt is the main contributor to ESD;
that all Pt** cations are adsorbed on the catalyst’s surface before illumination; that they
are reduced to Pt’ by photoelectrons as soon as illumination starts; and that the single

Pt atoms already acts as a co-catalyst for TiO, during HER, then:

The calculated surface area of all Pt single atom half spheres (radius of Pt¥ =130 pm,
1017 atoms) on TiO» leads to a total Pt surface area of ~145 cm? and the relative
amount of surface atoms is 100% (details on the calculation can be found in the ap-
pendix, Equation A.1). They then migrate and form nanoparticles with a diameter of
2 nm, exposing a surface area of 19 cmz, which is a decrease of 87% - close to the
decrease in activity in typical ESD samples. Additionally, the amount of kinks and
steps and the relative amount of surface atoms decreases, only 50% of the atoms are
on the surface.?!! This decrease in accessible active sites contributes to the decrease

in activity.

It needs to be pointed out, though, that the

electron affinity of a single Pt atom is lower -1
. . . >
that the conduction band potential of TiO; @ 2 — Pt -213eV
. . L 3

(see Figure 6.25) 3 According to this, sin- § — Pt
3 -4 CB-4.4 eV =———— Pt;

gle Pt atoms do not act as co-catalysts, as § : _—

only Pt clusters containing a threshold am- w S P:twk -5.65 eV
s -6

ount of Pt can trap electrons from the con- & -7

duction band of anatase. It has been reported, [% -8 VB -7.6 eV

Anatase

that the optimum Pt NPs size for a high pho- -9
tocatalytic HER activity is ~1 nm. 52,54 There- 10

fore, the relation between activity and sur- Figure 6.25: The electron affinity of a single
Pt atom in the gas phase and work function of
bulk Pt compared to the band levels of anatase.
certain threshold. Redrawn from Sadeghi et al.>3

face area is valid only for Pt sizes above a

It was also found that the Pt NPs size is already higher than 1 nm at the maximum

activity in in-situ PD measurements. The decrease in surface area was calculated to
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6 Deactivation during HER

be 27% (from 1.9 to 2.6 nm Pt diameter, see Table 6.4), which is much smaller than
the 84% decrease in activity. It is possible, though, that much smaller NPs are present,

which have not been detected via TEM measurements.

While the surface area affects the photocatalytic activity, the determined sizes do not
always correlate with the measured HER rate. Therefore, the size increase alone is not
responsible for the ESD.

b) Reduction kinetics of Pt during HER

The early-stage deactivating behavior seems to be related to the reduction kinetics of
Pt during HER, which is affected by the concentration of the Pt precursor and by the
catalyst’s surface properties. The kinetics determine the amount of Pt deposited, the
Pt NPs size and the Pt oxidation state at different times during HER, all of which
influence the photocatalytic activity. 207 The combined results of this work suggest,
that the mobility of Pt is not the only factor causing the deactivation behavior during
HER. Several groups have found rather slow reduction rates and different Pt oxidation
states during in-situ PD of Pt over TiOg, together with changes in size and agglom-
eration, 101,166,191,206.212 Their srudies focused on higher Pt concentrations, between
0.5 and 2.0 wt.%, which made investigations of the Pt oxidation state feasible. The
ESD in this project has been observed for Pt concentrations below 0.5 wt.%. Earlier
studies showed, that the oxidation states in this low concentration regime are difficult
to investigate due to low signal strengths. 127 10 investigate Pt in the different stages of

deposition, leaching experiments are currently in progress.

¢) Initial Pt adsorption and dispersion

The WI - no H> on TS2 sample has shown similar ESD behavior as on TSO. This is
surprising, because the HER rates over TS2 are stable in in-situ PD measurements.
On in-situ PD samples, the Pt forms initially bigger NPs on TS2 than on TS0, which
determined the lower activity, but the size increase on TS2 is smaller than on TS0
(Table 6.4). Contrary, on the WI samples (WI - no H> and WI - H) the observed initial
size and size increase on early-stage deactivating samples is similar for TSO and TS2
(Table 6.5).

Due to the drying process before HER during the WI deposition, the precursor may
be adsorbed and dispersed much better on the surface compared to the in-situ PD

sample, where the precursor gradually adsorbs on Pt rather than on SiO3. This gradual
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6.2 Deactivation with Pt/TiO» —SiO>

adsorption leads to initially large Pt NPs, while the higher dispersion of the precursor
leads to smaller Pt NPs - as shown on the WI + H» sample before HER (0.8 nm).

The increased Pt precursor adsorption amount and dispersion determine; the photore-
duction mechanism, i.e. Pt single atoms get reduced and form NPs afterwards (see
Equation 6.14); and the reduction kinetics, which are faster when the adsorption is
higher (see Equation 6.12). After suspension of the catalyst in the HER reaction solu-
tion, some of the precursor may desorb from the surface and dissolve in the solution
due to the lack of nucleation sites; however, the increased dispersion still leads to a
larger number and smaller size of initially formed Pt NPs during photoreduction. The
increased initial dispersion therefore leads to a similar photoreduction mechanism as
on TS0, which is connected to the ESD.

This finding further excludes SMSI as the major cause for the deactivation, since the bi-
functional effect as well as the geometric effect are considered to be impacted strongly

over Pt/SiO, interfaces.

