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Abstract

Abstract

Photocatalytic water splitting is a promising way to produce hydrogen, which could serve as
an eco-friendly fuel produced from renewable energy sources like the sun. TiO, is one of the
most widely used photocatalysts, but it can only utilize UV light, which constitutes only a very
small part of the whole spectrum of natural sunlight. To produce photocatalysts that utilize
the solar spectrum more efficiently, it is necessary to modify TiO, and make it visible light
active. In this project, vanadium-modified TiO, photocatalysts with 1at%-, 5at%- and 25 at%
V were produced to investigate the role of V-species as a visible light absorber as well as their
possible role as a co-catalyst. For V-concentrations of 5at%- and 25 at%, the resulting catalysts
consisted of composites between TiO9 and V505 while no individual VO, compounds could be
detected for the low-concentration 1at%-samples. All of the samples showed an improved visible

light absorption.

The catalysts were tested for their photocatalytic activity towards OER and HER under UV
light in order to investigate the ability of the V-species to act as a co-catalyst. Their role as
a light absorber was analysed with HER experiments under visible light with the addition of
Pt. All experiments were performed using a sacrificial agent for the respective complementary
reduction and oxidation reaction. While none of the synthesized catalysts was active under
UV light, the sample with 5 at% was able to produce hydrogen under visible light illumination,
contrary to unmodified anatase. Due to the formation of a heterojunction between the two
oxides, the V505 in the composite structure was able to act as a light absorber, transferring

excited electrons into TiOy where they could then react with protons to form H,.
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Zusammenfassung

Zusammenfassung

Photokatalytische Wasserspaltung ist ein vielversprechender Weg um zukiinftig Wasserstoff als
umweltfreundlichen Treibstoff aus erneuerbaren Energiequellen wie natiirlichem Sonnenlicht
zu produzieren. TiO, ist einer der am weitesten verbreitetsten Photokatalysatoren, aber in
seiner unmodifizierten Form kann TiO5 nur UV Licht zur Photokatalyse nutzen und dieses
stellt nur einen geringen Anteil am gesamten Spektrum des natiirlichen Sonnenlichts dar. Um
Photokatalysatoren herzustellen, die natiirliches Sonnenlicht effizienter nutzen kénnen, ist es
notwendig Titandioxid zu modifizieren und es im sichtbaren Bereich des Lichts aktiv zu machen.
Im Zuge dieses Projekts wurden Vanadium-modifizierte TiO, Photokatalysatoren mit 1at%,
5at% und 25at% V hergestellt und die Rolle der V-Spezies als Ko-Katalysator sowie als
Lichtabsorber wurde untersucht. Bei einer V Konzentration von 5at% und 25at% entstanden
dabei Komposite aus TiO, und V5,05, wihrend keine VO, Verbindungen fiir die 1at% Proben
nachgewiesen werden konnten. Alle Proben wiesen eine verbesserte Absorption im sichtbaren
Bereich des Lichts auf.

Die Katalysatoren wurden in OER und HER Experimenten unter UV Licht analysiert, um die Ak-
tivitdt der V-Spezies als Ko-Katalysator zu untersuchen. Die Rolle als Lichtabsorber wurde mittels
HER Experimenten unter sichtbarem Licht und unter der Zugabe von Pt als zusétzlichem Ko-
Katalysator getestet. Alle Experimente wurden mit einem Elektronendonor/Elektronenakzeptor
fiir die jeweilige komplementére Reduktion oder Oxidation durchgefiihrt. Keiner der produzierten
Katalysatoren zeigte Aktivitat unter UV Licht, allerdings konnte die Probe mit 5at% V, im
Gegensatz zu unmodifiziertem Anatas, unter Beleuchtung mit sichtbarem Licht Wasserstoff
produzieren. Aufgrund der Ausbildung eines Heteroiibergangs zwischen den beiden Oxiden,
konnte V5,05 als Lichtabsorber agieren und angeregte Elektronen auf TiOq tibertragen, wo diese

dann mit Protonen zu H, reagieren konnen.

iii
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Introduction

One of the biggest challenges of the 21st century is an ever-increasing global energy demand,
caused by rapid population growth and the industrialization and modernization of developing
countries. Advancing globalization leads to increased energy consumption as more and more
people are getting access to faster transportation and more consumer/luxury goods. So far, the
consumption of non-renewable resources was able to cover the rising demands, however, it is
clear that this strategy is not sustainable forever and is causing massive problems like climate
change and overexploitation of earths resources. The Global Footprint Network collects data
about the consumption of resources from many countries worldwide and summarizes the data
into the ecological footprint which is a measure for how much global land area is needed to
produce the required resources and take up generated waste. Fig. 1.1 shows the evolution of
the worldwide ecological footprint over time [1]. It also shows the worldwide biocapacity which
represents the amount of land which the ecosystems can regenerate. The graph shows that the

demands for land surpassed the renewable amount in the early 1970s. Our current consumption

World
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=
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U
2 1
[
o
£
=
z
05
0
> DO A DA D DDA DD DG D DD DD DD O D
B 0 B S G G B B o B S o P S S S S S S
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— Ecological Footprint — Biocapacity @ Ecological Deficit
@ Ecological Reserve

Global Footprint Network, 2021 National Footprint and Biocapacity Accounts
Figure 1.1: Evolution of the ecological footprint over time. Since approx. 1970 the required amount of land

area exceeded the total available land area of our planet [1].

of resources would require between 1.5 and 2 whole planets to sustain long-term.

One way to decrease this ecological deficit is through the development of new, more eco-friendly
and less resource-consuming technologies. In the energy sector, this can be achieved through

further developing and adopting renewable energy sources like wind, water, geothermal heat or
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Introduction

light from the sun in contrast to the currently predominating method of burning fossil fuels like
oil, coal or gas. Additionally, the burning of these fuels has led to a strong increase of greenhouse

gases in our atmosphere which is the main cause for human made climate change [2, 3.

1.1 Renewable Energy and Climate Change

Human-made climate change has caused the global average surface temperature to rise very
rapidly in the last few decades compared to previous temperature changes. Since 1970, the
global average temperature has increased by approx. 1°C [2]. This causes the melting of polar
ice caps, warming of the oceans and rising sea levels which in turn increases the likelihood for
extreme weather events like floods, droughts, hurricanes and heat waves [2]. Big climate changes
have already occured in earth’s history, e.g. reoccurring ice ages, and these time periods have
always been disruptive, causing extinctions or mass movements of many species. However, the
human made climate change is occurring exceptionally fast, making it difficult or impossible to

adapt.

The increase in global atmospheric temperature can be explained by the greenhouse effect,
which is caused by the emission of greenhouse gases into the atmosphere. These gases trap
infrared radiation emitted from the earth, which would normally allow it to cool down [4].
This keeps heat inside the atmosphere, causing global warming. Several gases are considered
greenhouse gases, like e.g. HyO vapour, CO,, NyO, CH, or chlorofluorocarbons, which all
contribute differently depending on their persistence in the atmosphere and relative amount [5].

The biggest contributor by far is CO4 which is mainly produced by the burning of fossil fuels [5].

Technical RE Potential can
supply the 2007 Primary Energy

Demand by a Factor of: 0-25

2650 Total Technical RE Potential

51-75 in E}/yr for 2050 by

16-10 Renewable Energy Source:

1 10-125 =

m— 126-15 < B
= 151-175 energy S9R!
—176-20 Ocein World
m— 201-225 11,941
- 75-75 El/yr
- 550
 OverS0

Figure 1.2: The renewable energy (RE) potential worldwide, by energy source. The gray areas represent the
factor by which the potential is bigger than the demand [6].
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Introduction

In order to reduce CO5 emissions it will be necessary to move away from non-renewable energy

sources and develop more eco-friendly and renewable technologies for energy production.

The main sources for renewable energy come from solar, hydro, geothermal and wind power.
Fig. 1.2 shows the total renewable energy potential for different regions worldwide as estimated
by the International Panel on Climate Change and based on data by Krewitt et al. [6-8]. The
graphic shows that the biggest potential lies in utilizing the solar energy, radiated onto the earth.

Fig. 1.3 by Crabtree and Lewis shows the three main paths to capture solar radiation and
convert it into useful energy [9]. These consist of the generation of electric power via solar cells

and photovoltaics, thermal power with the use of solar thermal collectors and the synthesis of

i

solar fuels via photocatalysis.

H-0
‘q,’/~. Electrons Q, )
—lp
— o
Hales = )
5 Sugar

. 400-3000 °C
Natural i S0-200 °C Heat engines,
phmos}-mhesi_-: Artificial Space, water electricity generation,

(biomass) photosynthesis heating industrial processes

Solar electric Solar fuel Solar thermal

Figure 1.3: The three main pathways how to convert light energy and store it in useful, useable forms [9].

The generation of solar fuels like hydrogen via water splitting or methane gas via CO, reduction
could deliver transportable fuels with a high energy density and therefore provide a method of

powering growing energy demands in a renewable and eco-friendly way.
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1.2 Motivation and Aims

The following work was performed in the field of photocatalysis/photosynthesis, two terms which
are often used interchangeably, although they describe different processes. More precisely, the
work focused on the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER),
which are the two parts of the water splitting reaction. This process utilizes water and light
energy to produce hydrogen, which could be used as an alternative fuel, and oxygen. In contrast
to the burning of fossil fuels, which produce harmful greenhouse gases like CO4 or NO,, the

burning of hydrogen only produces water as a waste product.

In order to make this technology viable on an industrial scale, catalysts with a sufficient activity,
meaning hydrogen production, have to be developed. TiO, is one of the most promising materials
used in photocatalysis because it is cheap, non-toxic, chemically stable and abundant. However,
the photocatalytic activity of pure TiO, is too low to be used in the industry, which is why a lot of
studies have been performed to improve pure TiO4 via the addition of other materials. Previous
studies have found that the addition of noble metals like Pt or Pd as so called co-catalysts can
significantly boost the water splitting activity of TiO,. However, due to the rarity and cost of
noble metals, efforts have been made to move away from them and develop another catalyst

with a comparable activity using only abundant metals, e.g. first-row transition metals.

In the present work we chose to modify TiO, anatase powder with the transition metal vanadium.
V has many different stable oxidation states, which could be helpful for catalysing the different
oxidation and reduction reactions that can happen in the water splitting process [10]. Additionally,
it was one of the few first-row transition metals which hasn’t yet been studied as a co-catalyst
to titanium dioxide in our research group. Our aim was to modify anatase powder using a very
simple process with a V precursor without the use of organic solvents and then test the produced

catalysts for their respective hydrogen and oxygen evolution activities.

To study the ability of the resulting V-species to act either as a co-catalyst or as a light-absorber,
samples with different concentrations were produced. The co-catalyst role was studied by adding
a low amount of V (1at%) and to study the role as a light absorber the samples were modified
with a higher V-loading (25at%). Additionally, another sample with an intermediate amount of
V (5at%) was also synthesized to study the effect of V-concentration on the two aforementioned
roles. Furthermore, the influence of V precursor and calcination temperature were examined as

well.
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2.1 Photocatalysis

Photocatalysis is a type of catalysis, where photons are used to drive or accelerate a chemical
reaction. The wavelength of the photons typically lies in the range of ultraviolet (UV), visible or
infrared (IR) light. Since natural sunlight consists of photons from this region a lot of research is
conducted to create photocatalysts that are able to harness the suns energy. So called photoactive
materials are able to absorb these photons and generate an excited electron (e), paired with
a positively charged hole (h™). These excited free charge carriers can then be used to drive a

redox reaction.

Research on photoactive materials started to increase heavily with the discovery of photo-
electrochemical water splitting in 1972 by Fujishima and Honda [11]. Photocatalysis can be
divided into homogeneous photocatalysis, where both catalyst and reactants exist in the same
phase and heterogeneous photocatalysis, where those exist in different phases. In heterogeneous
photocatalysis the catalyst is most often a solid semiconductor and the interaction between
reactants and catalyst happens at the interface. The work carried out for this thesis exclusively
concerned the field of heterogeneous photocatalysis, so the following discussion will mainly focus
on this branch of the field.

Industrial applications of photocatalysis mainly lie in the removal of pollutants from air, water
or solid surfaces. Photoactive materials can oxidize and decompose organic substances, for
example in waste- or groundwater or in gas exhausts [12, 13]. It can also be used for self-cleaning-
and antibacterial surfaces, where the oxidation ability and superhydrophilic properties of the

photocatalyst are used in conjunction [14, 15].

Another important application is photocatalytic water splitting. Here, water gets decomposed
into hydrogen and oxygen, using the energy provided by the photons. Strictly speaking, pure
water splitting cannot be considered catalysis, since the reaction products (Hy and Os) lie on a
higher energy level than the reagents (H,O). For a catalytic process to occur, the reaction needs
to have a negative change in the Gibbs free energy (AGyeaction < 0) and the role of a catalyst
would be to lower the required energy barrier to activate the process (activation energy) without
getting consumed. But many processes that are typically described as photocatalytic actually
don’t fulfil this criterion because the reaction in the process has a positive AG. These types
of reactions would be better described by the term photosynthesis. Nevertheless, this fact is
most often ignored and processes like water splitting are considered a part of photocatalysis in
literature [16]. For the sake of simplicity, this thesis will also follow this convention and describe

the discussed processes as photocatalytic and the synthesized samples as photocatalysts.
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Photocatalysis could provide yet another way of generating alternative fuels, namely via CO,
reduction or CO,-to-fuel conversion. In this process, CO4 and HyO are converted into higher
hydrocarbons (i.e. solar fuels) and O, under the illumination of light. This technology is
another promising way of tackling problems like climate change and environmental pollution,
by providing ways in which closed-cycle energy systems could be engineered or it could help
establish alternative and cleaner energy sources like hydrogen. In such a system the CO,
generated through the burning of hydrocarbons in any industrial process would get captured
before it is released into the atmosphere and converted back to more useful compounds by
the help of sunlight or other light sources. The problems mentioned in Chapter 1, caused by
the depletion of fossil fuel reserves, have made it more important than ever to understand the
underlying mechanisms of photoactive materials which could help in the design of more effective
photocatalysts, the establishment of hydrogen as an alternative energy source and the recycling

of CO, emissions into the atmosphere.

2.1.1 Electronic properties of semiconductors

Semiconductors (SC) are the main materials used in heterogeneous photocataylsis and they lie
at the heart of many modern technologies including transistors and diodes, which are used in
all modern electronic equipment, LED’s, solar cells and many more. Elements like Si, Ge and
Se, but also compounds like GaAs, CN and TiO, can have semiconducting properties. The
electronic properties of a SC are determined by it’s bandgap which can be described by band
theory. In a covalent bond, the orbitals of the two partners valence electrons overlap, which
creates two new orbitals on a higher and lower energy level respectively. These are called the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).
In a solid, however, the number of orbitals overlapping is many orders of magnitude higher than
that. Because of the Pauli exclusion principle, which states that no two electrons can have the
same quantum state within a quantum system, this leads to many new orbitals, all on a separate
energy level. These energy levels lie so densely together, that their distribution can be regarded

as quasi-continuous.

The overlapping orbitals will form distinct regions of possible energy levels, called bands. Just
as in a single covalent bond the overlapping leads to a HOMO and a LUMO, there are two
bands in solids which are the most relevant for photocatalytic reactions called the valence band
(VB) and the conduction band (CB). The VB will be the energetically highest band which still
contains electrons in the ground state and the CB will be the band above that. The energetic
distance between them is called the bandgap (E,) of the solid. The size of the bandgap and
the distribution of electrons in the bands determine the electronic properties of a material and
if it is considered a conductor, a semiconductor or an insulator. In a conductor, the bands
either overlap (E; < 0eV) or the valence band is not fully occupied. Semiconductors show a
bandgap between 0eV to 4eV and insulators above 4eV. Fig. 2.1 shows an illustration of the
band positions and the electronic density of states (DOS), which is a measure of the number of

possible energy levels per energy interval, in these three types of materials.
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Figure 2.1: The position of conduction and valence band and the electronic density of states for a metal, a
semiconductor and an insulator. E¢ denotes the position of the Fermi-level.

The Fermi-level (Ef) is another way of describing the electronic structure in solid materials. It
is defined as the energy for which the Fermi-Dirac distribution function, which describes the

energy distribution for electrons and all other fermions, is equal to 3 (see Eq. (2.1)).

fE=Ep) = (2.1)

Here, it can be regarded as the hypothetical energy level of a system in thermodynamic
equilibrium for which the probability of it being occupied is exactly 50 % or in other words
the electrochemical potential of the material. For metals, the Fermi-level lies inside of a band,

whereas for semiconductors and insulators, it typically lies in the bandgap.

Energy in the form of heat or electromagnetic waves can promote electrons from the VB to
the CB provided that the incoming energy exceeds the band gap. In the VB, electrons are
called localized because they are bound strongly to the atoms, however, in the CB they are
called de-localized or free charge carriers because they can move freely through the lattice. This
is because electrons in any partially filled band (VB in conductors or CB in semiconductors)
can be promoted to higher energy states with way less energy than electrons in a completely
filled band, because of the quasi-continuous distribution of energy levels. So if an electric field
is applied, the electrons in a partially filled band can use the potential from the electric field
to accelerate, which we perceive as an electric current. For semiconductors this means that
promoting electrons to the conduction band increases their electric conductivity. Photocatalysis
and photoactive materials in general utilize photons in this process, called photoexcitation, to

generate free charge carriers and then utilize these for the oxidation or reduction of reactants.
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Some SC require phonon assistance in order to allow for photoexcitation to occur, because the
crystal momentum (quasimomentum) is different in the ground state and the excited state. This
means that in order to fulfil the conservation of momentum, the transition from CB to VB (and
vice versa) requires a change in the crystal wave vector k which can be achieved with the help of
a phonon. These types of SC, where the VB maximum and CB minimum lie at different values
for k, are called indirect SC, in contrast to direct SC, where the opposite is the case. The typical
representation of the bandgap doesn’t account for this and just displays the values of the global
VB maximum and CB minimum irrespective of k. Due to the fact that an additional phonon is
needed for electron excitation as well as recombination, indirect SC have slower band transitions
which is important for the specific application of the SC (e.g. LED’s are typically made from
direct SC’s).