Pt deposition without prereductive treatment:

Pt NPs size increase alone not responsible for ESD

SMSI related effects further excluded as cause for the ESD
Initial dispersion, photoreduction mechanism and kinetics connected to the ESD
Outlook: Pt oxidation states and reduction intermediates

Figure 6.26: Concluding remarks and outlook concerning the Pt deposition methods without reductive

pretreatment. The size increase and the photoreduction mechanism and kinetics are both connected to

the deactivation. To investigate this, studies determining the nature of Pt at different stages during HER
need to be performed.

In summary, the characterizations of the non-reduced samples confirm that a size in-
crease of the Pt NPs is observed in early-stage deactivating samples, while an agglom-
eration of the NPs was observed less often. To some extent, the deactivation can be
explained with a decrease in accessible active sites due to the NPs size increase. It
was further suggested, that the slow photoreduction of Pt and possibly different Pt
oxidation states during the reduction play an important role for the ESD during HER.

Intriguingly, the size increase and ESD has been observed on samples with and without

an SiO shell, which further excludes SMSI related effects to be the major cause for
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6 Deactivation during HER

the ESD. It was found, that the photoreduction kinetics and mechanism are determined
by the precursor adsorption and dispersion, respectively, before illumination, which,
on Si0y, is influenced by the deposition method. As my former studies suggest, the

photoreduction mechanism and kinetics are connected to the ESD.

2. Samples which were pretreated in reductive atmospheres, i.e. which were fully
reduced before HER, show:

e On TSO:

an HER activity between the maximum and minimum of early-stage deac-

tivating samples

no ESD

less change in Pt NPs size (< 1 nm over 18 hours)

no agglomeration

a significant CO generation

* On TS2: Generally the same behavior as over TS0, but:

— smaller HER activities, even though Pt was fully adsorbed and reduced
before HER

— no CO generation

a) Effect of the reductive pretreatment

The reductive pretreatment eliminates the ESD. Pre-reduced samples show a lower
starting activity than samples which were not reduced before HER, which could be
due to a higher initial size of the Pt NPs. Their long-term rates are higher, i.e. the
activity is more stable. A small, almost linear deactivation was observed, which could
be due to a small Pt NPs size increase: The deactivation over TSO and TS2 with WI +
H> was ~15% for both samples. However, the Pt surface area increases >50% (from
37 to 19 ¢cm? for TS0, from 47 to 20 cm? for TS2), which is much higher than the
loss of activity. This shows, that the relation between surface area and activity is much
smaller in pre-reduced samples and that, crucially, the size increase due to the mobility

of reduced Pt is not the main cause for the ESD.

Furthermore, CO poisoning of Pt is not a factor either, as the CO generation over TS2

148



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

blio
nowledge

3
|
r ki

m You

6.2 Deactivation with Pt/TiO» —SiO>

is much smaller than over TS0, even though the deactivation behavior is similar. This
indicates that the methanol oxidation mechanism, which determines the CO genera-

tion, is not related to the deactivation.

b) Effect of the Pt-SiO3 interaction

The HER activities over TS2 are generally less than 50% as over the TS0 samples, even
in samples where the Pt was reduced before HER, i.e. the amount of deposited Pt was
complete. Three possible factors can contribute to this: Either, a) the band structures
at the interfaces are affected due to the SiO» monolayer, affecting the Pt electron trap
efficiency of Pt. I determined in photoluminescence studies that the charge transfer to
the liquid is not affected in this thickness regime, but the shell could still affect the
electron transfer to the co-catalyst, i.e. the electronic effect. Or, b) the bifunctional
effect may be changed due to the SiO layer. I referred to this in a former section as
a possible cause for the lower activity in nanocavities containing core-shell samples
where a thick SiO; layer surrounds the co-catalyst (see page 128). Or, ¢) some of the
Pt leaches during photocatalysis, even after it has been reduced in a pretreatment. |
determined in former studies that less Pt is deposited on the core-shell samples, which
could be due to the weaker Pt attachment to SiO> than to TiO».

In studies correlating the Pt surface area to the HER rates, a monolayer of SiO has
not been found to strongly inhibit SMSI related effects, and the lower amount of Pt on
the catalysts was found to be the main cause for the lower HER rates (page 123). The
electronic and bifunctional effect are therefore considered as less likely to contribute
to the lower activity than the leaching of the co-catalyst. To confirm or exclude its

contribution, leaching studies are currently performed.

Pt deposition with prereductive treatment:

Pt NPs size increase connected to a small, almost linear deactivation

The SiO, layer affects the HER activity
Outlook: Pt leaching studies

Figure 6.27: Concluding remarks and outlook concerning the Pt deposition methods with reductive

pretreatment. The Pt size increase is connected to a small deactivation. The effects of the SiO, shell on

the electron transfer to Pt or possible leaching effects need to be investigated, to determine its effect on
the HER activity.
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6 Deactivation during HER

In summary, over pre-reduced samples no ESD but a small linear deactivation was
observed. It was found that a significant Pt surface area increase correlates with a small
deactivation, which suggests that it is not the main cause for the strong deactivation in
ESD samples. The SiO; layer affects the HER activity, possibly due to leaching of Pt,

which will be determined in future studies.

Conclusion of the Pt deposition experiments

The combined results of the Pt deposition methods show that there are several effects
contributing to the deactivation, which are connected to the concentration of the Pt
precursor and its initial dispersion on the catalyst’s surface. This conclusion is sum-

marized in Figure 6.28.