For a typical semiconductor the bandgap can be overcome by visible or UV radiation. The
excited electron leaves behind a hole in the valence band, which can be described as a positively
charged quasiparticle. Together the electron and the hole form an exciton and since the negative
electron and the positive hole attract each other, an additional energy, the exciton binding
energy, needs to be overcome to produce actual freely moving electrons. But electrons and holes
can also recombine in a process called recombination, thereby giving off the stored energy in
the form of heat (i.e. thermalization losses) or radiation. The mean distance that the charge
carriers can travel inside a specific material before recombination happens is called the diffusion
length and it depends on the lifetime and mobility of the carriers in the material. To increase
the fraction of carriers that reach the surface of the semiconductor the size of the semiconductor

particles is often reduced down to the nanoregime, e.g. nanoparticles or nanorods.

The size of the bandgap determines which photons can be used to generate excitons, but the
absolute energy levels of the band edge positions determine which reactions can be catalysed.
The excited electrons in the conduction band can reduce adsorbed molecules only if the redox
potential of the adsorbed species is more positive than the potential of the conduction band

edge of the semiconductor (Fig. 2.2). The opposite is true for holes, where, in order to oxidise
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Figure 2.2: The band edge and redox half-reaction potentials for a thermodynamically possible reaction.
AE marks the overpotential which is needed to improve the kinetics of the reaction.

an adsorbed species, the redox potential of adsorbed species has to be more negative than the

potential of the valence band edge. This means that in Fig. 2.2 the redox potentials of the
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oxidation- and reduction half-reactions of a particular reaction have to lie in between the band
edges (Eyp and Ecp). But this only considers the thermodynamic point of view. Kinetically, to
achieve high reaction rates, big overpotentials are needed (AE in Fig. 2.2). This increases the
need for larger bandgap semiconductors, but which unfortunately need higher energy photons to

generate excitons, so a trade-off needs to be considered.

Generally speaking, a photocatalytic reaction can be divided into three main steps. The first
is light harvesting, where electromagnetic radiation is used to generate excited electron-hole
pairs, the excitons. The second step is the separation of these two charge carriers and their
transfer to the surface of the catalyst, and the third step is the actual surface reaction of some
reactants consuming the energetic charge carriers (see Fig. 2.3). To keep the diffusion path to
the surface low and thereby reduce the probability for recombination and thermalization losses,
the photocatalytic materials are typically scaled down to the nanoregime. Additionally, these
morphologies provide a high surface area, which can enhance the third step in the process, the
surface reaction, through an increased amount of adsorption sites which are the active sites for

photocatalysis.

AN

Recombi-*,

Figure 2.3: General mechanism of photocatalysis with the three essential steps: (1) Light harvesting, (2)
Charge separation and diffusion to the catalyst surface and (3) Surface reaction. Additionally,
the process of recombination is illustrated.

2.2 TiO, as a photocatalyst

TiO, is a very well-known photoactive material. There are three important modifications: rutile,
anatase and brookite. All three forms are semiconductors with bandgaps between 3.0eV and
3.3 eV but anatase and brookite are metastable modifications. Since anatase is the most studied
and photocatalytically active modification and also the one used during the experiments in this

work, the following discussion will focus mainly on this modification.
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Anatase has a bandgap of 3.2eV [17] which means that it can only generate an exciton by
irradiation with UV light. Advantages of TiO, anatase are its high chemical stability, high
availability, inexpensiveness and non-toxicity [18]. Because of these reasons it is one of the best
studied photoactive materials. It is most often used in the form of nanoparticles, however, the
issue of reclaiming the catalyst after the reaction has lead to the development of supported
systems, where the catalyst is attached to some kind of support. Pure anatase shows two main
drawbacks: first it has a high recombination rate and second it’s bandgap is very large, meaning
that it can only absorb UV light and not visible light. This means that anatase could not be
efficiently used with sunlight where only approx. 4 % of the photons lie in the UV range.

2.2.1 Improving the efficiency of TiO,-photocatalysts

Several approaches have been developed to improve the effectiveness of TiO, or photocatalysts
in general. One approach to address the insufficient light absorption of anatase would be to
directly alter the properties of the bandgap. This can be done in several ways, but probably the
most common one is doping the material with other cations or anions [19-21]. This produces
so called extrinsic SC, in contrast to undoped SC which are called intrinsic. Through doping,
inter-bandgap states are introduced and depending on whether the doped species is an electron
donor or acceptor, these additional levels lie close to the conduction (n-type SC) or valence band
(p-type SC) respectively. The additional energy states also shift the Fermi-level of the material.
For n-type SC Ef moves closer to the CB and vice versa. This reduces the required energy for
an electron to be promoted to a higher energetic state, but the doped species also introduce
lattice defects, which can act as recombination centers. There is usually an optimal dopant
concentration to increase the photon harvesting efficiency while still keeping the recombination
rate low [22]. Other options include valence band control [23], where a big part of O* -anions
are substituted to completely shift the energy level of the valence band, or photosensitization
[24], where the TiO, is combined with a visible light active dye that injects excited electrons
into the solid TiO,.

A different strategy to improve the overall efficiency is via the introduction of a second material,
creating so called heterojunctions. Typically, heterojunctions are interfaces between the primary
photocatalyst and another SC, a metal or some form of nanocarbon. When a heterojunction
forms, the Fermi-levels of the two materials align, leading to band bending and shifts in the
relative positions of the bands [25]. A difference in the CB-levels could lead to the physical
separation of excited electrons and holes if one species will preferentially move to one material
while the other stays behind. This can allow for an improved extraction of the electrons and
thereby reduce recombination. E.g. in the case of TiO, it was discovered that a mixture of
anatase and rutile is more active than the individual components [26]. The heterojunction
between anatase (E; = 3.2eV) and rutile (Eg = 3.0eV) helps in the separation between charge

carriers and thereby enhances the lifetime of excitons.

Co-catalysts are another often-used strategy to improve the catalytic properties of anatase or
other semiconductors [27, 28]. For example Pt is often used to improve the water splitting

activity of TiOy [29]. The Pt is added as small nanoparticles on the surface of TiO, and these

10
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particles can trap electrons out of the substrate and provide active reduction sites for protons in
the reaction mixture. In general co-catalysts can provide active sites for the separate oxidation
and reduction reactions, through lowering the activation energy required for a specific reaction,
or they can extract charge carriers out of the primary semiconductor, thereby increasing the

lifetime of excited states.

Alternatively, the activity of a pure SC can generally be improved by improving the availability
of active reaction sites, meaning to increase the available surface area [30, 31]. Since all reactions
with the photocatalyst have to happen on its surface, increasing the surface area, leads to an
increase in available reaction sites. In addition to that, the increase in surface area will reduce

the diffusion length of excited electrons and thereby reduce recombination.

2.2.2 V-modified photocatalysts

Titanium and vanadium are neighbours in the periodic table (atomic number Ti: 22 / V: 23)
and their electronegativities (Ti: 1.54/ V: 1.63) as well as ionic radii (Ti*": 61 pm / V**: 58 pm
/ Vot 54 pm [32]) are quite similar. The TiOqy-catalysts used in the present work were modified
with vanadium in several ways, so the following section will present a few examples of work
that has previously been done on V-modified catalysts. Vanadium oxide based catalysts are
well known in thermal catalysis. One prominent example is the production of sulfuric acid
which is industrially realized with the help of a V,O5-based catalyst in the so called contact
process, where the vanadium oxide oxidizes SO, to SO3 under the formation of V,0,, which is
then oxidized with oxygen back to V,05. But also other industrially relevant processes like the
oxidation of chlorinated organics or reduction of NO, with NH; use vanadium oxide catalysts to
increase selectivity or efficiency [33, 34]. In the examples above, the catalysts are most often
supported on semiconductors, like for example V,05 on TiO, [35, 36]. Depending on the amount
of V in the catalyst, it typically forms either two-dimensional layers of vanadium oxide species
(sub-monolayer coverage) or it can also form crystalline V,05 (over monolayer coverage). The
oxidation reactions typically involve the surface oxygen of the catalyst which is later replenished
by gaseous oxygen and supports that can enhance the ability of the supported vanadium to form

oxygen defects will improve the catalytic activity [33, 36, 37] .

In addition to thermal catalysis, vanadium-containing materials have also been used in the
field of photocatalysis. Here, the most studied materials include BiVO, and vanadium-doped
TiOs, which seem to show photocatalytic activity under the illumination with visible light, but
also pure vanadium oxides have been used, especially for the oxygen evolution reaction [38-42].
Vanadium is stable in several different oxidation states (+II to +V) which is reflected in the
many different stable or metastable oxides that exist (VO, VOq, V503, V50, V,05). This
gives the element a rich chemistry with many different possible crystal phases of the oxides,
which all have different bandgaps and band positions. For example the bandgap of BiVO, and
V505 are 2.5eV and approx. 2.3eV respectively, which both lie in the visible light range [43,
44]. In general, V is often used to produce visible light active photocatalysts, either through
the addition of a vanadium containing SC [39, 45-47], that itself has a visible light bandgap

or through doping which introduces inter-bandgap states and thereby makes the absorption
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of photons with a higher wavelength possible [40, 48, 49]. In the former case, the V species
were able to absorb visible light and the formation of a heterojunction lead to a separation
of the charge carriers. Fig. 2.4 shows the situation of the two semiconductors TiO, anatase
and V,0j5 as separate particles and when forming a heterojunction. The Fermi-levels for both
these semiconductors lie closer to the CB since both are n-type semiconductors due to oxygen
vacancies leaving electrons behind in the valence band. The resulting band structure allows for
lower frequency photons to be absorbed in the V4,05 and the generated excitons are separated
more easily because excited electrons can transfer to anatase, where they are on a lower energy

level, while the holes remain in the V,05.

a) b)
Energy Energy
[V vs. SHE] [V vs. SHE]

TiO,

V20s —P}

e 1]

E Er

= hy
23eV I1.6 ev SICISIS

Figure 2.4: The band positions for TiO, and V505 as (a) separate semiconductors as well as (b) the new
situation arising when the two materials are forming a heterojunction. The CB of V,05 now
lies higher than the CB of TiO, due to the equalizaion of the E¢. [46, 47]

2.3 Water splitting

Water splitting is one of the most studied photocatalytic reactions. Reaction {1} shows the
overall reaction equation and it can be seen that it has a positive AG, meaning that the back

reaction is thermodynamically favoured.
2H,0 — 2H, + O, AG® = 237.2kJ /mol {1}

Because it has a positive AG it is an example of artificial photosynthesis, however, it is still
most often described as a photocatalytic process. The produced hydrogen gas can be used as a
fuel source which makes water splitting a promising technology in the search for non-fossil and
sustainable energy sources. The total reaction can be split into a reduction and an oxidation
half-reaction which are called the hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) respectively. The equations for these half-reactions are given in Reactions {2}
and {3}.

2H" +2¢ — H, E’eq = 0.00V {2}
2H,0 — O, +4H" +4e  E% =123V {3}

12
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Reaction {3} can also be written as:
2H,0 + 4ht — O, +4HT {4}

The redox potentials above are given for pH 0, for which the potential of the standard hydrogen
electrode (SHE) is defined. In fact, all other redox potentials are defined in relation to the SHE,
which is a theoretical electrochemical half-cell where an inert Pt metal is immersed in a 1mol/L
solution of HT ions that do not interact with themselves. However, because both half-reactions
include protons, these values are pH-dependent and at pH 7 the reduction potential of H,
decreases to —0.41V and the oxidation potential for O, becomes 0.82 V. A photocatalyst would
need a VB-edge higher than the oxidation potential and a CB-edge lower than the reduction
potential to theoretically be able to facilitate the complete water splitting reaction. Many typical

semiconductors, e.g. TiO, or CdS, fulfil these criteria, and a few can be seen in Fig. 2.5.
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Figure 2.5: The band positions and bandgaps for several typical semiconductors. The two dotted lines
represent the standard potentials for the hydrogen and oxygen evolution potentials at pH 0.

The minimal theoretical bandgap for this reaction is 1.23eV but due to overpotentials at the
interface between the semiconductor and water the actual required bandgap is usually larger.
In fact, the HER has such a large, required overpotential for the bare surface of TiO, that it
is often considered inactive [50]. This problem is often solved with the usage of noble metal
co-catalysts like Pt or Pd, where Pt requires the lowest activation energy and therefore shows
the highest activity towards HER [29].

For the relatively simple HER, a proton has to adsorb onto the catalyst surface, get reduced by
the excited electrons and then combine with another reduced hydrogen atom on the surface or
with another proton and an additional electron to form a molecule of Hy [51]. This molecule has

to desorb again to make the surface available again for further reactions.

Problems with water splitting lie mainly in the more complex OER, where many holes have to
react at the same time and location to create Oy. The process invovles a concerted reaction
mechanism of several like-charged species which greatly reduces the probability for the process
and results in large required overpotentials. The exact prevalent mechanism is still subject

to debate in the literature. It has been suggested that HyO, plays a role as an intermediate
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product for the OER [52, 53] but more recent results have suggested a different mechanism
involving surface peroxides [54, 55]. Typical co-catalysts for the OER on TiO, include noble-
and transition metal oxides like IrOy, RuO,, CoO,, MnO, or FeO, [56, 57].

2.3.1 Sacrificial water splitting

To design catalysts that are specifically tuned to enhance one half-reaction, sacrificial agents
can be used to scavenge the electrons or holes that aren’t consumed in the reaction. These
sacrificial agents provide alternative half-reactions with different redox-potentials and lower
overpotentials, so that the reaction can happen more easily. E.g. methanol or other alcohols
can be used for HER catalysts to scavenge holes thereby reduce the recombination of electrons,
which enhances the HER [58]. The sacrificial agent is oxidised and in the case of methanol it
forms CO, and leaves the system, preventing a back reaction. For the OER, easily reducible ions
like Ag™t can be used to scavenge the electrons [59, 60]. This system can be used to study one
half-reaction individually while reducing the influence of the counter reaction. As said before,
many co-catalysts are only able to enhance one half-reaction and they are typically studied using
sacrifial water splitting. To later enhance the overall reaction, it is possible to use two separate

co-catalysts on a single SC, each designed for either the oxidation or reduction half reaction [61].
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Methods

3.1 Microscopy techniques

3.1.1 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy is a very high resolution (approx. 0.2nm) microscopy tech-
nique. In a TEM-microscope, an electron source generates free electrons in a vacuum, that get
accelerated with voltages of several hundred kV towards the sample. Electromagnetic lenses
allow the beam to be focused onto a small spot with a diameter below 1nm. The electrons can
hit and pass through the sample, while interacting elastically and inelastically with the atoms
and the crystal lattice (see Fig. 3.2). After the electrons have passed through the sample, the
TEM works analogously to an optical microscope in the sense that the electrons get projected
onto the detector by lenses. A typical detector contains a scintillator, to convert the incoming
electrons into photons which subsequently get transferred onto a charge coupled device (CCD)
camera to be viewed on a PC screen. A big advantage of electron microscopy compared to
optical is that electrons have a much smaller wavelength than lightwaves (400 nm - 800 nm).
This means that much smaller details can be resolved, even up to individual atoms. Also, the
lenses are electromagnetic which means that their properties can be changed and errors can be
corrected during a measurement. Chemical information can also be obtained from characteristic
X-rays, generated from inelastic interactions of the electrons with the sample (energy-dispersive
X-ray spectroscopy, EDX). However, because the electrons have to pass through the sample to
reach the detector, only relatively thin samples like NP’s or thin films can be analysed with

TEM (max. thickness between several hundred nm and a few pm [62]).

TEM is especially useful for crystalline materials, since it can depict the crystal structure on
an atomic scale. If the crystal lattice aligns correctly with the electron beam, so-called lattice
fringes appear in the image which hold information about the spacing of the particular lattice
planes that are visible. For measuring the distance between these lattice planes, it is convenient

to transform the image with the Fast Fourier Transform (FFT) algorithm [63].

For this project TEM measurements were performed on a FEI Tecnai F20. To prepare the
samples a small amount of powder was placed on a special copper grid with amorphous carbon
sputtered onto, without the use of any solvents. On some of the images, lattice fringes are visible.
In these cases, the distance between them was measured by calculating the Fourier transform
of the concerning region of the image. The resulting image showed periodic, light spots in the
orthogonal direction to the lattice fringes. By masking everything except the two innermost
spots and calculating the reverse Fourier transformation of the image, the lattice fringes were
much more clearly visible than before the transformations. This process can schematically be

seen in Fig. 3.1.
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Figure 3.1: Illustration of the process of evaluating the distance of lattice fringes in TEM images. The area
of interest is processed with a FFT and then everything except the two innermost spots are
masked. After the reverse FFT process, the lattice fringes are more clearly visible.

3.1.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a different electron microscopy technique, where, in contrast to
TEM, the image is generated from secondary and backscattered electrons instead of transmitted
ones. Klectrons from an electron gun are accelerated towards the sample with voltages in the
range of 10kV or lower. Upon impact, the electrons interact elastically and inelastically with
the specimen and depending on the acceleration voltage they penetrate the sample up to a
specific depth. Inelastic collisions with atoms of the sample can create a wide range of effects like
Auger electrons, characteristic X-rays, or eject weakly bound valence electrons called secondary

electrons (SE) (see Fig. 3.2). SE have very low kinetic energy which means only the ones

Incident electron beam

Secondary electrons
(SE)

Auger electrons

Characteristic X-rays Backscattered electrons

BSE
Bremsstrahlung ( )

Cathodoluminescence

Bulk
sample

\

Sample current / Transmitted electrons

Figure 3.2: Different effects produced by elastic and inelastic interactions of primary electrons with the
sample surface. The individual types of radiation and electrons can come from different levels
meaning they contain information from different depths.

generated near the surface are able to escape and travel to the detector. They mainly give
information about sample topology due to an increased SE ejection at higher incidence angles
which leads to a brightness contrast at particular surface features. Elastic interaction with the

sample atoms can lead to backscattered electrons (BSE). BSE get generated from deeper layers
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of the sample and they mainly contain information about sample composition since heavier
elements are more likely to reflect the incoming electrons elastically. This means that heavy

elements appear brighter when looking at the signal coming from the BSE.

Typically the images generated from SE or BSE can be viewed individually depending on whether
the compositional or topological information is required. Compared to TEM, thicker samples
can be analysed but because many of the incoming electrons don’t leave the sample, it has to be
conductive. Insulating samples can be made conductive by sputtering a thin metal layer onto
the surface. Similarly to TEM, the inner part of the instrument has to be evacuated to allow

electrons to travel far enough to hit the sample.

SEM images for this project were taken on a FFEI Quanta 250 FEGSEM. For the sample
preparation, a little bit of powder was placed on a sticky carbon film and evacuated. Only the

SE signal was recorded and all images were taken with an accelerating voltage of 10kV.