HER early-stage deactivation:

Is connected to:
Initial dispersion and concentration of the precursor, which determines:
The photoreduction mechanism and kinetics, which influences:
The initial Pt size and the Pt oxidation states during HER

Without SiO, shell: With SiO, shell:

No reductive pretreatment With reductive No reductive pretreatment With reductive
Reduction kinetics and initial Pt [FHAEET A Reduction kinetics depend on the initial Pt pretreatment
size increase with Pt concentration Pt reduced before precursor adsorption and dispersion Similar behavior as
Pt size increase alone not HER The photodeposition mechanism depends on over TS0

responsible for ESD Shows some size the initial Pt precursor dispersion Lower overall
Questions about the Pt oxidation increase and a small, Increase in dispersion leads to similar ESD activity may be due
states linear deactivation behavior as over TS0 to leaching

2-
CI»M_(I:I,CI Cl., \ .cl
oo C" 'C'
cl
Pt"*? t“*" Pt"*? Pt }r
n h Initial “ m ﬁ
m m Final A h b
In-situ PD + WI - no H; WI + H; In-situ PD Wi - noH, Wil + H;

Figure 6.28: Concluding remarks concerning the Pt deposition studies. The ESD depends on the initial

dispersion and concentration of the Pt precursor when Pt is photoreduced. The SiO; shell changes

the photodeposition method and kinetics only for the in-situ PD sample - the WI - no H, sample has

a similar adsorption and dispersion of the Pt precursor as over TiOz, which leads to a similar HER

behavior over TS2 and TSO. When the samples were reduced before HER (WI - H») the deactivation
and Pt size increase is low - with and without an SiO; shell.

When no reductive pretreatment is performed on the catalyst containing 0.2 wt.% (In-
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6.2 Deactivation with Pt/TiO» —SiO>

situ PD + WI - no H»), the Pt mobility on TiO7 leads to a size increase and sometimes
agglomeration, which increases the stability of the NPs and lowers the HER activity.
However, these effects alone cannot explain the strong deactivation. It was suggested
that the slow reduction leads to different oxidation states of Pt on the catalyst over time,
which influence the HER activities. The low Pt concentration limits the investigation
of the oxidation states of Pt at different stages during HER - characterization methods

with a higher sensitivity are needed.

With the introduction of an SiO; shell, the deactivation behavior depends on the depo-
sition method. For the in-situ PD sample, ESD was significantly decreased over Pt/TS2
and no significant Pt size increase or agglomeration over time was observed, while in
ex-situ deposition methods without reductive pretreatment (WI - no H>), the deactiva-
tion was found to be similar for the reference catalyst Pt/TSO and the Pt morphology

correlated with the values found over Pt/TSO.

When Pt is reduced before HER (WI - H2), the average Pt size and its changes upon
HER are significantly smaller, as is the deactivation. No agglomeration was observed
in any of these samples. The behavior is similar when an SiO shell is introduced. It
was found in former studies, that the amount of deposited Pt on TiO2 —SiO> is less
than the nominal values, which can be explained with a weak attachment of Pt to the

Si0; surface; either, less Pt is deposited or it leaches during HER.

Overall, it was found that the ESD is connected to the initial dispersion and concentra-
tion of the precursor: A lower concentration and higher dispersion leads to a stronger
deactivation. This is probably because they determine the photoreduction mechanism
and kinetics, which then influence the initial Pt size and Pt oxidation states at different

stages during HER.
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6 Deactivation during HER

6.3 Conclusion & Outlook

In this project, several possibly contributing factors have been investigated on anatase
and core-shell samples with SiO; shells of different thicknesses between 0.15 and 1

nm to unravel the causes for ESD during photocatalytic HER.

It was found that the overall photocatalytic activity decreases with increasing shell
thickness. This has been attribute to a larger size and a lower amount of the deposited
Pt on the SiO7 surfaces, compared to TiOp. However, a correlation of the activity
to the calculated surface area of Pt revealed that SiO; shells up to one monolayer
considerably reduces the ESD, while largely preserving the overall activity for HER.
The decrease in the saturation activity with thicker shells has been attributed to the
agglomeration of Pt nanoparticles on the supports surface which increases the average

travel distance of electrons and diminishes the access to active sites/TPBs.

Importantly, the samples that experienced an ESD during HER also show an increase
of CO generation, which suggests a connection to the oxidation mechanism of the sac-
rificial agent methanol. Experiments of replacing methanol with formic acid, methyl
formate and formaldehyde suggest that the initial reactant adsorption is key to the
oxidation mechanism. In-situ studies are needed to determine the first stages of the

methanol oxidation.

However, later HER studies show that the generation of CO is not always connected to
the ESD of Hp. CO, acting as a catalyst poison, was therefore excluded as the major

contributor to the deactivation.

SMSI related effects between Pt and the support could contribute to changes in activ-
ity. Possible changes in the geometric or the bifunctional effect were investigated by
changing the supports surface and access to TPB with the introduction of an SiO layer.
Neither of these effects were found to be responsible for the ESD. However, postcat-
alytic characterizations, i.e. by TEM, revealed a considerably increase in Pt size and
agglomeration in early-stage deactivating samples. Note that a higher Pt concentration
does not lead to ESD, which is attributed to a higher initial size and agglomeration
and lower Pt mobility. The activity is only slightly higher than over catalysts with a
smaller Pt concentration. Overall, these changes in activity and stability are due to a

faster reduction rate and lower mobility due to the higher Pt concentration.