3.2 Spectroscopy techniques

3.2.1 Total Reflection X-ray Fluorescence (TXRF)

TXRF is a non-destructive, qualitative and quantitative analytical technique to analyse sample
composition. Solid powders as well as liquid solutions of analytes can be measured with this
technique. For the measurement the sample is irradiated with X-rays at a very low angle of
incidence. The high-energy photons can knock out inner shell electrons of atoms in the sample
which leaves the atom in an excited state. This state decays very rapidly via the relaxation of
an electron from a higher shell to fill up the lower shell. During this process, the atom emits
secondary X-rays which are characteristic for the element. Qualitative information can then
be extracted from the energy of the secondary X-rays and quantitative information from the
intensity of specific energies. Also, due to the low angle of incidence, the incoming beam is

scattered very little which reduces the noise on the detector from the primary radiation.

Since X-rays can travel through the atmosphere, the technique can be employed in atmospheric
conditions, however, to reduce noise from the measurement it is still often performed under
vacuum. During this master thesis project an ATOMIKA 8030C X-ray fluorescence analyzer was
used. The sample was excited, utilizing a Mo X-ray tube (monochromatized Ky-line) at 50 kV
and 47mA for 100s, using the total reflection geometry and an energy-dispersive Si(Li)-detector.
For solid measurements 1 mg of the powder sample was placed at the centre of a quartz reflector
and 5L of a 1% polyvinyl alcohol solution were added and dried off, using a hot plate. The
bare reflectors were measured as blanks before and between each set of measurements to check
for possible contaminations in the analyzer. Ti was set as the matrix and the concentrations
of other elements were determined as relative amounts. For liquid measurements, 1 mL of the
sample were mixed with 10 pLL of an internal Y standard with a concentration of 1000 ppm in an
Eppendorf tube. These were then vortexed for 1 min and 5pL of the sample were then pipetted
onto the reflector and dried on a hot plate. After cooling, the reflectors with the dried samples

were measured.
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3.2.2 X-ray Photoelectron Spectroscopy (XPS)

The measurement technique of XPS utilizes monochromatic X-ray radiation to excite and eject
electrons from the analysed sample. The energy of these electrons contains information about
the amount, identity and chemical surrounding of the atoms. Especially information about the
oxidation state of present elements can be extracted. In order to extend the mean free path
of the emitted electrons, the technique is preferentially performed under ultra high vacuum

atmosphere.

When an X-ray photon gets absorbed by an electron in the sample it gets excited and if the
photon energy was high enough it is elevated to the vacuum level and ejected from the sample
with some leftover kinetic energy. This kinetic energy (Ej;,) is connected with the original

binding energy (Ebinding) of the electron in the atom through Eq. (3.1)

Ebinding = Ephoton - (Ekm + ¢) (31)

Ephoton describes the energy of the incoming X-ray photon, ¢ is the work function of the detector
and El;, is measured by the spectrometer. Because Eq. (3.1) includes the photon energy it is

important to utilize monochromatic radiation.

Emitted electrons can interact with surrounding atoms via inelastic collisions. This leads to an
increased background signal and some electrons can also be reabsorbed, which means that only
surface-near electrons will have a high chance of being able to escape completely and reach the
detector. The obtained binding energy of the electrons is dependent on a few different factors.
First and foremost, it depends on the element from which the electron was emitted. Second, it
also depends on the specific shell out of which the electron was emitted. Since electrons from
several different shells can get emitted, one element typically produces several different signals.
Third, the binding energy also depends on the chemical surrounding of the atom, specifically
the chemical bonds and its oxidation state. Changes in the oxidation state typically results in

binding energy shifts of a few eV.

For this master thesis, the measurements were performed on a custom-built SPECS XPS-
spectrometer equipped with a monochromatised Al-Ka X-ray source (p-Focus 350) and a
hemispherical WAL-150 analyser (acceptance angle: 60°). All samples were mounted onto the
sample holder using double-sided carbon tape. Pass energies of 100eV and 30eV and energy
resolutions of 1eV 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 pm, angle: 51° to sample surface
normal, base pressure: 5 x 10710 mbar, pressure during measurements: 2 x 10~% mbar). Data
analysis was performed using the CASA XPS software, employing transmission corrections (as
per the instrument vendor’s specifications), Shirley/Tougaard backgrounds [64, 65] and Scofield
sensitivity factors [66]. Charge correction was applied so the adventitious carbon peak (C-C
peak) was shifted to 284.80 eV binding energy. A broad-spot low energy electron source (SPECS
FG 22 flood gun) was used for charge compensation (5eV/251A) to reduce potential charging

effects.
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3.2.3 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR)

Infrared Spectroscopy uses (typically mid-) IR radiation to excite molecular rotations and
vibrations in the tested sample. Like in other absorption spectroscopy techniques, the sample
is illuminated with light of a specific wavelength and a specific intensity and the transmitted
intensity is measured, to obtain information about the absorbed wavelengths. Infrared radiation
has less energy than UV or visible light, so it cannot excite electronic energy levels. Instead
it excites rotational or vibrational states of molecules or individual bonds from the sample.
Specific structures (e.g. a C=0-bond or a Ti—O-bond) have characteristic vibrational modes
that get excited by the absorption of infrared radiation, so IR-Spectroscopy can be used to
identify structures existing in the sample. Most organic molecules also display absorption in the
so-called “fingerprint region”, which is a wavelength region between 1500 cm™! and 500 cm™".
This region contains absorptions of bigger structures, or the molecule as a whole and it can be

used to identify the molecule through comparison of the spectrum with spectra from a database.

There are several measurement techniques for different samples like transmission-mode or the
fabrication of a compact KBr-sample mixture, but for powder samples ATR requires the least
amount of sample-preparation. In this technique, the powder is pressed against a special ATR-
crystal and the infrared light is sent through the crystal while getting reflected through total
internal reflection. When the lightwave hits the interface of the crystal and the sample, part of
the wave travels out of the crystal into the sample as an evanescent wave (penetration depth
between 0.5 and a few pm). Here, absorption happens and afterwards the light gets reflected
back internally and sent to the detector. Since IR radiation is absorbed when travelling through
the sample, and the evanescent wave doesn’t travel far out of the crystal, this technique is useful

for analysing the sample surface only up to a depth of a few pm.

FTIR stands for Fourier-Transform- Infrared and it also describes a special technique of Infrared
spectroscopy. Here, the whole spectrum is measured all at once and the signal is then generated
using a Fourier transform. This poses a significant time advantage compared to dispersive

IR-Spectroscopy, where each wavelength has to measured individually.

In this work, ATR-FTIR measurements were performed using a Tensor 27 FTIR from Bruker
with a ZnSe crystal. Spectra were recorded from 400 cm ™! to 4000 cm™! with a resolution of
4cm™! and 32 scans. For each measurement the FTIR crystal was covered with a few mg of
sample and then compressed using a metallic pin. Before each measurement a background

spectrum of air was collected which was then subtracted from the actual sample spectrum.

3.2.4 Raman Spectroscopy

Raman spectroscopy is a technique that uses monochromatic light which interacts with molecular
vibrations in the sample. From these interactions informations about chemical structures, present
phases or intrinsic stress/strain can be extracted. Typically a visible light laser illuminates the
sample and scattered light is caught by a detector. In contrast to IR spectroscopy, where the

information comes from the absorption of IR photons, Raman spectroscopy utilizes scattered

19



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

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

[ 3ibliothek,
Your knowledge hub

Methods

photons to extract the information. Most of the incoming light scatters elastically via Rayleigh
scattering but a small fraction interacts with phonons in the sample and gets scattered inelastically
via either Stokes Raman scattering or Anti-Stokes Raman scattering. Fig. 3.3 shows an illustration
of the process. The incoming photon elevates an electron to a virtual energy state that decays
after a very short time by emitting another photon. If the electron falls back to a different energy
state than where it was originally at, the resulting radiation will be of a different wavelength.
This shift is called the Raman shift and it is typically given as a wavenumber shift instead of a

wavelength shift. In Eq. (3.2) Av denotes the Raman shift, A; the excitation wavelength and Ay

Av = <>\11 - A12> (3.2)

the outgoing Raman wavelength.

Virtual
A States

W

L Vibrational

j v States
A L]

Rayleigh Stokes Anti-Stokes
scattering Raman Raman
scattering scattering

Figure 3.3: Elastic and inelastic scattering mechanisms from the interaction of light with a powder sample.
Photons scattered via Stokes Raman or Anti-Stokes Raman scattering carry information about
rotational and vibrational energy levels in the sample.

For a vibrational energy state to be Raman-active, the vibration needs to change the polarizability
of the molecule. This can make it a complementary technique to IR-spectroscopy where the

vibration needs to change the dipole-moment of the molecule to be IR-active.

The Raman shifts of a particular sample can be used to identify present phases by comparing it
with a database of known spectra or it can be used to identify particular structure fragments.
When comparing different spectra of the same compound, the change in Raman shift can also

give information about intrinsic properties like stress/strain or temperature.

Raman spectra were measured on a Horiba Jobin-Yvon LabRAM 800HR spectrometer equipped
with an edge filter, an external frequency-doubled Nd:YAG laser (Oxxius LMX 532 nm, maximum
power output < 55 mW) as monochromatic light source, a Synapse Open-Electrode-CCD detector
with a grating of 1800 mm~! and an optical microscope (Olympus BX40) with a motorized xyz-
stage (Mdarzhduser). Spectra were recorded with an acquisition time of 0.5s and 50 accumulations
from 100 cm ™" to 1000 cm~!. For calibration a pure Si wafer was measured and the peak was

set to be at a Raman shift of 520cm™!. The samples were measured by placing a few mg of
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powder on a microscope glass slide and flattening them with another piece of glass. After the

measurement the sample was recovered.

3.2.5 Diffuse Reflectance Spectroscopy (DRS)

Diffuse Reflectance Spectroscopy can be used to obtain reflectance spectra of powder samples.
In contrast to specular reflectance, where light is being reflected in such a way, that the incident
angle equals the reflected angle, diffuse reflectance scatters the incoming light in all directions.
This type of reflectance can typically be seen with rough samples, like for example powders,
whereas specular reflectance can be observed with smooth or polished surfaces, where the typical
scale of surface roughness inhomogeneities is smaller than the incident wavelength. Like in other
absorption spectroscopy techniques, the sample absorbs absorbs photons of a specific energy and
this can be used to obtain information about the sample. Typically, DRS is performed with
wavelengths between the UV and mid-IR regions, where the technique using light in the UV-vis
region is called UV-vis-DRS.

DRS was used to examine the optical absorption properties of different catalysts in powder
form. A Jasco V-670 Spectrophotometer with a special sample holder for powder samples and
an insert including an integrating sphere was used for DRS measurements. Approx. 20 mg of a
powder-sample were inserted into the sample holder and gently compacted. The reflectance was

then measured for wavelengths between 200 nm and 800 nm.

3.3 Powder X-ray Diffraction (XRD)

Powder XRD is an analytical technique used to determine phase composition, texture or exact
lattice parameters of a solid powder sample. The term diffraction is used to describe a number of
phenomena that happen when a wave hits an obstacle. In the case of X-ray diffraction, incoming
X-rays get scattered by the electrons from atoms inside a crystal lattice. Due to the regularity
of the lattice, the scattered waves cancel each other out in most directions due to destructive
interference. But depending on the lattice plane, some angles show constructive interference and
thereby generate outcoming waves from the sample, as can be seen in Fig. 3.4. For constructive

interference to occur, the distance ¢ in Fig. 3.4 has to be a halfinteger multiple of the wavelength.

The angles for which this occurs can be calculated with Bragg’s law (Eq. (3.3)), where d denotes
the lattice plane spacing, 6 the incidence angle, A the wavelength of the radiation and n any
integer.

2dsinf = nA (3.3)

For a typical measurement the sample is milled into a fine powder, placed on a spinning sample
table and illuminated with parallel, monochromatic X-ray radiation. The detector then records
the signal intensity depending on the incidence angle and the diffractogram is given as a graph

of intensity vs. 26.

The resulting peak positions depend on the crystal structure and each present phase gives its

characteristic diffractogram which is why this technique is most often used to determine the
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Figure 3.4: Illustration of Bragg diffraction of X-rays from electrons in a lattice. d is the lattice plane
spacing and 6 the incidence angle

phase composition of a sample, by comparing the found peaks with a database of reference
diffractograms. Quantitative information can also be extracted from the relative intensities of

the signals.

However, they can also be influenced by the texture of the sample, which is a preferred orientation
of the crystallites in the powder and leads to an increase in intensity for some diffraction peaks.
This information can also be used to study preferred growth directions of the crystal which is

especially interesting for biological samples or material properties.

The related technique of single-crystal XRD is mainly used to determine the structure of sample
but, as the name suggests, requires a large enough single crystal, which can be difficult to grow.
In contrast, powder XRD can give information about the whole sample instead of an individual

crystal and be used with almost any crystalline material.

For this master project powder XRD measurements were carried out using a XPERT ITI:PANalytical
XPert Pro MPD (© — © Diffractometer). Sample irradiation was performed using a Cu X-ray
source (8.04keV, 1.5406 A) with Bragg-Brentano geometry. A few mg of the powder sample
were placed on a Si sample holder and inserted into the machine which was equipped with an
autosampler. Each specimen was scanned between 5° and 80° while rotating the sample. The
background of the recorded signal was analyzed and removed using the open-source package

'peakutils’ for the Python programming language [67].

3.4 Thermogravimetric Analysis (TGA)

In TGA a typically solid sample is heated up while its weight is recorded. The temperature
dependent weight loss of the sample can be used to gain information about volatile compounds
in the sample (e.g. crystal- or adsorbed water) and about reactions happening in the examined
temperature range. By using different atmospheres, different reactions like the oxidation or

reduction of metals and organic compounds can be observed.
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The experiment can be performed either with a constant heating rate (dynamic method), at a
fixed temperature (isothermal method) or a combination of both. In a dynamic measurement
the heating rate should be chosen small enough to not induce more than one reaction at a time,

so that every individual reaction step can be resolved.

The TGA measurements for this project were performed on a PerkinElmer Thermogravimetric
Analyser TGA 8000. For each measurement between 5mg to 10 mg of the sample were loaded
into a small ceramic weighing dish and inserted into the autosampler of the machine. Precursor
substances were analysed dynamically from 30°C to 800 °C with a heating rate of 10°C/min.
Catalyst samples were analysed slightly differently. To remove any adsorbed water, the catalysts
were first heated to 120 °C with a heating rate of 40 °C/min and kept at that temperature until
constant weight. After that the samples were again heated up to 800 °C with a rate of 10 °C/min.

3.5 Gas Chromatography (GC)

Gas chromatography is an analytical technique to analyse the composition of gaseous or liquid
and volatile samples. Every chromatographic technique has a stationary and a mobile phase. In
gas chromatography the sample is inserted into a constant carrier gas stream which constitutes
the mobile phase and which carries the mixture into a column filled with the stationary phase.
In the column, the different components are separated depending on their strength of interaction
with the stationary phase. Behind the column the gases are detected and identified via their
retention time, meaning the total time it takes the substance to travel through the column and
to the detector.

In the present project, a Nexis GC-2030 from Shimadzu was used in combination with a
ShinCarbon ST 2.0m x 1.0 mm ID micropacked column by Restek to analyse gas mixtures that
were produced from HER experiments. He 6.0 was used as carrier gas and kept at a constant flow
rate of 7.0 mL. For each injection, 200 nL. were taken from the reactor headspace and inserted
into the GC injector, which was kept at 150 °C. The split ratio for the split injection was set to
4 so that only 1/5 of the total sample amount flowed into the column. The temperature of the
column was held constant at 100 °C. For the detection a barrier ionization discharge detector
was used which generates a He plasma that ionizes all incoming gases (except neon) and detects
them via changes in conductivity of the plasma. During the measurement, the detector was kept
at 280 °C.

For the quantitative analysis of the gas components, a calibration was performed with gas
mixtures of known concentration. For this purpose a round bottom flask with one opening and
an additional valve was closed with a septum and evacuated while heating the glass with a heat
gun. Using a three-way valve the flask was then filled with the gas mixture directly from the gas
bottle. The process of evacuating and filling up with a gas mixture was repeated four times. The
gas mixtures consisted of Hy, Oy, CO and CO4 in an Ar Matrix in concentrations of 5 Vol ppm,
25 Vol ppm, 100 Vol ppm, 1000 Vol ppm and 10 000 Vol ppm each.
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The catalysts used in this master project were synthesized with two different synthetic routes
and two different V-precursors. Anatase nanopowder was mixed with a V-precursor in aqueous
solution. The water of the dispersion was either evaporated (evaporation synthesis), which led to
the recrystallization of the complete amount of precursor, or the particles were filtered (filtration
synthesis) which kept only the precursor that adsorbed to the surface of the anatase particles.
Additionally, several concentrations were used as well as different calcination temperatures,
which resulted in different products on the catalysts. The utilized precursors were ammonium
metavanadate (NH,VO3) and vanadyl sulfate (VOSO, - 4 H,0). Fig. 4.1 shows all synthesis

routes schematically and the labels for each sample.

1/ 5/ 25%

Ti[1%/RTIY | Ti[1%/RT]Y Ti[x%/RT]E | Ti[x%/RT]:

Ti[1%/250]1F | Ti[1%/250]} Ti[x%/350]f @ Ti[x%/350];

Ti[1%/350]Y Ti[x%/60018  Ti[x%/600]%

—>

Figure 4.1: All the different synthesis routes used in the present master project and the resulting labels for
each sample (PM: physical mixture).

PM[x% /Temp.]S

Informations about the used chemicals are given in Table 4.1.

4.1 Catalyst synthesis

4.1.1 Evaporation synthesis

For this synthesis, 400 mg (5mmol) TiO, anatase nanoparticles were dispersed in 100 mL of
deionized (DI) water while stirring with a magnetic stirrer. After 5min, 294 mg (1.25 mmol) of
VOSO, - 4H,0 were dissolved in 25 mL of DI water and added to the dispersion so that the

finished sample would have 25 at% of V in relation to Ti. The dispersion was then ultrasonicated
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Table 4.1: List of chemicals.

Chemical CAS . .
Name formula number Supplier Purity
Anatase TiO, 1317-70-0 Sigma Aldrich 99.7% *
Ammonium- NH,VO, 7803-55-6 Carl Roth > 99.8%
metavanadate
Vanadylsulfate |- yog0 -y 1,0 12439-96-2 | Acros Organics | 17 - 23%V
hydrate
Silvernitrate AgNO;3 7761-88-8 - -
Vanadium(V)- V4,05 1314-62-1 ABCR 99.5 %
pentoxide
Chloroplatinic H,PtClg 16041-12-1 | Sigma Aldrich | 8% in water
acid solution
Methanol CH;0H 67-56-1 VWR HPLC grade

* Mean particle size: <25nm; Surface Area: 74m? g—!

for 15 min and stirred for another 30 min. Afterwards, the water was evaporated under vacuum
(20 mbar) at a temperature of 45 °C, which resulted in a dark blue, wet solid, which was dried at
60 °C.

The catalysts were then calcined in a muffle oven in air at two different temperatures: 350 °C
and 600 °C. The heating rate was set to 5°Cmin~! and the maximum temperature was held for
1h.

For additional characterization of the samples, some catalysts with different V-concentrations of
5at% and 1at% were produced. The 5 %-sample was produced analogous to the above described
procedure, using only 59 mg (0.25 mmol) of VOSO, - 4 H,O. For the 1 %-sample, however, only
200 mg (2.5 mmol) TiO, anatase powder were dispersed in 49 mL of DI water and after 5 min,
1 mL of a precursor stock solution (5.89 gL~!) was added whose concentration was set so that
the finished sample would have 1at% of V in relation to Ti. The rest of the procedure was equal
to the one described above. The resulting samples are blue (5%) and yellow (1 %) coloured

powders.

Additional 1 %-samples were also produced with a second precursor, ammoniummetavanadate
(NH,VO3;), to investigate the influence of the precursor on the resulting catalyst. In this case
the precursor stock solution had a concentration of 2.92gL~!, but otherwise the synthesis was
performed the same way. Due to the low solubility of NH,OV; in water, no samples with a

higher V-concentration were produced with this precursor.

After 5min, 1 mL of a precursor stock solution was added whose concentration was set so that the
finished sample would have 1at% of V in relation to Ti (0.025mol L=!; 2.92gL~! for NH,VO4
and 5.89gL~! for VOSO, - 4H,0). The catalysts were then calcined in a muffle oven in air at
two different temperatures per precursor: 250 °C and 350 °C for NH,VO3 or 350 °C and 600 °C
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for VOSO,. The heating rate was set to 5°Cmin~! and the maximum temperature was held for
1h.

4.1.2 Filtration synthesis

This route was only performed with 1 %-samples and differs mainly in the separation process
of the catalysts from the dispersion. Like in Section 4.1.1, 200 mg (2.5 mmol) of TiO, anatase
nanoparticles were mixed with 49 mL of DI water. But in this route, 1 mL of the precursor
solution was added after 10 min of ultrasonication, followed by another 5min of sonication.

Afterwards, the dispersion was magnetically stirred for 1 h.

The solid powder was then vacuum filtered from the solution and washed three times with 50 mL
of DI water. The yellow powders were dried and then calcined with the same procedure as
described in Section 4.1.1.

4.1.3 Reference Samples

A few additional samples were synthesized as a reference. A physical mixture of the two
components was produced by first calcining the dry anatase powder and VOSO, - 4 H,O at
600 °C for 1h separately and only afterwards mixing the calcined anatase with the calcined
VOSO,. Depending on the concentration and calcination temperature these samples were given
the label PM [z% /temp.]¥. The molecular weight of V,O5 was used to calculate the concentration
of V.

Pure anatase powder and the pure precursors were also calcined separately at 250 °C, 350 °C and
600 °C using the same procedure as above, and labelled "Material-Calc. Temp" (e.g. Ana-350,
VOS0,4-600).

4.2 Photocatalytic experiments

4.2.1 UV-HER experiments

Sacrificial UV-HER experiments were performed in a photocatalytic glass reactor, which can be
seen in Fig. 4.2a. In this watercooled reactor the catalyst was dispersed in a water/methanol
mixture and illuminated from above, through a quartz window. The lightsource was a LED lamp
with a wavelength of 365nm + 20nm (SOLIS 365-C from Thorlabs). All evolved gases were
picked up by an Ar stream that runs through the reactor and carries the analytes to a detector.
A CaCl, trap was installed after the reactor to absorb any remaining water or methanol from
the gases. To measure the hydrogen content of the gas stream, a Rosemount XStream XEGP
detector from Emerson was used. The detection was performed via thermal conductivity of
the gas stream and the detector was calibrated using gas mixtures of hydrogen in argon with

different concentrations.

For each experiment 10 mg of the catalyst was dispersed in a mixture of 20 mL of DI water and
20 mL of methanol, which was used as a sacrificial agent. The dispersion was ultrasonicated in a

plastic beaker for 1 min and then transferred into the reactor, which was placed in a intransparent
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Figure 4.2: Photocatalytic reactor design for (a) HER experiments and (b) OER and Vis-HER experiments.

photobox. While stirring, the dispersion was cooled to 15°C and purged for 5 min with Ar at
a flow rate of 100mL min~!. The reactor was then sealed, except for the Ar-inlet and outlet
to the detector and the Ar flow was reduced to 30 mLmin~'. The detection was started and
after 30 min the light was turned on. The experiment was then stopped after another 30 min. A

blank experiment without the addition of a catalyst was also performed.

Since the detector measured in-flow, the resulting data was directly converted to the Hy production
rate using Eq. (4.1) with the activity, flowrate, the pressure p, temperature T and the ideal gas

constant R.
(4.1)

Rate [pmol] _ activity[ppm] x flowrate * p

h Tx R

4.2.2 Vis-HER experiments

In addition to HER with UV light, some samples were also tested under illumination with visible
light. Due to the expected lower yields with this lightsource, the setup was different to the
UV-HER setup and detection of evolved hydrogen was performed with a GC "Nexis GC-2030"
by Shimadzu (see Section 3.5). Additionally, the experiments were performed with the addition
of a platinum precursor solution which, upon illumination, resulted in Pt nanoparticles being
deposited on the catalysts surface. This precursor was prepared by diluting a 8 % solution
of HyPtCly in water from Sigma Aldrich further to a concentration of 4.1 x 10~3molL=!. A
schematic of the reactor is given in Fig. 4.2b. However, instead of an O, sensor, a gastight

syringe for extracting a gas sample is inserted through a septum at the top.

Similarly to the reactor from the UV-HER experiments, this one also had a watercooled outer
shell but only a single opening at the top. As a light source, a monochromatic visible light
LED lamp with a wavelength of 445nm £+ 20nm (SOLIS 445-C from Thorlabs) was used
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and illumination was performed from the side instead of the top. For each reaction 1 mg of
the catalyst was weighed into a small glass vial and mixed with 2mL of a 50vol%/50 vol%
methanol/water mixture. The dispersion was then placed in an ultrasound bath for 1 min to
create a well dispersed suspension. Afterwards it was transferred to the reactor and 6.3 pL of the
platinum precursor solution was added. This resulted in a Pt concentration of 0.5 wt% relative
to the catalyst’s weight. The reactor was sealed with a septum and placed in an intransparent
photobox. While stirring the dispersion at 300 rpm and cooling it to 15°C, Ar was bubbled
through the solution at a flow rate of 100 mL min~!. After 5min the Ar flow was stopped and
200 nLs of the gas volume above the reaction were taken with a gastight syringe. The box was
closed, the light turned on and the first gas sample was injected into the GC, to measure the H,
concentration of the baseline value. After that, gas samples were taken approx. every 10 min and
the gas concentrations were recorded. The detected peak areas for Hy were calibrated beforehand
and, using the volume of the reactor gas phase, could be converted into the total volume of
hydrogen created. Under the assumption that hydrogen behaves nearly ideal, the volume could
be converted to an amount in mol, with the molar volume at the reaction temperature of 15°C

of 23.6 Lmol™!. A blank experiment was also carried out without the addition of a catalyst.

4.2.3 OER experiments

OER experiments were performed in the same watercooled, quartz-glass reactor already described
in Section 4.2.2. Fig. 4.2b shows a schematic representation of the design. In contrast to the
UV-HER experiments illumination was performed from the side instead of the top and also the
detection of oxygen wasn’t performed in flow, but through an oxygen sensor, which recorded
the Og-concentration above the catalyst dispersion. As a light source the same UV-LED lamp
with a wavelength of 365 nm + 20nm as in the UV-HER experiments was used. The utilized

detector was a needle-type, optical oxygen sensor (FireSting Pro from pyroscience).

For a typical measurement 1mg of catalyst was dispered in 2mL of a 0.01molL~! AgNO4
solution. Silver nitrate was used as a sacrificial agent. The reactor was filled with the suspension
and sealed tightly using a septum, through which the detector needle could be pierced. The gas
space above the dispersion, where the sensor measured the oxygen content was shielded from
the lamp using black tape, to minimize any interactions between the UV light and the sensor.
When the reactor was set up, the gas space was flushed with Ar using two needles, until the
measured O, signal was minimized, and then the flushing needles were removed. After another
few minutes, where it was confirmed that the baseline didn’t increase indicating that the reactor
was sealed, the stable baseline was recorded for 30 min. Then the UV lamp was turned on for
30 min during which the Oy concentration started to increase. Afterwards the lamp was switched
off and the signal was recorded for another 30 min to confirm that the O, concentration stayed
stable without any illumination. The detector signal was calibrated using a known amount of
oxygen which was inserted into the reactor. This resulted in Eq. (4.2) which was used to convert

the detector concentration to the amount of produced oxygen.

pmol

%

] (4.2)

c[pmol] = ¢[%] * x|
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The recorded concentrations were transformed to an O, evolution rate by derivation of the
recorded graph. To further confirm that the O5 was produced by the catalyst, a blank experiment

was performed without the addition of any sample.
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Results and Discussion

5.1 Precursor Characterization

Before synthesizing the samples, the precursors were analysed with TGA to investigate their
degradation behaviour. The precursors were first heated to 100 °C until constant weight to
remove any adsorbed water. Afterwards, they were heated up to 800 °C at a constant heating

rate. The plots and relative weight losses can be seen in Fig. 5.1.

100, — TR Ca e e e S —— VOS50, - 4H;0
15.5 wt% | —— NH3VOs

904

295w\, | ——amg--mmm--mmmmmmmmd---o A aGGEt EEEEEEE
[ ) 6.6 Wt%

80

[ s ) S

wt%

60 4
50 4

404 v

0 100 200 300 400 500 600 700 800
Temperature [°C]

Figure 5.1: TGA plots for the precursors NH,VO3 and VOSO, - 4 H,O with the relative weight losses for
each major degradation step.

NH,VOg3 didn’t have any physically adsorbed water nor chemically bound crystal water and had
two onset temperatures of 190 °C and 305 °C with a total relative weight loss of 22.1 wt%. This
weight loss would fit best with a degradation to V,Oj5 since this would result in a theoretical
loss of 22.3 wt%, which is very close to the actual value. All other stable oxides of V would
have resulted in a bigger relative weight reduction. This precursor also showed an intermediate
degradation step that started around 200 °C with a mass loss of 15.5wt%. Brown and Stewart
measured a similar degradation and assigned it to the formation of NH,V30g which would have
had a theoretical weight loss of 14.8 wt% [68].

VOSO, - 4H50 seemed to have adsorbed water in addition to the four crystal water molecules
which evaporated while heating up to 100 °C. While heating up further, four degradation steps
can be observed where each step could correspond to the evaporation of one unit of crystal
water. Between approx. 450 °C to 600 °C the final degradation step appeared which resulted in
a total weight loss of 59.5 wt%. When comparing this value with the theoretical weight losses for
VO, V5,03, VO,, V¢Oq3 or VoO5 the observed value is again closest to the degradation to V5,04

which would result in an expected weight reduction by 61.3 wt%. The difference between the
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Results and Discussion

theoretical and the observed value could come from inaccuracies from the scale of the machine

or from inaccuracies at determining the starting and stopping values for the weight loss.

Since each precursor appeared to have at least two distinct steps during degradation, two
calcination temperatures were chosen for each one. The temperatures for NH,;VO3 were 250 °C
and 350 °C and for VOSO, - 4 H,O 350°C and 600 °C. The higher calcination temperature for

each precursor leads to the formation of V50s.

5.2 Catalyst characterization

Catalysts with different concentrations of V were produced during this project. Starting with
25at% and then reducing the concentration to 5at% and finally to 1at% of V in the sample,
shifting the role of the V-species from acting as a light absorber to acting as a co-catalyst. The
1 %-samples were produced with VOSO, and NH,VOs; as precursors, however, due to the lower
solubility of NH,VO3 in water, the higher percentage samples were only synthesized with VOSOy,.
The following section will first present the results obtained from compositional analysis of all
samples. Afterwards, microscopic, structural and optical analysis of the catalysts are presented
for each V-concentration separately, starting with the samples with higher loadings, because not
all characterization methods were performed for all samples and it allowed for better comparison

of the samples in the following discussion.

5.2.1 Composition analysis
5.2.1.1 TXRF

TXRF analysis was performed to measure the actual concentrations of V on the catalysts and
analyse the influence of the different synthesis techniques, namely the evaporation and filtration
synthesis. For the 1 %-samples with NH,VOj3 as the precursor the two samples calcined at the
highest temperature of 350 °C, T [1%/350]% and T [1%/350]%, were compared. For the samples
with VOSO, as the precursor, the 1% uncalcined samples were analysed in addition to the ones
calcined at 600°C (T [1%/ RT3, Ti[1%/600]%, Ti[1%/RT)3, Ti[1%/600]3). Two calcined
samples with higher concentrations were analysed as well (T4 [5%/600]%5, Ti[25%/600]%). The

results can be seen in Table 5.1.

Due to their similarity in electron configuration (V has only one d electron more than Ti), the
X-ray transition energies of Ti and V are close to each other (see Table 5.2). This lead to the
overlapping of the K; peak of Ti with the Koy peak of V which is why the lower intensity V Kfq
peak had to be used for quantification, which makes the method less accurate at determining
the exact concentrations. Unfortunately, a lot of methods for quantifying elements are based on
element-specific X-ray radiation, where the signals of Ti and V are difficult to separate. The

TXRF spectra are shown in the Appendix (see Section 9.5).

The results suggest that most of the added V precursor amounts stayed on the sample and the
measured concentrations of V fit well with the nominal amounts. Additionally, there seems to be

only a very small difference between the two different synthesis routes (evaporation vs. filtration)
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Table 5.1: Vanadium contents according to TXRF results. The mean error of the method is 10 %.

Sample Measured amount [at%] | Nominal amount [at%)]
Ti [1%/350] % 0.95 1
Ti [1%/350]% 0.98 1
Ti[1%/ RT3 0.92 1
Ti [1%/600] 3, 0.98 1
Ti[1%/RT)3, 1.07 1
Ti [1%/600]3 1.25 1
T [5%/600]3, 5.86 5
T [25%/600]%, 26.03 25

Table 5.2: X-ray transition energies of Ti and V.

Spectral line | Energy keV
Ti Koy 4.512
Ti KB 4.933
V Koy 4.953
V KB 5.428

for both precursors. The filtration samples Ti [1%/350] %, T [1%/ RT3 and T [1%,/600]3 have
a slightly lower amount of V as their evaporation counterparts, 7 [1%/ 350]%, Ti[1%/RT ]% and
Ti[1%/600]3, respectively. This means that both of the dissolved precursors had a high affinity
to the anatase particles and adsorbed well on the surface, so that they weren’t significantly

removed during the washing process in the filtration route.

5.2.2 25 at%-samples

5.2.2.1 SEM - 25at%

SEM images were recorded to study the shape of the catalyst particles after the synthesis. As a
reference for the initial shape of the particles, the pure anatase powder was also analysed (see
Fig. 5.2).

The images show that although the size of individual particles lies in the range of tens of nm

together they form larger agglomerates.

Fig. 5.3 shows the recorded SEM images of the 25 %-samples calcined at two different tempera-
tures, 1% [25%/350]3 and T [25%/600] .
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ETI m

(a): Anatase nanoparticles, magn. x150 000 (b): Anatase nanoparticles, magn. x16 000

Figure 5.2: Reference SEM images of unmodified anatase nanoparticles that were used for the synthesis of
the catalysts.

(a): Ti[25%/350]%, magn. x100 000 (b): Ti[25%/600]%, magn. x120 000

Figure 5.3: SEM images for the calcined 25 %-samples. (a) shows the sample after the medium calcination at
350°C, where cylindrical particles, likely belonging to the undecomposed precursor VOSQOy, can
be seen. (b) shows the sample after the high calcination at 600 °C. Bigger plate-like particles,
most likely belonging to V5,05, can be seen in the image.

Sample T [25%/ 350]% in Fig. 5.3a shows rod-like, cylindrical particles that aren’t visible in the
anatase powder in addition to the round particles that can be seen in the anatase reference
measurement. Fig. 5.3b of sample T [25%/600]% shows some plate-like, bigger particles in

addition to the smaller anatase particles.

TGA of the precursors (see Fig. 5.1) revealed that VOSO, - 4 H,O loses crystal water during the
heat treatment at 350 °C and decomposes to VoO5 when the calcination temperature is increased
to 600 °C. This suggests that the cylindrical particles from 7% [25%/ 350]% (Fig. 5.3a) consist of
the precursor VOSQ, after removal of the crystal water while the bigger, plate-like particles in
Ti[25%/ 600]% (Fig. 5.3b) are crystalline V,0s.

In addition to the newly formed crystals, the SEM images revealed that the anatase particles
increased in size after the calcination at 600°C. At 350°C no significant difference could be
detected. This could be either because of a layer of V-species covering part of the particles or

because of particle sintering during the heat treatment. The bigger size also leads to a smaller
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active surface area, which is typically detrimental to the catalytic activity. No increase was

visible after the calcination at 350 °C.

Some additional SEM images that were recorded can be seen in the Appendix in Section 9.2.

5.2.2.2 TEM - 25at%

To further investigate the structure of the synthesized catalysts, TEM images were recorded.
The analysed 25 %-samples showed lattice fringes which can be seen in Fig. 5.4 to 5.6. The

observed lattice spacings with the assigned phase and crystal plane are listed in Table 5.3.