The effects of Pt size increase, agglomeration and slow reduction on the ESD were
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6.3 Conclusion & Outlook

further investigated by varying the Pt deposition method, including a reductive pre-
treatment of the co-catalyst. The deposition method influences the initial amount and
dispersion of the precursor, which determines its photoreduction mechanism and ki-
netics and consequently affects the size of the Pt NPs. A size increase during HER

correlates with an activity decrease.

In contrast, reductive pretreatment of the samples with hydrogen has resulted in a con-
siderably smaller ESD, although the Pt size increase is comparable. Therefore, the
origin for ESD is rather determined by photoreduction mechanism and kinetics, and
hence the Pt oxidation states during photocatalysis. In-situ FTIR and XPS measure-
ments with higher sensitivity for low Pt concentrations are required to support this

hypothesis.

As a final conclusion, [ was able to identify three ways to stabilize the HER rates: 1) via
areductive pretreatment of Pt on the catalyst to ensure full reduction before photocatal-
ysis; 2) by introducing an ultrathin SiO7 layer, 1.e. a non-reducing metal oxide, which
influences the dispersion and photodeposition mechanism; and 3) through increasing
the Pt precursor concentration, thereby influencing the photoreduction mechanism and

kinetics.
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7 Size selective hole scavenging

Introduction

Pure titania in pure water usually leads to negligible reaction rates during photocat-
alytic water splitting (< 1 mol h™1).127 This is mostly due to the endergonic nature of
the reaction and the fact that the oxidation of 0%~ requires four holes. To achieve suffi-
cient activities, sacrificial agents (SAs), whose oxidation is usually thermodynamically
and kinetically more favorable, are often used. The available substances are mani-
fold, but most commonly simple organic or inorganic substances, such as methanol
or NapS»03, are used. Methanol is the primary SA used in this research group, and
many others, because in general the oxidation is simple: It is oxidized step-wise upon
consumption of holes leading to formaldehyde, formic acid and eventually CO,. Many
studies report that these reactions take place directly on the catalysts surface, via ad-
sorption of a methoxy radical as the first step of the oxidation. However, another
mechanism is often proposed, which includes the generation of OH® radicals, which
can oxidize the SA up to 500 nm away from the surface. 12,170-172,213 Wang et al. have
used in situ sum-frequency generation and found that the dominant reaction - direct or
indirect oxidation of methanol - depends on the ratio between water and methanol: If
the water:methanol ratio is >300, indirect oxidation by OH® radicals is dominant, and
below this value the oxidation predominantly takes place on the surface. 214 However,
the method used in their study is highly advanced, and alternative methods could be
used to obtain if there is a direct or indirect oxidation mechanism dominant in a specific

photocatalytic system.

This part of the work describes how the creation of nanocavities with specific pore
sizes around 1 nm in size may select between organic molecules, used as sacrificial
agents, to determine their oxidation mechanism: Direct oxidation is allowed for some

alcohols, but inhibited for others, whose hydroxyl groups do not reach the surface to
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7 Size selective hole scavenging

HC

H\/\/CHg

HO

A

Figure 7.1: (a) A TiO2-SiO7 core-shell sample, with a nanocavity containing shell; (b) size-selection
of the nanocavities; the OH group of 1-nonanol can access the TiO; catalyst, while the OH group of
5-nonanol is sterically hindered.

(a) (b)

be adsorbed. Those molecules can only be oxidized indirectly, by OH® radicals. This

process can be suppressed by the use of specific solvents.

To test this application, the isomers 1-nonanol and 5-nonanol were chosen as SAs.
They have a similar structure with just the hydroxyl group on different positions; the
branched structure of the latter is expected to sterically hinder its diffusion through the
nanocavity, thus allowing for oxidation via OH® only. In some studies, the formation
of OH® radical was prevented by the use of acetonitrile (aCN) as a solvent, as it is
known to significantly decrease the lifetime of OH®. It is further suitable to dissolve
many organic substances, such as nonanol, and it is not competitively oxidized by
Ti02.215_217 It has also been found that, in the presence of acetonitrile, heteroatomic

sites, such as -OH groups, are more efficiently oxidized than C-C or C-H bonds. 218

Before HER, it will be verified that the nanocavities discriminate between the two
SAs. Then, the ratio of water:aCN and water:SA will be varied to find optimum values
for the HER application; enough water to create sufficient amounts of Hp, while still
destabilizing OH® radicals and keeping the nonpolar SA dissolved; and low enough
H>O and SA concentrations to minimize intermolecular interactions that might further

inhibit the SAs from entering the nanocavities.

The aim of this project is to provide a proof-of-concept: To show that the discrimina-
tion between different SAs can be deduced from the HER activity, and that nanocavities

containing shells can be used to investigate the dominant oxidation mechanism - direct
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7.1 Size selection properties of the nanocavities

or indirect - in a specific photocatalytic system.

The nanocavities samples have been created by grafting templates, i.e. 4-tert-butylcalix-
[4]arene, on the surface of anatase nanoparticles. A stepwise sol-gel process was

used to deposit ultrathin insulating SiO; layers with a thickness between 0.5 and 1

nm around the templates. The templates were removed by low-temperature calcina-

tion at 325°C. A detailed description of the process can be found in former chapters

(subsection 3.1.2).