Table 5.3: Lattice spacings observed in the TEM images of 25 %-samples and the associated phase and
crystal plane. All powder diffraction files from [69]

0.35 Anatase (101) #
0.63 VOSO0, (010) ®
0.43 V5,05 (010) ©
0.59 V5,05 (200) ©

2 PDF 04-007-0701
b PDF 04-008-1941
¢ PDF 04-012-3680

The uncalcined sample T [25%/ RT]% (Fig. 5.4) as well as the sample calcined at the medium
temperature of 350°C, T [25%/350]% (Fig. 5.5), show anatase particles with a layer of an

amorphous material covering the surface. Additionally, particles with distinct lattice spacings

10 nm

10 nm

. L :
(a): Ti[25%/RT)% (b): Ti[25%/RT)3,
Figure 5.4: TEM images of the uncalcined 25 %-sample T [25%/ RT]%. (a) An amorphous layer and

individual particles of precursor are visible. (b) An amorphous layer covering the anatase
particles.
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form anatase appear in the TEM images of the uncalcined sample. Both the layer and the new

particles presumably consist of the precursor VOSO,.

10 nm

(a): Ti[25%/350]% (b): Ti[25%/350]%

Figure 5.5: TEM images of the medium calcined 25 %-sample T'i [25%/350] 5. Both images (a) and (b) show
an amorphous layer of the precursor covering the anatase particles.

After the calcination at 600 °C, the layer covering the anatase particles is not visible anymore
and large crystals of a new material are visible (Fig. 5.6). From the observed lattice spacings

and the precursor characterization, the new material consists of V5O5. These particles were

0.59 nm

(a): Ti[25%/600]% (b): Ti[25%/600]3,

Figure 5.6: TEM images of the calcined 25 %-sample T [25%/ 600];. (a) Large crystals of V5,05 are visible

after the calcination. (b) Another view of newly formed particles after the calcination.

already observed in SEM analysis which can be seen in Fig. 5.3.
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In conclusion, the TEM analysis of the 25 % samples revealed that the precursor formed a layer
on top of the TiO, before calcination, which then disappeared during the calcination at 600 °C
to form particles of V,0O5 attached to the anatase surface. More TEM images for the samples

shown above can be seen in the Appendix in Section 9.3.

5.2.2.3 XPS - 25at%

XPS spectra were recorded to analyze the chemical state of the near surface elements. The
binding energy plots of anatase and the calcined 25 %-sample T% [25%/600]3, can be seen in
Fig. 5.7. The sample T [25% /350]% was also measured with XPS, however, due to strong
charging of the sample, no information about the chemical state of the analysed elements could

be extracted (see Appendix Fig. 9.21).
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Figure 5.7: XPS spetra of anatase (blue) and 7% [25%/600]% (orange) core levels. (a) shows the binding
energy region for carbon (C 1s), (b) for oxygen (O 1s), (c) for titanium (Ti 2p) and (d) for
vanadium (V 2p).

Fig. 5.7a shows the binding energy region for carbon (C 1s) which shows the typical C 1s
peak from adventitious carbon. This signal usually appears on all samples, because carbon
sources from the atmosphere can attach to the surface while handling the sample during sample
preparation [70]. The carbon signal was used to calibrate the energy levels and was set to
284.80¢eV.
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The binding region for oxygen (O 1s) can be seen in Fig. 5.7b. Both spectra show a peak at
about 530 eV which belongs to the metal oxide and an additional shoulder at higher binding
energies, belonging to other oxygen species like hydroxyl groups, water or organics [71, 72]. For

both TiO, and V5,05, the metal oxide peak appears at the same binding energy [73, 74].

The titanium (Ti 2p) spectra in Fig. 5.7c show two peaks at approx. 458.7¢eV and 464.4 eV
belonging to Ti™ 2pg/, and Ti™* 2p; /o respectively [73]. The addition of the V-precursor led to
a reduction in the intensity of the Ti signal, compared to the pure anatase, due to the lower

Ti-content in the sample.

Vanadium (V 2p) spectra are shown in Fig. 5.7d. While the pure anatase didn’t show any V,
sample T [25%/600]3, shows a peak at 517.3eV which can be assigned to V** 2p, /2 and another
peak at 524.7¢V which belongs to V™ 2p, 5 [45, 73, 75]. No V**, which would have a binding
energy of approx. 516V [75], could be detected, which would mean that the whole precursor
was calcined and oxidised to form V,05 with an oxidation number of +5. However, since the
V*® peak overlaps with the region for V** it cannot be excluded that a small amount of V™ still

remains, especially since the V could be reduced under the vacuum of the XPS conditions [76].

The binding energy region for sulphur (S 2p) was also recorded but no signal could be detected
for anatase and sample T [25% /600]%, which was calcined at the higher temperature. Only
Ti[25%/ 350]% (calcined at medium temperature) showed some remaining sulphur in the sample,
but due to strong charging of the sample, the exact sulphur species or oxidation state could
not be determined (see Appendix Fig. 9.21e). The TGA results suggested that the calcination
at 350 °C only removed crystal water from the original VOSO, - 4 H,O and didn’t lead to the
complete degradation, so the appearance of sulphur in this sample fits well with this result. The
absence of sulphur from the sample calcined at the higher temperature T% [25%/ 600]% is another
sign for the complete degradation of the precursor and the formation of the fully oxidised species
V,05.

The XPS analysis of the two calcined samples (T [25%/350]% and T [25%,/600]3) suggests
that the precursor was decomposed fully only after the calcination at 600 °C. For this sample
(T [25%/600]7,) the prevailing oxidation state of V was V*°, which matches V,Os,

5.2.2.4 Powder XRD - 25at%

To analyse the phase composition in the prepared catalysts, powder XRD was performed for the
calcined catalysts as well as the pure anatase powder for reference. Fig. 5.8 shows the recorded

diffractograms.

In Fig. 5.8a the anatase powder calcined at 600 °C shows a very small rutile (PDF 04-008-7645)
peak at 27.5° (rutile peaks labelled 'R’ and anatase peaks labelled 'A’), indicating that the pure
powder partially transforms to the thermodynamically stable rutile phase during the calcination
[69, 77]. This sample also shows much sharper peaks than the uncalcined powder which is a sign

for the growth of the crystallites during the temperature treatment [78].
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(a): XRD diffractograms of pure anatase powder as well (b): XRD diffractograms of the 25 %-samples
as anatase calcined at 600 °C for 1 h. T [25%/350]% and T [25%/600}%.

Figure 5.8: Powder X-ray diffraction spectra of anatase and the 25 %-samples. Peaks are marked with the
corresponding crystal phase.

The 25 %-samples show new peaks at both calcination temperatures. The medium calcined
sample T [25%/350]3, shows two additional peaks at 27.4° and 28.6°, which were assigned to
rutile and the crystal-water-free precursor VOSO, (labelled 'P’ in Fig. 5.8b) (PDF 04-008-1941)
respectively [69].

After the calcination at 600 °C a lot of new peaks appear which were assigned to fully oxidised
V5,05 (labelled "V’ in Fig. 5.8b) (PDF 04-012-3680 [69]). Additionally, more rutile peaks appear
and at a higher intensity compared to the sample calcined at 350 °C and also to the pure Ana-600
sample, which indicates that the presence of the V species facilitates the phase transformation
to rutile. It is known in literature that the addition of foreign ions, such as V-dopants or even
the addition of V405, can lead to the transformation of anatase to rutile, thereby changing the

required phase transition temperature [79-82].

To summarize, V,05 could be detected with XRD in the sample calcined at 600 °C (T [25%/ 600]%)
but not in the sample calcined at 350°C (7% [25%/ 350]%). The addition of V also led to an

increase in the amount of rutile which formed during the calcination.

5.2.2.5 ATR-FTIR - 25at%

Fig. 5.9 shows an overview and a cut-out of the low-wavenumber region for the ATR-FTIR
spectra recorded of the 25 % calcined catalyst sample T [25%/ 600]% and the physical mixture of
the individually calcined powders PM[25%/600]°. For reference, the spectra of anatase powder
and the pure precursor, both calcined at 600 °C, as well as V4,05 are also shown. The spectra
of V505 and the calcined precursor show almost no difference which is another sign that the

precursor was decomposed to V405 during the calcination at 600 °C.

The anatase spectrum only shows absorption below approx. 900 cm™! which belong to Ti—O—Ti
stretching vibrations from the Ti—O network [83, 84]. Similarly, the references V,05 and
VOS0,4-600 also show strong absorptions in the same region (in particular the large peak at
812cm ™! in Fig. 5.9b) belonging to analogous V—O—V stretching and bending vibrations in
the V,0j5 structure [85, 86]. These spectra show another broad peak at 1010 cm ™! with a small
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Figure 5.9: FTIR spectra for the 25 %-sample T4 [25%/600]5, as well as the physical mixture with 25 at% of
V PM|[25%/600]° and reference samples, all calcined at 600 °C.

shoulder at 983 cm™!. Both peaks can be assigned to stretching vibrations of V=0 double bonds
(terminal O bound to V in the bulk V,O5 structure) [85, 87, 88].

The sample T [25%/ 600]% shows the same peak at 983 cm™!, however, the other peak appears
narrowed and the maximum now lies at 1026 cm~!. The higher wavenumber could be assigned
to surface V=0 which has been reported to have an absorption approx. 10cm ™! higher than
the absorption for crystalline V,05 [89, 90]. The higher amount of surface V=0 could be a
sign of smaller crystallites, which have a higher surface fraction per volume, or of the presence
of polymeric vanadia species spread out on the anatase surface [91]. However, the peak also
appears shifted in the physical mixture sample PM[25%/600]°, where the same crystals as
in the calcined precursor VOSO,4-600 are present. This means that a structural difference is
unlikely and the shift is probably caused by the difference in concentration and the presence of
TiO4 with the V505 crystals.

It was not possible to detect absorption peaks for a potential Ti—O—V bond since this peak
would be expected somewhere below 900 cm ™! where it overlaps strongly with the Ti—O—Ti
peak of the anatase phase [83]. The samples T% [25%/ 600]% and PM[25%/600]° show a slight
shoulder at 815cm ™! but this shoulder can also be seen in anatase, as part of the Ti—O—Ti
peaks and also in V505 from the V=0O—V peak at 812cm™!.

In conclusion, the IR analysis further confirms the presence of V5,05 on the surface of anatase.

5.2.2.6 Raman Spectroscopy - 25 at%

In addition to FTIR spectra, Raman spectra were also recorded to identify and characterize
the vanadium species present on the TiO4 surface. Fig. 5.10 shows the recorded spectra of the
25 %-samples and the ones of pure anatase as well as V,05. Anatase has six Raman active
modes (A4 + 2B14 + 3E,) which appear in five bands listed in Table 5.4 (see Fig. 5.10a).

The spectrum for pure anatase was only recorded up to 1000 cm™! because it doesn’t show any

bands above that value.
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Figure 5.10: Raman spectra of the reference and 25 %-samples. The high calcined sample T4 [25%/600]5,
shows bands belonging to crystalline V,0s5.

Fig. 5.10b shows the Raman spectra of the catalyst samples containing 25 at% V. The sample
calcined at high temperature T [25%/ 600]% shows additional bands at 290 cm™!, 704 cm ™! and
995 cm 1. The absorption at 995 cm ™! is also clearly visible in the V,05 reference and it can be
assigned to the stretching mode of terminal V=0 [94]. The band at 704cm™! is also observed
in pure V505 and according to Julien et al. it can be assigned to a stretching mode of bridging
oxygen in O—V—0 in V,05. The band at 290cm ™! can be assigned to the bending mode of
V=0 bonds [94]. This band seems to also appear in the sample calcined at medium temperature
T [25% /3503, which would indicate that part of the VOSO, could have already formed some
vanadium oxide, which contains V—0 bonds. The uncalcined sample shows two additional bands
at 270cm ™! and 998 cm~! which belong to the precursor VOSO,.

Fig. 5.11 shows the center positions as well as the FWHM (full width at half maximum) of
the Ey4(1) bands of each spectrum. Both values increase significantly with the addition of the

V-species and then only change slightly during the calcination.

A Dblue shift of the anatase peak is often associated with a reduction in crystal size [95, 96],
however since the biggest part of the peak shift already happens for the uncalcined sample and

XRD and TEM results suggested that the anatase crystals grew during the calcination this effect

Table 5.4: The active Raman modes for anatase and the associated Raman shifts [92, 93].

Mode Raman shift [cm™!]
E,(1) 145
E,(2) 198
Biy(1) 397
Bi1y(2) + Ay 517
E,(3) 641

* not resolvable at room temperature
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Figure 5.11: Center position and FWHM of the E4(1) band of the 25 %-samples and anatase as a reference.
Both increased a lot upon addition of the V precursor and then increased slightly during
calcination.

probably doesn’t affect the E4(1) band position. Another explanation could be that the addition
of the V species applied an elastic strain to the TiO, surface, which caused the reduction in the
band position [97, 98]. However, it is also possible that the blue shift is caused by the formation
of defects like doping of the TiO, lattice with V ions [99] or O-vacancies [100]. The latter effect
has also been associated with an increase in the FWHM of the E4(1) band of TiO4 [100, 101].

Considering the similarity of the additional bands from the high calcined 25 %-sample T [25% /600] %,
and the pure V5,05 the Raman results indicate that it consists at least partly of crystalline V,05.
No bands belonging to the rutile phase could be observed, although they were detected in the
XRD analysis. The blue shift and increasing FWHM of the anatase E,(1) band also fit well
with the addition of surface species onto the anatase particles resulting in a close interaction
between V4,05 and TiO,. The Raman results also agree well with the IR analysis of sample
Ti[25%/ 600]%. Both methods show an absorption for bridging V—0 as well as terminal V=0

which are both present in the V5,05 structure.

5.2.2.7 DRS - 25at%

To study the optoelectronic properties of the synthesized samples diffuse reflectance spectra were
recorded. The DRS of a semiconductor nanopowder can be used to construct the Tauc-plot,
from which the bandgap of the material can be determined [102, 103]. The construction of the
Tauc-plot is different for direct vs. indirect semiconductors and depends on their absorption
coefficient o ([aE)? vs. E for direct SC; [aE]% vs. E for indirect SC). This difference cannot be
used to distinguish between direct and indirect semiconductors but since anatase and V4,05 both
have an indirect bandgap transition, the plots will be constructed for indirect semiconductors
[44, 104].

41



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

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

[ 3ibliothek,
Your knowledge hub

Results and Discussion

The absorption coefficient of the powder samples can be calculated from the reflectance spectra
with the Kubelka-Munk formula [102, 105]:
F(Rw) = UL o o) 6.1)
= X« .
> 2R
where R is the diffuse reflectance and F' a function proportional to the absorption coefficient

a(FE). F can be used in good approximation to construct the Tauc-plot.

For an unmodified semiconductor, the bandgap is determined by extending the linear portion of
the Tauc plot to the abcissa. This procedure is illustrated in Fig. 5.12a for pure anatase. However,
in the case of modified or mixtures of semiconductors which show a significant absorption at
sub-bandgap energies, the method has to be adjusted. Makuta et al. have described a procedure
how the bandgap can be determined in this case [106]. Here the linear part of the Tauc plot has
to be extended, only up to an elevated baseline, which can be extrapolated from the absorption at
sub-bandgap energies. The analogous process from Fig. 5.12a for a mixture of semiconductors is
illustrated in Fig. 5.12b. All samples except for pure anatase, calcined at different temperatures,
were evaluated using the latter approach, where a baseline was extended from the linear region

below the bandgap.
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(a): Determination of the bandgap for anatase. (b): Determination of the bandgaps for the physical

mixture PM[25%/600]°.

Figure 5.12: Illustration of the bandgap analysis for unmodified and modified semiconductors. While the
bandgap for pure semiconductors (a) can be determined by extending the linear section of the
Tauc plot to the abscissa, the baseline for modified semiconductors (b) has to be extrapolated
from the sub-bandgap energy region.

Fig. 5.13 shows the original diffuse reflectance spectra and the calculated Tauc-plots for the
25 %-samples as well as reference spectra of anatase and the pure VOSO, precursor. The photon

energy E was calculated from the wavelength according to Eq. (5.2).

_he

E
A

(5.2)

with h as Planck’s constant, ¢ as the speed of light and A as the wavelength.

The bandgap for the anatase samples determined from the Tauc plot in Fig. 5.13b lies at 3.2eV
which is in accordance with the literature [17, 104, 107].
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Figure 5.13: DRS spectra and Tauc-plots respectively for: (a)/(b) anatase, calcined at different temperatures;
(¢)/(d) pure VOSOy, calcined at different temperatures and V,0s5; (e)/(f) the 25 %-samples and

the physical mixture PM[25%/600]°.

Fig. 5.13c shows that the precursor calcined at higher temperature VOSO,4-600 has a very similar

spectrum to commercially purchased V4,05 and its Tauc plot (Fig. 5.13d) shows a bandgap that

was determined to be at around 2.2eV. The reported values for V,Oy lie between 2.2eV and

2.4 eV which is reasonably close to the value measured here [44, 47, 108]. Compared to anatase,

V5,05 absorbs light of higher wavelengths in the visible range starting from just below 600 nm,

whereas TiO4 starts absorbing light only below 400 nm. The uncalcined precursor VOSO, has a
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strong blue colour due to the very stable vanadyl ion VO?T which shows a strong adsorption in
the visible region around 775 nm [109]. Both VOSO, and VOSO,-350 didn’t show any regions in
the Tauc plot which could be extrapolated to indicate a bandgap.

The uncalcined as well as medium calcined 25 %-samples T'i [25%/ RT3, and Ti [25%/350]%, in
Fig. 5.13e show a low reflectance at high wavenumbers. This is due to remaining VOSO, which
absorbs strongly around 775nm as can be seen in Fig. 5.13c. T [25%/600]3 shows a much
increased reflectance at this wavelength which probably means that most of the V was oxidised
to V*°. The reflectance spectrum of the physical mixture PM[25% /600]° shows a very different
spectrum compared to the synthesised samples, which is strong evidence for the formation of
heterojunction-based composites in the samples synthesized via the evaporation route. The
spectrum shows two big drops in the reflectance at 600 nm and 400 nm which correspond to the

absorption edges already seen in V,05 and anatase respectively.

The Tauc plot of PM[25%/600]° in Fig. 5.13f also shows two clearly distinct bandgaps at 3.3 eV
for anatase and 2.2eV for V,05. It is unlikely that the bandgap of TiO4 was actually increased
during the synthesis since the addition of a lower bandgap semiconductor or ions typically only
leads to a decrease in the bandgap [40, 46, 48, 110]. The apparent increase is more likely caused
by the variation from the manual determination of the linear region in the Tauc plot or the

difference in the evaluation methods of pure anatase and modified anatase (see Fig. 5.12).