7.1 Size selection properties of the nanocavities

Size selective PC:

@50 ml aCN ® US:60s @ Manual controller
mM 1-nonanol/5-nonanol Water cooling ml sampling

V: 365 nm D FTIR anaysis

i Y 1 .! ‘i '
— ; 1ie o — i g &
& g a3 g = § g 3 3
o a9 = v i S .8 =3
@ L S ia & @ [ " T aa 1=
Q o i g c! o [ I 2 ic <
5 s ai s 2 5 Lo o o 2 k=
- ' L O.\\'g dg] - Vo ' TEE ] F
8 g e g il g 8 g = g o e g
S -8: 2 o —1-Nonanol S > 8 a —>5-Nonanol
¥ g‘- 3 8! 1-Nonanol after 6h of UV o 2 '3 % : 5-Nonanol after 6h of UV
T T Z ~—1-Nonanol after 6h of PC ;ﬁ [ z ~—5-Nonanol after 6h of PC
o 10 % S —pure aCN after 6h of PC S o S —pure aCN after 6h of PC
3800 3600 3400 3200 1800 1600 1400 1200 4000 3800 3600 3400 3200 1800 1600 1400 1200
Wavenumber [cm'1] Wavenumber [cm'1]

(@ (b)

Figure 7.2: FTIR spectra of nonanol in acetonitrile; (a) 1-nonanol and (b) 5-nonanol before and after
illumination without and with a catalyst for 6 hours.

To examine the nanocavities towards their size selective properties, 20 mg of the cata-
lyst powder was suspended in a 5 mM solution of 1-nonanol or 5-nonanol and illumi-
nated with UV light (Thorlabs LED, 365 nm) in a photocatalytic reactor which allows
the extraction of a liquid sample portion of 2 ml with a syringe (0.45 ym syringe
filter were used to separate the powder from the solution). The experiments were per-
formed with Anatase = Anag,, AG049 = TgrS4NC, AG089 = 2"“Ty,S4NC and AG090

= Tg,S6MC as catalysts, and a sample portion was taken out every hour and the sample
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7 Size selective hole scavenging

was analyzed in a thin cell build for FT-IR transmission measurements. The cell has a

thickness of 200 ym.

The spectra of 1-nonanol and 5-nonanol in pure acetonitrile and the respective prod-
ucts after 6 hours of UV illumination without and with 20 mg of the catalyst are shown
in Figure 7.2. Please note that no water was added to the system, but a low amount
of water may be present in the solvent (< 30 ppm); and that this solution was not de-
gassed, and molecular oxygen can react with the reactants during the photocatalytic
oxidation.2!® The peak at 3540 cm™ is assigned to the OH groups of nonanol, while
the OH peaks next to at, around 3630 cm™! may stem from the reaction of the product
with the HCN in acetonitrile or from the carboxylic acid product from 1-nonanol or

I are assigned to

from fragments of 5-nonanol.?20 The small peaks around 3200 cm™
products from conversion of the solvent acetnitrile. The peak at 1722 cm™! is from
carbonyl groups of the oxidized alcohols, while 1680 cm ™! may be from C=0 vibra-
tions from the carboxylic acid, as it is only visible for the 1-nonanol products (marked
with an asterisk *). These peaks are shifted to slightly lower wavenumbers, possibly
due to the solvent effect. 22! The peaks around 1635 cm~! and 1200 cm™! may be from
reactions of the products with the solvent or HCN, but which reaction is not yet clearly
defined; the vibrations may be from either N-H or C=N bonds and from C-N bonds,

respectively. 222

Figure 7.3 show the time plots of the intensity of the 1722 cm ™! peak which develops
during the PC reaction in pure aCN. According to this plot, there is no conversion with-
out an SA or without a catalyst. It also shows that the nanocavities in the shell do not
discriminate 1-nonanol (graph a). Tg,S4™C and ?"Tq,S4NC slightly discriminate 5-
nonanol, but the effect was not sufficient (graph b). Due to this, I synthesized Tg,S6NC,
which includes two more steps of SiO» deposition and therefore a thicker shell (1 nm
vs. 0.8 nm). As can be seen, its discrimination against 5-nonanol is more efficient

6NC

than Tg,S4NC; only 1/6 of the molecules get converted. For this reason, Tg,S was

chosen as the nanocavity sample to be used in the following HER experiments.

Photocatalytic HER requires water and therefore the discrimination of the nanocavities
was tested again after adding 10% H2O to the solution of nonanol in acetonitrile. The
results can be seen in Figure 7.4: The addition of water clearly decreases the conversion
of 1-nonanol over the NC sample, which might be due to interactions of the alcohol
with water molecules, i.e. a solvation of the hydroxyl group. It partly inhibits the

access of the hydroxyl group to the TiO; surface, and the conversion is decreased by
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7.2 Size selection of sacrificial agents during HER

Size selective PC:

® 50 ml aCN 3 ® Manual controller

@ no SA/5 mM 1-nonanol/5-nonanol i ml sampling
@ no catalyst/20 mg Anag,/TS4Y/TSEN® @ UV: 365 nm TIR anaysis
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Figure 7.3: Conversion of 5 mM of nonanol in pure acetonitrile with different catalysts; (a) shows how

1-nonanol is converted over pure TiO7 and the nanocavity samples without inhibition due to the cavities;

(b) shows how 5-nonanol is converted less over the nanocavity samples, because it is sterically hindered

and cannot enter the cavities. While Tg,S4™C hinders the molecule only slightly, a thicker shell, as in
Tg,S6NC, increases the inhibition of the conversion.

more than 50%. For 5-nonanol, the extend of this effect is similar: only 1/12 of the

molecules get converted, half as much as before the addition of H,O.