The determination of bandgaps for all of the synthesized samples only yielded a value for the un-
calcined sample T% [25%/ RT3, (3.3€V) and the high temperature calcined sample T% [25%/600]
(2.3eV) which correspond to the respective TiO4 or VoO5 components. It is difficult to deter-
mine bandgap values for these samples and also the sample calcined at medium temperature
Ti[25%)/ 350]%, due to the more continuous DRS profiles. To determine a bandgap using the
Tauc model, the DRS spectrum needs to show a sharp edge in order to get clear slopes in the
Tauc plot. The absence of such an edge in the synthesized samples can be attributed either to

low absorption of TiO4 or a high absorption of V-species.

However, the spectra and Tauc plots of the synthesized samples (especially 7% [25% / 600]‘23) stand
in clear contrast to the DRS analysis of the physical mixture PM[25%/600]°. This confirms
a closer interaction between the V-species in the synthesized samples, compared to a physical
mixture of the two components. The synthesis and calcination probably led to the formation
of heterojunctions between V4,05 and TiO, in the sample T [25%/ 600]%, where the vanadium

oxide forms surface species on top of anatase.

It needs to be said that the Tauc-plot method of determining the bandgap (Eq. (5.1)) is strictly
only valid for samples whose particles are smaller or comparable to the wavelength of the
incoming light [102]. These prerequisites aren’t necessarily fulfilled by the V,05 particles or
the calcined precursors, since their particle size is not precisely known. The size of the anatase
particles, however, is in the range of a few nm which is smaller than the wavelength of the

incoming light and therefore fulfils the requirements of the Tauc-plot analysis.
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5.2.3 5at%-samples
5.2.3.1 SEM - 5at%

To compare the morphology of the 5 %-samples with the 25 %-samples, SEM images were
recorded of sample T [5%/ 600]%, which can be seen in Fig. 5.14. Both samples were sythesized
with VOSO, as the precursor.

(a): Ti[5%/600]%, magn. x40 000 (b): Ti[5%/600]3, magn. x30 000

Figure 5.14: SEM images for the calcined 5 %-sample T [5%/ 600]%.

Similar to the 25 %-samples (see Fig. 5.3) the images show small, round anatase particles as well
as bigger particles belonging to V,05. The V5,05 shows long and cylindrical particles as well as

bigger ones without a defined shape, however, less particles are visible than for the 25 %-sample.

Compared to the uncalcined anatase particles it can also be seen, that the TiO5 grew due to the

calcination treatment at 600 °C.
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5.2.3.2 TEM - 5at%

TEM images were also recorded for the 5 %-sample. The new lattice spacings and the assigned
phases are listed in Table 5.5. Fig. 5.15 shows the uncalcined sample after the synthesis and,
similar to the 25 %-samples, a layer of an amorphous material can be seen on the anatase
particles. However, no individual particles of precursor could be detected. Compared to the

25 %-sample, the layer appears thinner.

Table 5.5: Lattice spacings observed in the TEM images of 5 %-samples and the associated phase and crystal
plane. All powder diffraction files from [69].

0.35 Anatase (101) #
0.28 V5,05 (011) P
0.41 V,05 (110) P
0.33 Rutile (110) ©

@ PDF 04-007-0701
b PDF 04-012-3680
¢ PDF 04-008-7645

P

(a): Ti[5%/ RT3, (b): Ti[5%/ RT3

Figure 5.15: TEM images of the uncalcined 5 %-sample. Both images show an amorphous layer of the
precursor VOSOy, which is covering the anatase particles.

In contrast to the 25 %-samples, the layer is no longer visible after the calcination at 350 °C as
can be seen in Fig. 5.16. This indicates that the precursor can diffuse and move at a temperature
of 350 °C to form bigger particles. However, only after the calcination at 600 °C new particles

with different lattice spacings appear, which belong to V,O5 and rutile.

Fig. 5.17 shows that the amorphous layer, which was seen on the uncalcined catalyst, formed

V,05 particles on the surface of anatase during the calcination at 600 °C.
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$a

(a): Ti[5%/350]% (b): Ti[5%/350] %

Figure 5.16: TEM images of the 5 %-sample, calcined at 350 °C. The amorphous layer, which was observed
in the uncalcined sample, is no longer visible.

(a): Ti [5%/600]3, (b): Ti[5%/600]7

Figure 5.17: TEM images of the 5 %-samples, calcined at 600°C. (a) shows lattice spacings belonging to
newly formed V5,05 on the anatase surface and (b) shows spacings which were assigned to
V505 and rutile TiO,.

5.2.3.3 Powder XRD - 5at%

The calcined 5 %-samples can be seen in Fig. 5.18 together with the diffractogram of calcined
anatase. As mentioned above, the calcined anatase shows an additional peak at 27.5°, which
belongs to the rutile modification which is the thermodynamically stable phase of TiOy and

which evolves at elevated temperatures [81].

The catalyst T [5%/ 350]% only shows peaks belonging to the anatase phase. The absence of

any additional peaks due to a VO, phase could be because the concentration is too small to
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Figure 5.18: Powder X-ray diffraction spectra of the 5 %-samples. The letters indicate which phase each
peak was assigned to.

be detected by powder XRD or because the V-species are dispersed very strongly so that no
crystallites big enough for diffraction have formed or they exist as an amorphous layer on the
anatase particles [111]. However, the peaks don’t appear as sharp as for the Ana-600 sample,

which is caused by the lower calcination temperature and therefore smaller crystallite growth.

The 5 %-sample calcined at higher temperature 7' [5%/ 600]% shows very intense rutile peaks next
to the anatase peaks. Comparing the diffractograms of 1% [5%/600]3 and the physical mixture
PM[5%/600]° which both contain the same amount of V it is clear that the synthesis affected
the rutilation, because PM[5%/600]° shows almost no rutile in the powder XRD diffractogram.
Ti[5%)/ 600]% also shows peaks which were assigned to V5,05 with a small intensity. The physical
mixture PM[5%/600]° produced the same peaks with almost the same intensities.

These results are similar to the XRD analysis of the 25 % sample. V5,05 could be detected in the
sample calcined at the higher temperature of 600 °C, but not after calcination at 350°C. Also

the amount of rutile that formed was increased compared to the physical mixture.

5.2.3.4 ATR-FTIR - 5at%

The FTIR spectra of the catalyst sample T [5%/ 600]% and the physical mixture PM [5% /600]°
can be seen in Fig. 5.19 with the spectra of Ana-600 and the pure calcined precursor VOSO,-600

as a reference. These spectra are very similar to the spectra of their respective counterparts
Ti [25%/600]% and PM[25%/600]° which can be seen in Fig. 5.9.

Both samples T [5%/600]3 and PM[5%/600]° show the Ti—O—Ti stretching vibrations of the
183, 84]. They also show
a peak at 1026 cm™! which was assigned to the V=0 stretching vibration of terminal O in the

TiO4 network which produce the intense peaks below approx. 900 cm™
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Figure 5.19: FTIR spectra for the 5 %-sample T4 [5%/600]5, as well as the physical mixture with 5% of V
PM[5%/600]°, Ana-600 and VOSO,.

V,05 structure and which again appears shifted from the same peak in the reference sample
VOSO0,-600 (V=0 at 1010cm™!) [85, 87]. However, since it appears at the same position for
the synthesized sample, as well as the physical mixture of the components, the shift could also

be caused by the chemical environment of V4505, meaning the TiO, matrix in the sample.

The large peak at 812cm ™! from the reference VOSO,-600 belongs to V—O—V lattice vibrations
[85, 86].

The IR results of the 5% samples again confirm the presence of V5,05 in the sample.

5.2.3.5 Raman Spectroscopy - 5at%

Fig. 5.20 shows the plots of the Raman spectra of the 5 %-samples T [5%/RT]%, Ti [5%/350]%
and T'i [5%/600]5. The sample calcined at 600 °C T [5%,/600]3 shows two very low intensity
bands at 291 cm ™! and 997 cm™! which belong to crystalline V,05. The sample calcined at
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30000 1 | _
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Figure 5.20: Raman spectra for the 5 %-samples. Only the samples calcined at 350 °C and 600 °C showed
additional bands belonging to VOSO, and V,0j5 respectively.
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medium temperature 7% [5%/ 350]% shows two bands at 277 cm ™! and 1030 cm~! which already
appeared in the uncalcined 25 %-sample 7% [25%/RT ]g (see Fig. 5.10b). These bands most
likely belong to uncalcined VOSO,, however, it is not visible in the uncalcined 5 %-sample
Ti[5%/RT ]% One possible explanation could be the unequal distribution of the precursor on
the anatase particles, as was seen in the TEM analysis of the 5 %-samples. In the uncalcined
sample, the precursor was distributed as a layer on the particles, which disappeared after the
calcination at 350 °C, indicating that the VOSO, could have sintered together to form bigger

crystallites.

Fig. 5.21 shows the change of center position and FWHM of the E;(1) band for the 5 %-samples.
There is a big shift towards higher wavenumbers (blue shift) from the unmodified anatase
sample to the catalysts. Additionally, the peak width increased as well. Between the three
5 %-catalysts there is only little change in peak center as well as the FWHM. As mentioned in
the 25 at%-section (Section 5.2.2.6), the shift from pure anatase to the catalysts could be caused
by some elastic strain on the TiO, lattice, applied by the V-species on the surface, doping with

V-ions or the formation of O-vacancies [97, 99-101].
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Figure 5.21: Center position and FWHM of the E4(1) band of the 5 %-samples and anatase as a reference.
Both increased a lot upon addition of the V precursor and then changed again slightly after
calcination.

Similar to the 25 % samples, the Raman results fit well with the IR analysis and further help
confirm the structure of the V-species as V,05. The shift in the E4(1) band of anatase also

suggests a close interaction of V5,05 and the anatase particles.

5.2.3.6 DRS - 5at%

Fig. 5.23 shows the reflectance spectra and Tauc-plots for the 5 %-samples. The process for
determining the bandgap was described in detail in the 25 at% section but Fig. 5.22 illustrates
how the bandgap was determined for the 5 %-samples.
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Figure 5.22: Determination of the bandgaps for sample PM[6%/600]°. For modified semiconductors, the
bandgap is determined by the intersection of the linear section of the Tauc plot and the baseline
extrapolated from the sub-bandgap energy region.

Similar to the physical mixture with 25at% V (see Fig. 5.13e), the sample PM[5%/600]° shows
two distinct absorption edges which resulted in the bandgaps 3.2¢eV for anatase and 2.2¢eV for
V,05.
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(a): Reflectance: 5 %-samples. (b): Tauc-plot: 5%-samples.

Figure 5.23: The DRS spectra and derived Tauc plots for the 5 %-samples T [5%/ RT];7 Ti[5%/ 350]% and
T4 [5%/600] 5.

The uncalcined sample T [5%/ RT]% shows a slight absorption edge for TiOy which yields
a bandgap of 3.2eV in the Tauc plot analysis, but the calcined samples T [5%/ 350]% and
T [5%,/600]5 do not show a clear decline in the Tauc plot to be evaluated.

The difference of the DRS profiles between the sythesized samples and the physical mixture

is confirmation of a close interaction between the V-species and the TiO, in the synthesized
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5.2.4 1at%-samples

In contrast to the 5%- and 25 %-samples, catalysts with 1% of V were produced with two
different precursors (VOSO, and NH,VO3) and two different synthesis methods (filtration and

evaporation).

5.2.4.1 TEM - 1at%

For the 1 %-samples TEM images were recorded for the samples prepared with VOSO, as the
precursor as well as the samples with NH,VO;. Fig. 5.24 shows images of the samples with
the precursor VOSO,. The first two images Fig. 5.24a and 5.24b show the filtration samples in
uncalcined and calcined form and Fig. 5.24c and 5.24d show analogous samples synthesized via
the evaporation route. Both of these uncalcined samples show an outer layer around anatase
particles, which were identified by the lattice spacing of 0.35nm belonging to the (101) crystal
plane of anatase (see Table 5.3). After the calcination of Ti [1%/RT]3 into T [1%,/600]5 the
sample shows a new monolayer on the anatase particles with a lattice spacing of >0.5nm as can
be seen in Fig. 5.24b. This lattice spacing couldn’t be attributed to any phase with certainty.
Similarly, the outer layer of sample T [1%/ RT]% in Fig. 5.24¢ disappears upon calcination and
instead irregularly shaped particles appear on the anatase particles in sample T [1%/ 600]% (see
arrow in Fig. 5.24d).

The TEM images of samples with NH,VOj3 as the precursor can be seen in Fig. 5.25. Again, the
first two images Fig. 5.25a and 5.25b show the samples synthesized via the filtration method
and Fig. 5.25c¢ and 5.25d show the evaporation samples, each before and after calcination. In
contrast to the VOSO, samples, the catalysts with NH,VOj3 as the precursor, show big clusters
of particles that appeared different to pure anatase. Also no outer layer covering anatase could
be observed. For the filtration samples, these clusters can be seen before (T [1%/RT]%) and
after (T4 [1%/350]%) the calcination (see Fig. 5.25a and 5.25b). The evaporation sample only
shows clusters after the calcination T [1%/350]% in Fig. 5.25d and there were no clusters visible
in the TEM analysis of 7% [1%/RT]%.

In conclusion, the precursor VOSO, appeared as a layer on the anatase particles, irrespective of
the synthesis method. After the calcination at 600 °C the layer disappeared and new particles
with an irregular shape formed. Similar results also were found for the other two concentrations
(5 and 25%). In the case of the precursor NH,VOg, however, the TEM images showed clusters
of small particles in the uncalcined filtration sample as well as both samples, calcined at 350 °C
(filtration and evaporation sample). In the case of the precursor VOSO, this leads to an increased

interface between the TiO, and the VO,, compared to the samples synthesized with NH,VOs.
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(c): Ti[1%/RT)3, (d): Ti[1%/600]%,

Figure 5.24: TEM images of the 1 %-samples with VOSO, as the precursor. (a)/(b) Filtration samples
before and after the calcination at600 °C. Before the calcination, an amorphous layer appeared
on top of the anatase particles. After the calcination the layer was still present, however,
it showed a lattice spacing of > 0.5nm which couldn’t be attributed to any phase; (c)/(d)
Evaporation samples before and after calcination at 600 °C. Again, a layer appeared on the
anatase particles which turned into irregular shaped particles during the calcination (see arrow

in (d)).
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D0 i

(b): Ti[1%/350] 3

Xy
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(a): Ti[1%/RT]p

(c): Ti[1%/RTIY (d): Ti[1%/350]

Figure 5.25: TEM images of the 1 %-samples with NH,VO3 as the precursor. (a)/(b) Filtration samples

o4

before and after the calcination at 350 °C. Both samples show clusters of particles which were
not visible in the TEM analysis of pure anatase; (c)/(d) Evaporation samples before and after
the calcination at 350 °C. No clusters were found before the calcination, however, afterwards
they were again visible.
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5.2.4.2 XPS - 1at%

Fig. 5.26 shows XPS spectra for the 1 %-samples T% [1%/350]%, Ti [1%/350]%5 and T’ [1%/600]%,.
All peaks of T [1%/ 600]% show a higher FWHM which can be attributed to a slight charging of

the sample.
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Figure 5.26: XPS spetra for the 1 %-samples T [1%/350] %, T [1%/350]}; and T [1%/600]5. (a) shows the
binding energy region for carbon (C 1s), (b) for oxygen (O 1s), (c¢) for titanium (Ti 2p) and

(d) for vanadium (V 2p). T4 [1%/ 600];2 (green spectra) shows a larger FWHM than the other
two samples, which can be attributed to charging of the sample.

The carbon signal form adventitious carbon (C 1s) can be seen in Fig. 5.26a [70]. As mentioned
above in the XPS part of Section 5.2.2, it was set to 284.80eV and used to calibrate the energy

scale.

The oxygen (O 1s) spectra can be seen in Fig. 5.26b. All spectra show a big peak around 530 eV
with a small shoulder towards higher binding energies. The bigger peak was assigned to the
metal oxides Ti—O and V—O for all synthesized samples [73, 74]. The shoulder at higher energies
was assigned to other oxygen species like like hydroxyl groups, water or organics [71, 72].

For the titanium (Ti 2p) spectra, no significant difference in the position of the peaks was
observed between the synthesized samples and anatase (see Fig. 5.7c). Two peaks at 458.7 eV and
464.4 eV belonging to Ti™ 2p3/, and Ti** 2p; /5 respectively [73] were detected for all samples.
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The vanadium spectra (V 2p) are given in Fig. 5.26d. All samples show a bigger peak at 515.7 eV
and a very small peak at about 523.5eV which were assigned to the V 2pz/; and V 2py /5 of
V** respectively [75]. This would be expected for the sample T [1%/ 350]%, because the TGA
suggested that the precursor VOSO, looses its crystal water upon calcination at 350 °C, but
doesn’t get oxidized to V5,05 and the V in VOSO, has an oxidation state of +4. However,
upon calcination at 600 °C, the TGA suggested that VOSO, turns into V405, where V has
an oxidation state of +5. Additionally, the V in the samples with NH,VO5 as the precursor
(Ti[1%/ 350]2{) must have even been reduced during the synthesis since it is present as V*° in
the uncalcined precursor. The V-species of both precursors could be reduced by Ti*?, which
forms at oxygen vacancies on the TiO, surface, especially since TiO, is a more stable oxide than
V505 [112]. This would also means that the V cannot be present as V,05 on the surface of

anatase because there, the V would have an oxidation number of +5.

However, it is also possible that V was reduced under the vacuum conditions in the XPS analysis
chamber. The reduction of V™ to V™ due to the XPS vacuum has been reported in the
literature, but the degree of reduction depends on the support [76]. Because V505 is less stable
than TiO, it would also be expected to get reduced before TiO, [112].

Due to the possibility of the reduction under the XPS conditions and the low concentration it is

difficult to say, which oxidation state is actually present on the synthesized samples.

5.2.4.3 XRD - 1at%
Powder XRD measurements were done for the high-temperature calcined catalysts T [1%/ 350]g
and T [1%/ 600]%. The diffractograms for these samples and calcined anatase Ana-600 can be

seen in Fig. 5.27.