In conclusion, the introduction of a SiO> shell of a minimum thickness of 1 nm, that
contains nanocavities of an average diameter of 1 nm, it is possible to discriminate be-
tween two alcohols: 1-Nonanol can enter the nanocavity, while 5-nonanol cannot enter
and shows a greatly reduced activity. The addition of water reduces the conversion for
both alcohols over the nanocavities, due the solvation of the hydroxyl group by H,O.
It was shown, that the alcohols can only be oxidized directly on the surface of TiO3,
due to the destabilization of OH® radicals in acetonitrile, with and without 10% H»O.

7.2 Size selection of sacrificial agents during HER

A set of experiments were performed to establish the optimum parameters for size
selective HER: 5 mg of catalyst powder was dispersed in 2 ml of a solution of acetoni-
trile with either 50% or 10% H»O and 5% (maximum amount that is miscible in a 1:1

acetonitrile:water solution), 1% or 0.08% (equal to 5 mM) of the sacrificial algent.223
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7 Size selective hole scavenging

Size selective PC:

® 50 ml aCN with 10% H,0

@ 5 mM 1-nonanol/5-nonanol
@ 20 mg Anag,/TS6NC
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Figure 7.4: Conversion of 5 mM nonanol in acetonitrile with 10% H»>O with different catalysts; (a) the
conversion of 1-nonanol is slightly inhibited for the nanocavity sample Tg>S6™C, due to the formation
of a solvation shell of the hydroxyl group; (b) the conversion of 5-nonanol is similarly inhibited further
due to solvation.

Size selective HER:
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Figure 7.5: Photocatalytic hydrogen evolution with 5% of the sacrificial agents 1-nonanol and 5-nonanol
and with different catalysts in acetonitrile with (a) 50% HO and (b) 10% H>O. The introduction of a

nanocavities containing shell does not lead to significant differences in the HER.

The suspension was ultrasonicated for 60 seconds and placed in a 5 ml reactor, which

was watercooled with 15° and illuminated from the side. The reactor was flushed with

Argon for 10 minutes before the reaction and a small gas sample was extracted every
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7.2 Size selection of sacrificial agents during HER

30 minutes with a syringe and analyzed in the GC.

The first set of experiments was done in acetonitrile with 50% H»O and 5% of the SAs
and can be seen in Figure 7.5a. As can be seen, the nanocavities sample did not lead
to different H» amounts for the two SAs. Since the determined error of this method
is 0.1 umol - g1, no significant differences in Hp generation have been detected. It is
possible that the high concentration of water leads to intermolecular interactions with
the hydroxyl group of nonanol or competitive adsorption on the catalyst’s surface,

inhibiting its oxidation over each catalyst.

However, when the amount of water is lowered to 10% the differences are even smaller
for both catalysts and both SAs (see Figure 7.5b). The high water content is therefore
not the cause for the lack of size discriminating effect. Another possibility is that the
high concentration of SA leads to a limitation in miscibility in the aCN/water mixture

and therefore an inhomogeneous suspension.

Size selective HER:

@ 2 ml aCN with 10% H,O @® US:60s @ Manual controller
mM 1-nonanol/5-nonanol © Water cooling 2 ml sampling

® 5 mg Anag,/TSENE @ UV: 365 nm @ GC anaysis
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Figure 7.6: Photocatalytic hydrogen evolution with (a) 1% and (b) 5mM of the sacrificial agents 1-

nonanol and 5-nonanol and with different catalysts in acetonitrile with 10% H»O. The introduction of a

nanocavities containing shell leads to small differences, that are not easily distinguished due to the low
overall activity.

A lower concentration of SAs was chosen for the following experiments. The gen-
erated Hy amount with 1% of SA can be seen in Figure 7.6a. For 1-nonanol, the

nanocavity sample slightly decreased the activity by 40% compared to pure TiO> after
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7 Size selective hole scavenging

3 hours of PC. A similar relative difference in activity can be seen when 5-nonanol was
the SA.

The SA concentration was lowered further to 5 mM, similar to the discrimination ex-
periments in the former section (see Figure 7.3). The HER results can be seen in
Figure 7.6b: Again, there was only a slight difference in Hp production for the differ-
ent SAs when nanocavities samples were used: For 1-nonanol is was decreased by 1/3,

and for 5-nonanol by 1/2, but the absolute differences are rather small.

Considering the low activity of the system, it is possible that the sensitivity of the de-
tection is too low to get reliable quantitative results. While I did not define the standard
deviation of the blank, the standard deviation of the measurements and the detection of
the blank are around 0.1 umol - g_1 after 3 hours. The limit of quantification was deter-
mined to a minimum activity of 0.5-1 ymol - ¢! after 3 hours, which is not met in the
systems with 1% and 5 mM of SA. While it was verified that 1-nonanol and 5-nonanol
are good choices of reactants for size discrimination with nanocavities, they are not
efficient SAs for photocatalytic HER: When methanol is used, the order of magnitude

of detected Hj is two orders of magnitude higher (not shown).

7.3 Conclusion and Outlook

This work has shown that metal oxide catalysts can be made size selective by deposit-
ing an ultrathin nanocavities containing layer on the surface, without leading to diffu-
sion limitations. Due to the discrimination of molecules of a certain size (< 1.4 nm),
or with a sterically non-hindered structure, only specific reactants have access to the

photocatalytically active surface where they can adsorb and undergo redox reactions.

It was also shown that the size selection is decreased, though still significant when 10%
water is added to the system, which increases the hydrodynamic radius and inhibits the

oxidation over nanocavities containing samples by 50%.

It was found that 5% of SA is too high to observe size discriminating effects during
HER. Though with lower SA concentrations size discrimination was determined, the

HER activity was too low to observe significant results.

In summary, it was shown that there is a discriminating effect for the oxidation of

the alcohols 1-nonanol and 5-nonanol, but it was not possible to observe this size
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7.3 Conclusion and Outlook

discrimination by measuring the product of the complementary redox reaction, the

reduction of H*, due to the low activity.

To increase the activity, a more efficient SA has to be found. It has to fulfill several
requirements; it needs to have a fitting redox potential to act as an SA for HER; it needs
to be available in two forms with a similar redox potential, where one form is sterically
hindered, while the other can pass through the nanocavity; it needs to be miscible with

acetonitrile that contains 10% water.

Another possible approach would be to introduce a noble metal co-catalyst which gen-
erally increases the HER activity. It must be considered that this co-catalyst, deposited
as nanoparticles, will fill some of the nanocavities. A sufficient amount of nanocav-
ities must stay empty for the SA oxidation reaction to occur on the bottom of the
cavities, which could be achieved by adjusting the concentration of the co-catalyst.
This approach can be easily adapted to the current system and will therefore be used

for investigations in future studies.
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Appendix

Characterization of core-shell nanoparticles

TEM images of core-shell samples after upscaling the sol-gel synthesis

() (€9) ()

Figure A.1: Transmission electron microscopy (TEM) images of sol-gel TiO, —SiO; core-shell nanopar-

ticles after upscaling the synthesis. (a) 2-step sample ?“Tg>S235° has a thicker shell than Tg,S255°;

(b) 4-step *"Tg,S4755, is similar to TgyS47S5,; (c) 1-step T7oS155] has no visible layer; (d) 2-step

T70S285> and (e) 3-step T70S335° have a patchy, visible layer, (f) 4-step T70S4757, and (g) 5-step

T7OSS?E% have a thicker, more homogeneous layer that is a bit more patchy than in “core-shell SG set
17; (h) is a pure SiO reference sample.
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PL emission spectra
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Figure A.2: Emission spectra of (a) the sample suspensions in pure water upon laser illumination at 378
nm; (b) terephthalic acid solution after Xe lamp illumination at 315 nm of selected sample suspensions

of samples T7(S03° and T7(S67¢s, . each measured three times.

PL emission peak fits
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Figure A.3: Gaussian peakfits performed on photoluminescence emission spectra of (a) T7OSOS%6 and

(b) T70822%6. While those samples show the highest differences in PL lifetimes, their emission spectra
are very similar, as are the peaks that were fitted to the signal.
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EDX example spectrum

The EDX results show a) absence of any foreign impurities (Figure A.4), b) Si is well
distributed over the entire sample and c) Si content increases with increasing number

of steps.

x10°
25 B Ti Ka
2 L
8151
c O Ka
- TiLa
o
(&)
Ti KB1
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J VL N Cu KB1

0 2 4 6 8 10
Energy [keV]

Figure A.4: Energy dispersive X-Ray spectrum of sample T9284§g§b .
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XPS details and survey spectra

The chemical composition of the samples was obtained with X-ray photoelectron spec-
troscopy (XPS) using a custom-built SPECS XPS-spectrometer equipped with a mono-
chromatized Al-Ko X-ray source (u 350) and a hemispherical WAL-150 analyzer (ac-

ceptance angle: 60°).

All samples were mounted onto the sample holder using double-sided carbon tape.
Pass energies of 100 eV and 30 eV and energy resolutions of 1 eV and 100 meV were
used for survey and detail spectra, respectively (excitation energy: 1486.6 eV, beam
energy and spot size: 70 W onto 400 um, angle: 51° to sample surface normal, base

pressure: 5 - 10719 mbar, pressure during measurements: 2 - 10~ mbar).

To reduce charging effects, a broad-spot low energy electron source (SPECS FG 22
flood gun) was used for charge compensation in some samples. Data analysis was per-
formed using CASA XPS software with Shirley backgrounds. Charge correction was
applied so the adventitious carbon peak (C—C peak) was shifted to 284.8 eV binding

energy (BE) 224,

Table A.1: Details about peak positions and full width half maxima (FWHM) of the Ti 2p and Si 2p
signals measured via XPS of sample set 2.