Sample T [1% /350]g only showed peaks belonging to anatase and no additional peaks that
could be attributed to any VO, phase. Similarly, the sample T [1%,/600]3, mostly showed peaks
belonging to anatase, except for two more peaks at 27.5° and 31.1°. The first one at 27.5° had
a very low intensity and it was attributed to the formation of rutile during the calcination at
the higher temperature [77]. This peak was also found in pure anatase when calcined at 600 °C.
The other peak at 31.1° was attributed to measurement error, although it seems to match with
a peak from V,05. Since it is the only unassigned peak at a comparatively high intensity it is
unlikely to be coming from a VO, phase, since they typically show many different peaks in a

powder diffractogram, as can be seen in Fig. 5.8b.

Fig. 5.27 clearly shows that the samples, calcined at a higher temperature have sharper peaks,
which is a sign for crystallite growth. The same effect can also be seen in the other graphs in
Fig. 5.8b and 5.18. However, due to the low concentration of V in these samples, no peaks

belonging to a VO, phase could be detected.

o6



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

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

thek,

blio
nowledge

3
|
r ki

m You

Results and Discussion

—— Anatase-600 Ti[1%/350]¥  —— Ti[1%/600]2
) Anatase
R Rutile
? Unknown
=]
<
o A
‘n i A
I3 M A
: ) M A
R FAVAN
A
A A
y A A MR A ax
R__1 ﬁﬂi Aa

10 15 20 25 30 35 40 45 50 55 60 65 70
26 [°]

Figure 5.27: Powder XRD diffractograms for the 1%-samples T% [1%/350] %, Ti[1%/600]; and anatase,
calcined at 600°C for 1h (Ana-600).

5.2.4.4 ATR-FTIR - 1at%

The FTIR spectra for the 1 %-samples can be seen in Fig. 5.28. Only the spectra of the uncalcined
sample T [1%/ RT]% and the sample calcined at 350 °C T [1%/ 350]% of the evaporation synthesis
with VOSO, as the precursor show two additional peaks at 1130cm ™' and 1042cm~!. Both
peaks were also observed in the IR spectrum of the uncalcined precursor (see Appendix Fig. 9.35)
and most likely belong to a stretching vibration of SO/ [113]. However, due to the low

concentration of the precursor, the catalysts show no characteristic V,O5-related bands.
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Figure 5.28: FTIR spectra for the 1 %-samples. Most of the spectra show no significant differences to the
anatase spectrum. Only the uncalcined sample 7' [1%/ RT]}; as well as the sample calcined at
medium temperature 7% [1%/350]5, show two peaks at 1130 cm ™" and 1042 cm™" which belong

to uncalcined VOSOy.

5.2.4.5 Raman Spectroscopy - 1at%

Similarly to the FTIR results, the Raman spectra also didn’t show any characteristic bands

from V505 or other VO, species. The spectra can be seen in Fig. 5.29.

Fig. 5.30 shows the change in center position and FWHM of the E4(1) band for all the 1 %-
samples. Most of the spectra show a shift of < 1ecm™! and no consistent trend could be
determined. The position and FWHM of the E4(1) peak are not affected by the addition of 1%

vanadium.
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Figure 5.29: Raman spectra for the 1 %-samples. All spectra show no significant differences to the anatase
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Figure 5.30: Center position and FWHM of the E4(1) band of the 1 %-samples and anatase as a reference.
The addition of the V precursors seems to have no significant effect on the F,(1) band.
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5.2.4.6 DRS - 1at%

All DRS reflectance spectra and the calculated Tauc plots of the 1 %-samples can be seen in
Fig. 5.32. Fig. 5.31 exemplarily shows how the bandgap was determined for all V-modified

samples.

—— Ti1%RTIY

175 200 225 250 275 300 325 350 3.75
Energy [eV]

Figure 5.31: Determination of the bandgaps for sample T% [1%/ RT]g . For modified semiconductors, the
bandgap is determined by the intersection of the linear section of the Tauc plot and the baseline
extrapolated from the sub-bandgap energy region.

Additionally, Fig. 5.32a and Fig. 5.32b show the reflectance and Tauc plots of the NH,VO;
precursor and V,05. The same plots for the precursor VOSO, can be seen in Fig. 5.13c and
Fig. 5.13d respectively. Here, the bandgaps were determined analogous to the procedure shown
in Fig. 5.31.

Fig. 5.32a shows that NH,VO3;, calcined at 350 °C, has a very similar reflectance spectrum to
V,05 and both bandgaps from the Tauc plots were determined at 2.2¢eV.

All of the 1 %-samples show a similar behaviour. In all cases, the addition of the precursor and
the calcination led to a decreased reflectance between 350 nm to 550 nm, meaning a shift in the

absorption edge. All bandgaps were determined to be 3.2¢eV.

The bandgap of pure anatase was not modified by the addition of 1at% of V however the
absorption of the whole sample shifted towards the visible light region, which could correspond
to either absorption by VO, centres or modification of the electronic structure of TiO4 by

interbandgap states.
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(c): Reflectance: T4 [1%/RT}§ calcined at different
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(e): Reflectance: Ti[1%/RT)3 calcined at different
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(b): Tauc: NH,VOj3 calcined at different temperatures
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d): Tauc: T4 [1%/RT SF calcined at different tempera-
tures.
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Figure 5.32: DRS spectra and Tauc-plots respectively for: (a)/(b) NH,VOs, (¢)/(d) T4 [1%/RT]}?, (e)/(f)
Ti[1%/RT)5, (g)/(h) Ti[1%/RT)Y and (i)/(j) T% [1%/RT]Y all calcined at different tempera-

tures.
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(h): Tauc: Ti[1%/RT)Y calcined at different tempera-
tures.
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5.3 Photocatalytic experiments

The hydrogen evolution reaction is one of the most studied photocatalytic reactions since it could
produce hydrogen gas as a "green" fuel source from water with energy provided from absorbed
photons. After the characterization, the catalysts were tested for their photocatalytic activity in
sacrificial HER and OER experiments. The DRS results suggested that pure anatase doesn’t
significantly absorb photons with a wavelength higher than 400 nm and that this absorption is
only slightly improved for the 1 %-samples (see Fig. 5.13 and 5.32). The 5 %- and 25 %-samples,
however, did show a much improved absorption in this range most likely owing to the formation
of V505 on the sample surface which has a smaller bandgap, as was seen in the DRS results,
and thus is able to absorb photons with a higher wavelength. For this reason HER experiments
were also performed using visible light (A = 445nm) to test whether the addition of V,05 could
enhance light absorption, compared to the UV-HER and OER experiments.

5.3.1 OER

OER experiments were performed with all synthesized samples under illumination with UV
light (365nm) for 30 min. Ag™ ions were used as a sacrificial agent to scavenge excited electrons
and no additional co-catalyst was added to the reaction mixture. The O,-concentration in the
reactor was measured continuously during the experiment. This data could be converted to
a rate by calculating the derivative of the plot. The recorded data as well as the calculated
derivative can be seen in the Appendix in Section 9.7. The maximum of the derivative was then

taken to be the oxygen evolution rate (see Fig. 5.33 and Table 5.6).
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Figure 5.33: The oxygen evolution rates for all measured samples during the OER experiments after 30 min
of illumination with UV light (365nm).

The results show that no improvement in the OER activity could be achieved through the
modification of the anatase powder with the vanadium precursors. In fact, it seems as though

the opposite is the case, where the addition of more vanadium precursor decreased the activity,
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Results and Discussion

up to the calcined precursor VOSO4-600 which showed as much activity as the blank experiment.

The V species don’t provide better active sites for the OER, compared to the anatase surface.

Table 5.6: The calculated OER rates after 30 min of illumination with UV light (365 nm).

Sample O, Evolution Rate [pmol h—!]
Anatase 0.40
Ana-350 0.38
Ana-600 0.89
Blank 0.04
VOSO0,-600 0.04
Ti[1%/RT)% 0.16
Ti [1%/250)% 0.22
Ti [1%/350] % 0.16
Ti[1%/RT)% 0.16
Ti [1%,/250]% 0.14
Ti [1%/350] % 0.13
Ti[1%/ RT3 0.18
Ti [1%/350] 7 0.14
T4 [1%/600] 7 0.19
Ti[1%/RT)3, 0.12
Ti [1%/350]3, 0.09
Ti [1%/600]3 0.17
Ti[5%/RT)3, 0.08
T [5%/350]3 0.08
Ti [5%/600] 7 0.06
Ti[25%/ RT3 0.03
Ti [25%/350]% 0.04
T [25%/600] 5 0.07

5.3.2 UV-HER

In the UV-HER experiments the catalysts were screened for activity in short experiments, with
30 min of light illumination (365nm) in order to see if any of the catalysts would show significant

activity. Methanol was used as a sacrificial agent for the oxidizing holes and no additional
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co-catalyst was added to the reaction mixture. The experiments were carried out for all samples
synthesized via the filtration or evaporation synthesis and a few of the tested samples produced
small amounts of hydrogen. Fig. 5.34 shows the hydrogen evolution rates for those samples for
which hydrogen evolution could be detected, as well as for the pure anatase samples, calcined at
different temperatures. All the reaction rates which where measured in the experiments are given
in Table 5.7. The samples for which no activity could be detected are shown in the Appendix in
Section 9.8.
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Figure 5.34: Hydrogen evolution rates over 30 min of light illumination with UV light (365nm). (a) shows
the blank experiment and activities of pure anatase, calcined at different temperatures and (b)
shows the activities of all the active samples. It should be noted that the scales of the two
y-axes are different due to the lower activity of the synthesized catalysts.

When comparing the activities of the anatase samples with the synthesized samples it is clear
that none of the produced catalysts shows improved hydrogen evolution efficiency compared to

pure anatase. The most active sample is pure anatase followed by anatase calcined at 600 °C.

Looking only at the pure anatase samples, there is a decrease in activity between the uncalcined
and the calcined samples which could be explained by an increase in particle size during the
calcination, as was seen in the TEM images and XRD diffractograms. The crystal growth can
lead to a decreased surface area and therefore a decreased number of active sites for the UV-HER,
which causes the lower activity. However, the overall activty of anatase without a co-catalyst is

low, so the difference might not be significant.

No sample with a higher V-concentration, nor any sample calcined at 600 °C shows any activity
toward UV-HER. So, similar to the OER results the V-species didn’t provide better active sites

for the HER, compared to the anatase surface.
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Table 5.7: The H, evolution rates after 30 min of illumination with UV light (365 nm).
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Sample Max. H, Rate [pmol/h]
Anatase 14.6
Ana-350 1.6
Ana-600 6.9
Ti[1%/RT]Y 4.2
Ti [1%,/250] % -
Ti [1%/350] % -
Ti[1%/RT)% -
Ti [1%,/250]% 1.5
Ti [1%/350]% 3.0
Ti[1%/ RT3 1.7
Ti[1%/350] % 2.9

Ti [1%/600] 5, -
Ti[1%/RT)3, -
Ti [1%/350]5, -
Ti [1%/600]7, -
Ti [5%/ RT3 -
Ti [5%/350] 7, -
T [5%/600]3, -
Ti[25%/ RT3 -
Ti [25%/350]3, -

Ti [25%,600] 3 -
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5.3.3 Vis-HER

Only those samples which were calcined at the highest temperature (350 °C for samples with
NH,VO; or 600 °C for samples with VOSO,) were tested for Vis-HER activity because these
samples showed the highest absorption in the visible region. Since the expected yield for hydrogen
was very low using only visible light, the detection was performed discontinuously via several
injections of gas phase aliquots from the gas volume above the reaction into a GC. The samples
were illuminated with a wavelength of 445 nm for at least 80 min and again methanol was used
as a sacrificial agent. It should be mentioned again that these experiments were performed with

Pt as an additional co-catalyst.

The evolution of the measured Hy amounts for these samples as well as for pure anatase, a blank
sample and pure V05 powder can be seen in Fig. 5.35. The results of all other tested samples
are given in the Appendix in Section 9.9. In order to estimate the standard deviation of the
results, the experiment with 7 [5%/ 600]% was repeated three times consecutively, which can be
seen in Fig. 5.35b.
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Figure 5.35: Evolution of the recorded amounts of Hy during HER experiments under UV illumination. (a)
shows a comparison of the active and reference samples, excluding all inactive catalysts and
(b) shows a comparison of three repetitions of the experiment performed with the catalyst

Ti [5%/600]5..

To compare the hydrogen evolution of the samples, the amount of evolved Hy after 60 min can
be seen in Table 5.8. The three values for T [5%/ 600]% were used to calculate the standard

deviation of this measurement (o = 0.4nmolh~!).

The only sample with significant activity was the 5 %-sample T [5%/ 600]% with VOSO, as the
precursor. It shows a mean hydrogen production of 1.7nmolh~!. Since the photodeposition of
Pt is dependent on the wavelength of the radiation, an additional experiment with this sample
was performed, where the reaction mixture was irradiated with UV light (365 nm) for 10 min and
then the illumination wavelength was switched to 445 nm. This sample is labelled "T'i [5%/ 600]%
(UV/Vis)" to indicate the usage of both UV and visible light. This treatment was able to
approximately double the hydrogen production to 4nmolh~'. Neither anatase, the pure calcined
precursor VOSO,-600, nor the physical mixture PM[5%/600]° show any activity, indicating
that both semiconductors are involved in the mechanism and that the synthesis introduced
electronic interactions at the interface of TiOy and V5,05 leading to band bending and charge

carrier separation after absorption of visible light through the light absorber V,05.
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Table 5.8: Amount of evolved H, after 60 min of illumination with visible light (445nm).

Sample H, Rate [nmol/h)]

Anatase 0.2
Blank -0.1
VOSO0,-600 0.4
Ti [1%/350] % 0.1
T4 [1%/600]5, 0.2
T4 [5%/350] 3 0.1

Ti [5%/600]7 #1 1.9 +0.4

T [5%,600]5, #2 1.9 + 0.4

T [5%,600]5 #3 1.2 +0.4
Ti [5%,/600]5, (UVVis) 4.3
T [25%/600], 0.2
PM[5%/600]° 0.3

No 1 %-sample nor the 25 %-sample showed any activity towards hydrogen production under
visible light irradiation. Because T [5%/600]% was able to produce hydrogen, the sample
Ti[5%/ 350]% was also tested. However, it also didn’t show significant activity, indicating that
the presence of V405 is necessary for visible light HER.

The photodeposition of the Pt was confirmed by analyzing the sample via TEM, after centrifuging
the reaction mixture and separating the solid catalyst. Images recorded for both samples can be

seen in Fig. 5.36 and in the Appendix in Section 9.9.

Both images in Fig. 5.36 show a lot of Pt nanoparticles on the surface of the TiO4 with diameters
between 1.0nm to 2.5 nm. Comparing the two images reveals that the deposition in visible light
lead to denser and bigger particles then the deposition under UV light, however, it was not
possible to see if Pt was deposited preferentially on TiO4 or V4Os5. The illumination with UV
light (A = 365nm = 3.4eV) can generate excitons in anatase (E; = 3.2eV) and V,05 (E; =
2.3€eV) and thereby electrons throughout the whole sample which can then reduce Pt-ions and
generate the deposited particles. With visible light irradiation (A = 445nm = 2.8 €V) the energy
of incoming photons is no longer enough to generate excitons in anatase, however, it is still
capable of creating electron-hole pairs in V,05. Since the V5,05 is more localized at particular
areas on the anatase particles, it would be expected that the Pt-ions are likely reduced in the
vicinity of the V,05 clusters, leading to more reductions in a smaller area and thereby bigger

particles.
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Figure 5.36: TEM images of the samples (a) T4[5%/600]3, and (b) T%[5%/600]3, (UV/Vis) after the
photodeposition of Pt.

5.3.3.1 Leaching

To study the leaching of V and Pt during a Vis-HER experiment, TXRF analysis was performed
on a few reaction solutions. After the Vis-HER experiments of the samples T [1%/ 600]%,
Ti [5%/600]3, Ti[5%/600]3 (UV/Vis) and T4i[25%/600]; (all samples with VOSO, as the
precursor), the solid catalyst was centrifuged and TXRF was performed on the solution. Table 5.9
shows the percentages of the total sample mass (1 mg) for each leached element and the TXRF

spectra can be seen in the Appendix (see Section 9.5).

Table 5.9: The leached amounts of Ti, V and Pt after a VissHER experiment based on the total sample
mass (1mg), measured with TXRF.

Sample Tijwt%] V[wt%] Pt{wt%]
Ti [1%/600], 0.1 10.8 0.0
Ti [5%/600]3, 0.1 6.5 9.4
Ti [5%/600]3, (UV/Vis) 0.0 14.1 38.4
Ti [25%/600]3, 0.1 20.0 70.2

While almost no Ti was present in the reaction solution, not all of the V stayed on the particles.
V505 is slightly soluble in water (0.8 g/L) which could explain the high amounts of leached
vanadium [114]. The amount of Pt, which was still present in the solution after the experiment,

increased with the amount of V and also for the UV Vis sample. This could also be related to
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the higher amounts of leached V in the UVVis and 25 % sample, because Pt, that was deposited

onto V5,05, would also be removed from the sample if the V4,05 dissolves.
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5.4 Discussion

5.4.1 Material characterization

The characterization of the catalysts revealed that the calcination of samples with 5at% and
25 at% vanadium led to the formation of heterojunctions between TiO, and V,05 particles. The
TEM images show that part of the uncalcined catalyst particles are covered with a layer of the
precursor, which, after calcination, turned into V4,05 interfacing with the TiO, particles (e.g.
see Fig. 5.4 and 5.6). Also the SEM, XRD, IR and Raman results confirm that the precursor
turned into V,O5 for the 5% and 25 % samples after the calcination at 600 °C.

The situation is different for the 1% samples. Although the TEM analysis revealed distinct
structures of the precursor on the anatase particles, IR, Raman and XRD were not able to
detect any signals belonging to a VO, phase. This is probably caused by the low concentration,
however, it could also mean that the V didn’t form oxides here, but is rather present as surface

or bulk dopants in the anatase.

Influence of V on the rutile transformation

The XRD results show that the addition of the precursor led to an increased rutilation during
calcination (see Fig. 5.8b and 5.18). The promotion of the phase transformation by foreign
ions is explained through the generation of oxygen vacancies, e.g. via substitutional doping
of small ions with a lower valence than four [77, 115]. Transformation to rutile happens via
ionic transport and is associated with a lattice contraction. The oxygen vacancies destabilise
the large and rigid oxygen sublattice and thereby promote the ionic transfer and decrease the
transformation temperature [116]. In contrast to substitutional doping, interstitial doping of any
ions seems to stabilise the lattice and therefore only hinder the transformation [79]. Another
reason for the phase transformation at lower temperatures could be heterogeneous nucleation
of V505. Vejux and Courtine explained the increased rutilation with elastic stress, excerted
onto the anatase surface by loaded V505, thereby increasing the surface energy of TiO5 and

decreasing the activation barrier for the transformation [117].