Ti 2p peak position Ti2p FWHM Si 2p peak position SI 2p FWHM

Sample
[eV] [eV] [eV] [eV]
Anayg 458.66 1.06 - -
T7S155° 458.72 1.03 102.32 0.84
T70S250" 458.76 1.05 102.44 1.16
T70S4755, 458.74 1.38 103.12 1.42
T70S6705, 459.09 1.37 103.25 1.63
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Figure A.5: Survey XPS spectra of the samples a) TS0, b) TS2, ¢) TS4, d) TS8 of sample set 1
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Figure A.6: Survey XPS spectra of the samples a) TS0, b) TS1, c¢) TS2, d) TS4, e) TS6 and f) S1 of
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Figure A.7: Np physisorption isotherms and t-plots of sample set 1; (a) and (b) are the isotherms and

t-plots of TS0, respectively; (c) and (d) are the isotherms and t-plots of TS1, respectively; (e) and (f)

are the isotherms and t-plots of TS2, respectively; (g) and (h) are the isotherms and t-plots of TS3,

respectively; (i) and (j) are the isotherms and t-plots of TS4, respectively; (k) and (1) are the isotherms
and t-plots of TS5, respectively;
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Figure A.8: Ny physisorption isotherms and t-plots of sample set 2; (a) and (b) are the isotherms and

t-plots of TS0, respectively; (c) and (d) are the isotherms and t-plots of TS1, respectively; (e) and (f)

are the isotherms and t-plots of TS2, respectively; (g) and (h) are the isotherms and t-plots of TS3,

respectively; (i) and (j) are the isotherms and t-plots of TS4, respectively; (k) and (1) are the isotherms
and t-plots of TS5, respectively; (m) and (n) are the isotherms and t-plots of TS6, respectively;
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Original UV-vis reflectance data
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Figure A.9: Original data of the spectroscopic analysis to quantify the amount of calixarenes
chemisorbed on the surface of Anag, after different synthesis methods.
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Figure A.10: Original DRS UV-vis reflectance data of sol-gel core-shell samples; (a) set 1; (b) set 2.
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Deactivation with Pt/TiO> -SiO>

Pt surface area

Determined values of the determined surface area of Pt NPs can bee seen in Table A.2,
which were calculated according to the following equation:

m
Aot = Apg -N= — (A.1)
e-r

where Ayt is the total surface area, Ay is the surface area of one hemispherical
nanoparticle, N is the determined amount of nanoparticles, m is the measured mass

of Pt, r is the mean measured radius, and p is the density of Pt.

Further details about the calculation can be found in section 3.4.2.

Table A.2: The platinum amount determined via Total Reflection X-Ray Fluorescence (T-XRF).The Pt
diameter was determined from TEM images (15 particles). The calculated surface area (A) used in an
HER experiment is displayed in the last column.

Pt amount Size Calc. A

Sample

[wt.%] [nm] 1073 [m?]
Pt/TSO 0.20 + 0.02 17403 22402
PY/TSI 0.22 +0.02 20+05 2.1+£02
Pt/TS2 0.12 4 0.01 2.1 +04 1.140.1
PY/TS3 0.16 + 0.02 23+0.7 13402
PU/TS4 0.10 + 0.01 2.7+0.7 0.7+0.1
PY/TS5 0.10 + 0.01 2.6 +£0.6 0.7+0.1
Pt/TS6 0.11 +0.01 3.0+£09 0.7+ 0.1

201



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Bibliography

HER activities of sample set 2

Table A.3: The activities at the maximum point and after 2.5 hours of illumination for each sample are
displayed in this table. The activities normalized with the calculated Pt surface area as seen in Table 6.2
are shown as well.

Max. H activity ~ After 2.5 hours = Max. H; activity norm.  After 2.5 hours norm.

Sample
[1mol - h‘l] [umol - h‘l] [wmol - h1 m‘z] [1mol - h! m‘z]

Pt/TSO 365 + 37 162 +£2 1663 + 170 739 £5
Pt/TS1 163 £ 15 121 £13 794 £ 74 589 £ 64
Pt/TS2 89 £2 76 + 8 832 +24 709 + 78
Pt/TS3 65+2 53£2 497 + 14 411 £ 18
Pt/TS4 28+6 23+0 409 £ 92 329 £2
Pt/TS5 17+ 1 12+2 236 + 12 163 + 28
Pt/TS6 16 £5 10£2 240 + 66 148 £ 33

Table A.4: The activities at the maximum point and after 2.5 hours of illumination for each sample are
displayed in this table. The activities normalized with the calculated Pt surface area as seen in Table 6.2
are shown as well.

Max. CO; activity After 2.5 hours Max. CO activity After 2.5 hours
Sample [umol -h1] [umol - h71] [umol - hIm2] [umol - h1m2]
Pt/TSO 1.93 £0.277 1.68 £ 0.229 0.28 £ 0.069 0.39 £ 0.083
Pt/TS1 1.08 + 0.06 1 £0.082 0.13 £ 0.04 0.18 £ 0.039
Pt/TS2 0.83 £ 0.269 0.7 £ 0.083 0.04 £ 0.03 0.01 £ 0.008
Pt/TS3 0.59 £ 0.057 0.59 £+ 0.027 0.07 £ 0.04 0.1 £0.031
Pt/TS4 0.46 £ 0.057 0.36 = 0.131 0.03 £ 0.026 0.04 £ 0.023
Pt/TS5 0.44 + 0.063 0.19 £ 0.01 0.11£0 0.1 £0.016
Pt/TS6 041 £0.114 0.18 £ 0.039 0.13 £+ 0.066 0.12 £ 0.054
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