This was also observed in the Raman analysis (see Fig. 5.11 and 5.21). Both, the 25 %- as well
as the 5 %-samples exhibit peak broadening and a blue shift of the anatase E4(1) peak of about
12cm™" and 10cm ™! respectively. The intensity of the shift also increases after the calcination
at 600 °C. The blue shift of this anatase band is usually associated with size-confinement in TiO,
nanoparticles [96]. However, since the nanoparticles didn’t undergo any heat treatment during
the first synthesis step, the size of the anatase particles can be assumed to be unchanged in the
unmodified catalysts. The shift is rather attributed to surface strain, caused by the formation of
a vanadium-oxide layer and possibly the incorporation of V** into the lattice [80, 97, 118, 119].
The 1 at%-samples don’t exhibit this blue shift in the Raman spectra and the XRD spectra
also didn’t show an increased amount of rutile compared to unmodified anatase (see Fig. 5.27
and 5.30).
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Influence of the V-concentration on its oxidation state

The XPS analysis of the 25 %-sample T'i [25%/600], showed that the V on this sample is mostly
present as V*°. But because of the very broad V*° peak it cannot be excluded that a small
amount of V™ is also present. This means that most of the V exists as V505 oxide with possibly
defect V5,05 near the interface of the two SC. IR and Raman experiments revealed that this
oxide is also present in the 5 %-samples. The XPS analysis of the 1 %-samples T [1%/ 350]%,
T [1%/350]% and T [1%/600]5, however, revealed that the vanadium could be present as V**
on these samples, even though vanadium is present as V*° in the precursor NH,VO;. Banares
et al. have observed that for low V contents on TiO5, V™ is the preferred oxidation state due to
a strong stabilization of V** ions by hydroxyl groups on the TiO, surface, which is favoured
because of the very similar ionic radii of Ti** (61 pm) and V** (58 pm) [32, 118]. This suggests
that the V on the 1 %-samples is dispersed on the TiO, surface, through interactions with the
hydroxyl groups on the anatase surface and that the interface between V5,05 and TiO, in the
5% and 25 % samples probably also contains V1.

5.4.2 Photocatalytic characterization
Role of V as a co-catalyst

None of the produced catalysts were active during OER or UV-HER, suggesting that the
V-species that were produced on the anatase aren’t active co-catalysts for these reactions. The
DRS results showed that all samples, as well as the calcined precursor alone, strongly absorb
UV light with a wavelength of 365 nm, leading to the generation of excitons in anatase as well
as in V,05. However, the heterojunction between anatase and V,0j5 leads to charge separation

where the holes stay in V50s.

For the OER, this means that the holes now lie at a lower energy level, thereby reducing the
energy difference between the holes and the oxidation potential for the water oxidation. Since
this reaction is typically kinetically hindered due to it being a four-hole process, this strongly
affects the oxygen evolution rate [120, 121]. The OER results exhibit this trend as well, where
the catalyst activity decreases with increasing vanadium content because of an increased amount
of holes has a reduced potential. The highest activity by far was achieved by the anatase powder
calcined at 600 °C, which could have been caused by the formation of rutile, as was seen in the
XRD results. Calcined anatase has been reported to be more photocatalytically active due to
the formation of the rutile phase (E; = 3.0eV) [26, 122-124].

Fig. 5.37 shows the Hy evolution activities measured during the UV-HER experiments. The
results show that all samples modified with V show a lower activity than pure anatase and no

5at% nor any 25 at% sample were able to produce any measurable amount of hydrogen.

The presence of the vanadium species seems to hinder the hydrogen evolution. This suggests
that V505 is not a suitable co-catalyst for anatase for photocatalytic hydrogen evolution. From
the bandgaps in Fig. 2.4 and the DRS analysis it is expected that, under UV light, both
semiconductors can produce excitons. Due to the energy difference in the band positions, the

electrons will then jump to the conduction band of anatase whereas the holes will move to
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Figure 5.37: Hydrogen evolution activities for the UV-HER experiments. Only those samples which were
able to produce some amount of H, are shown. Uncalcined and unmodified anatase shows the
highest HER activity.

V,05, leading to charge separation. This usually improves the photocatalytic activity, but
the vanadium species also covers part of the surface area of the anatase nanoparticles. The
UV-HER experiments suggest that the coverage of the anatase surface is detrimental to the
hydrogen evolution rate, because the samples with higher V-concentrations show no activity
towards hydrogen production anymore. This phenomenon is also known to occur with other
co-catalysts, e.g. Pt, where an increased concentration of the co-catalyst leads to the blocking of
light via the coverage of active catalyst surface or where the co-catalyst starts to act as a charge
recombination centre [125-127]. There is typically an optimal surface concentration for a given
co-catalyst, that results in an improved activity due to the effects mentioned in Section 2.2.1 but
where the concentration still doesn’t significantly affect the light absorption and the availability
of active sites. Since the uncalcined precursors are soluble in water and the experiment was
performed in a water/methanol mixture the precursors of the uncalcined samples may have

dissolved in the reaction mixture.

Similarly, the intermediate vanadium species on the samples calcined at medium temperatures
(250 °C for NH,VOs4 leading to NH,V30g, and 350 °C for VOSO, leaving the precursor mostly
unmodified, see Section 5.1) could also have been still soluble in the water/methanol mixture
leading to mostly unmodified anatase in a solution of the precursor species in both cases. This

could explain the small activity of the few samples which were able to produce hydrogen.
Role of V as a light absorber

Contrary to the photocatalytic activity under UV light, the synthesized catalysts were able to
improve the activity of anatase when illuminated with visible light. The sample 1% [5%/600]3
(5at% V with VOSO, as the precursor and calcined at 600 °C) was able to produce hydrogen at
a rate of approx. 2nmolh~! which increased to about 4 nmolh~! when the deposition of Pt as

the co-catalyst was performed under UV illumination prior to the visible light HER experiment.
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Fig. 5.38 shows a bar plot with the activities of all analysed catalysts and the standard deviation
of sample T [5%/ 600]% as error bars. The results clearly shows, that V4,05 is able to work
as a light absorber for TiO,, since neither pure TiO, nor the calcined precursor on its own
(VOSO4-600) were able to produce Hy under illumination with visible light. Only when the
two SCs are forming a heterojunction, can the calcined precursor inject excited electrons into
anatase, thereby enabling the HER.
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Figure 5.38: Vis-HER activities for all tested samples with the standard deviation for the 7% [5%/ 600]%
experiments as an error bar. The results show that V,0O5 was able to work as a light absorber
for TiO,, allowing for HER activity under visible light illumination.

The DRS results revealed that the visible light absorption increased with the V-content. The
band positions of pure anatase and V4,05 would make an electron transfer unlikely, since the
CB of pure V5,05 lies at a lower energy level than the CB of TiO,. However, the heterojunction
between the two semiconductors leads to the equalization of the Fermi-levels (Ef) and, as a
consequence, also to band bending of the CB and VB of both semiconductors. This elevates
the band position of V,05 over the required potential for the HER, making it a suitable light
absorber (see Fig. 2.4 in Section 2.2.2). Additionally, it means that excited e generated in
V,05 transfer to the anatase conduction band while the holes stay behind, leading to charge
separation. This, for one, improves the lifetime of excited charge carriers and thereby also the
photoactivity and second, it populates the CB of anatase with excited electrons which can then
further travel to the Pt co-catalyst. These can then react with protons to form Hs while the

holes in V5,05 are used to oxidise methanol.

The sample T [5%/600]3, (UVVis) where the Pt deposition was performed under UV light
showed even better results than 7 [5%/ 600]%, where the deposition was performed under visible
light. The TEM analysis of the Pt deposition indicated that the pre-illumination with UV light
led to denser and bigger Pt clusters. This could lead to a reduced surface area of Pt, which could
be detrimental to the activity. Additionally, the photodeposition of Pt with UV light would lead

to a higher percentage of Pt being deposited on the TiO4 surface since excited electrons can be
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Results and Discussion

generated directly in TiO4, whereas under visible light illumination, they are only generated
in V,05. This can also contribute to a higher activity of 7% [5%/ 600]% (UVVis) since under
visible light illumination V505 acts as a light absorber injecting the excited electrons into TiO,.
However, the analysis of Pt content in the reaction mixture after the experiment, showed that for
sample T [5%/600]5, (UVVis) more Pt was still present in solution compared to T% [5%,/600]3
which was illuminated only with visible light. This means that either less Pt was deposited on
the sample, or that Pt was more easily removed from the surface in the case of the (UVVis)
sample. The higher activity of T [5%/ 600]% (UVVis) which had less Pt on the surface could
indicate that a higher concentration of Pt could already act as recombination centers for excitons

or block the surface of the catalyst for light illumination [128].

The calcined precursor VOSO,-600 with Pt as a co-catalyst didn’t show any activity, indicating
that TiO, is needed to produce hydrogen. This could be because of missing active sites due
to a smaller surface area, since the precursor didn’t form nanoparticles, or due to increased
recombination of excited charge carriers. Also, the conduction band position of V,05 is approx.
0.3V which lies below the required potential for the HER (0.0 V at pHO and —0.41V at pH7).
The physical mixture sample PM[5%/600]° also didn’t show any activity, most likely because for
band bending to occur, the two semiconductors have to form a heterojunction, meaning a close

contact of the crystal structures, which was not achieved by simply mixing the two powders.
Influence of the V-concentration on the Vis-HER activity

The lower activity of the 25 %-sample can be explained by a higher surface coverage of the
anatase by the vanadium oxide. Since the electrons are first transferred onto anatase at the
heterojunction and then travel to the Pt nanoparticles, the protons for the HER need to access
Pt on the anatase surface in order to be reduced (see Fig. 5.39). The TEM results showed that

25% V 5% V

Figure 5.39: Difference between the anatase surface coverage of the 25 % samples vs. the 5% samples. In
order for the HER to occur, protons need to have access to Pt nanoparticles on the anatase
surface, since excited electrons, forming at the heterojunction, are transferred to anatase first
and then onto the Pt nanoparticles.

the anatase particles were partly covered by a layer which could block the surface and inhibit
hydrogen production. The 25 %-sample, where the layer was most pronounced, likely blocks

more of this surface thereby hindering the hydrogen production.

Compared to the 5% sample, it could also be that less of the formed V,05 is in close proximity
to the TiO, surface due to the formation of bigger V5,05 particles. This could reduce the activity
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Results and Discussion

since V5,05 can only act as a light absorber, through the formation of a heterojunction with
TiO5 at an interface between the two SC. A bigger particle size reduced the relative amount
of V505 that is in close contact with TiO, and also would require larger diffusion lengths of
excited electrons. Additionally, the co-catalyst Pt needs to be deposited onto the anatase surface
instead of onto V505, since only the interface between anatase and Pt is able to promote the
HER. The leaching analysis also showed that approx. 70 % of the Pt was still dissolved in the
solution after the experiment, indicating that the deposition couldn’t happen effectively under

the illumination with visible light.

The 1 %-samples were also not active during Vis-HER. The amount of V-species in these catalysts

is probably too low to lead to significant visible light absorption.

This means that the 5% sample T [5%/600]3 has the optimal V-concentration from the different
amounts that were investigated in this thesis. With 5at% of V, enough V,05 has formed for the
formation of heterojunctions between TiO, and V505 and compared to the higher concentration
of 25 at%, most of it is still in close interaction with TiO, while still leaving the anatase surface

available for the actual HER to happen.
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Conclusion

Conclusion

V-modified TiOy samples with 25at%, 5at% and 1at% of V were synthesized, using a very
simple, solvent-free impregnation method and tested for their photocatalytic activity toward
HER and OER. The initial structural and optical characterization revealed that the 25 at%-
and 5 at%-samples consisted of composites between TiO, and V405 while the 1at%-samples
contained mostly V** from vanadium species on the TiO, surface or doped in the TiO, lattice.
However, in both cases, the synthesized samples showed an increased absorption in the visible
light range, while the bandgaps stayed mostly unaffected. Additionally, the addition of vanadium
in the 5at%- and 25 at%-samples has led to an increased amount of rutile which formed during
the calcination at 600 °C.

While the catalysts were not photocatalytically active under UV light illumination, the sample
Ti[5%)/ 600]% with 5at% V was able to produce hydrogen at a rate of approx. 4nmolh~! with
1mg of catalyst. The measured hydrogen production rates under visible light illumination can be
seen in Fig. 5.38. While unmodified anatase wasn’t active at all under the applied experimental
conditions, the achieved activity is still way less than e.g. the hydrogen production rate reported
by Martha et al. who prepared a visible light responsive V,05/N,S-TiO, composite photocatalyst
which achieved an activity for H, evolution of almost 3000 pmolh~! g=! during sacrificial water
splitting [129]. This means that V,05 was not able to work as a co-catalyst that provides active
sites for the HER or OER reaction, but instead it worked as a visible light absorber, injecting
electrons into anatase. These excited electrons could then get transferred onto Pt which worked
as the co-catalyst for HER. The hydrogen production could be improved by performing the
photodeposition of the Pt under UV light, which led to more distributed and smaller Pt clusters
on the TiO, surface. However, an optimal V concentration for the light absorption exists, since
neither the 1at%-samples nor the 25at%-samples didn’t show any activity in the Vis-HER
experiments. The concentration of 1at% was probably too low to form significant amounts of
V3,05, while most of the V,05 in the 25 at%-samples wasn’t in close enough interaction with the
TiO4 or blocked its surface for the HER.
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Outlook

Outlook

During this project, catalysts with three different V-concentrations have been synthesized,
all starting from the precursor VOSO,. The photocatalytic experiments revealed that the
V-species were not active as a co-catalyst, but were able to function as a light absorber for TiO,.
Further studies should be done to investigate the exact mechanism and the optimization of the
V-concentration and morphology. Only the 1at%-samples were synthesized with an additional
precursor to study the effect of a different precursor oxidation state, because further studies
would have exceeded the boundaries of the current project. Further studies with NH,VO3 with
higher concentrations could be done in order to better compare the two precursors and the
influence of the oxidation state of vanadium. Here, additional XPS studies of the 5% sample as
well as samples, calcined at different intermediate temperatures could enhance our understanding

of the processes occurring at the TiO, surface.

It would also be interesting to further study the difference between bulk V,05 and the V-species
present on the surface of TiO5. The IR analysis revealed a difference in the V=0 band absorption
between pure bulk V5,05 and the same band in the synthesized samples. However, also the
physical mixture showed the same difference in the V=0 absorption, which cannot be explained
by a structural difference. Further IR studies and Raman studies of the physical mixture
could elucidate the structure of the V405 on the synthesized samples, compared to the physical

mixture.

Additionally, it would be interesting to see if the hydrogen production could be optimized by
varying the V concentration near 5at%. Since this was the only active sample, nothing can be
said about a possible correlation between the hydrogen production and increasing or decreasing
the V concentration. The Pt deposition could also be optimized. The experiments revealed that
ex-situ deposition under UV light increased the hydrogen production, however, approx. 40 % of
the added Pt weren’t deposited under these conditions.

Finally, additional photocatalytic experiments, like the degradation of organic molecules or CO,

reduction, could be performed with the synthesized catalysts.
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Appendix

9.1 TGA

TGA analysis was performed for the uncalcined samples Ti [1%/RT)Y , Ti [1%,/ RT ]%, Ti[1%/RT)%
and T [1%/RT]15; and the plots can be seen in Fig. 9.1.

All samples still had a lot of adsorbed water which was removed by heating up to 120°C (or
190°C in the case of anatase) and holding the temperature until constant weight. Afterwards
the samples were heated further to 800 °C. No stepwise degradation could be observed until
550°C. At this temperature the sample T [1%/ RT]% started to lose weight more quickly and
at 600 °C the other samples did as well. However, this weight loss at around 600 °C can also
be observed with pure anatase so it probably doesn’t come from a degradation reaction by the
precursors. With a concentration of 1at% the expected weight loss for the degradation of the
precursors to V5,05 would be 0.3 wt% for NH,VO5 and 1.8 wt% for VOSO, - 4 H,O. The large
weight loss by T [1%/ RT]% could come from this degradation but the overlapping with other

weight reductions makes it difficult to determine a clear start and end point.

100 A — Anatase
= Ti[N/E]
= Ti[S/E]
— Ti[N/F]
- Ti[S/F]

99 4

98 1

wt%

97

96

95

0 100 200 300 400 500 600 700 800
Temperature [°C]

Figure 9.1: TGA plots for the uncalcined samples Ti[1%/RT|N, Ti[1%/RT)S, Ti[1%/RT]x and
Ti[1%/RT }IS, as well as anatase as a reference.
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9.2 SEM

Anatase

(b): 150 000 x
(d): 200 000 x

(e): 200 000 x
Figure 9.2: Anatase

(a): 8000 x
(c): 160 000 x
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Figure 9.5: T%[25%/600],

(£): 240 000 x
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9.3 TEM
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Figure 9.13: T4 [1%/350]%
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94 XPS
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Figure 9.21: XPS spetra T [25%/350];. (a) shows the binding energy region for carbon, (b) for oxygen, (c)
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9.5 TXRF

9.5.1 Composition analysis

50000 ! s

40000 - - ;

30000 A 1 ¥

CPs

20000 - ! /

10000 A

—— Ti[1%/RTI

Energy [keV]

Figure 9.22: TXRF spectrum of the catalyst 7% [1%/350] % .
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Figure 9.23: TXRF spectrum of the catalyst T4 [1%/350] % .
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Figure 9.24: TXRF spectrum of the catalyst T [1%/RT]..
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Figure 9.25: TXRF spectrum of the catalyst T [1%/600]7..
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Figure 9.26: TXRF spectrum of the catalyst T [1%/RT]7,.
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Figure 9.27: TXRF spectrum of the catalyst 7' [1%/600],.
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Figure 9.28: TXRF spectrum of the catalyst T [5%/600],.
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Figure 9.29: TXRF spectrum of the catalyst T'i [25%/600]3,.
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9.5.2 Leaching analysis
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Figure 9.30: TXRF spectrum of the reaction mixture after the Vis-HER experiment of 7% [1%/ 600];.

—— Ti[5%/600]-UVNis-Sol.

3000 - '
P

2500

2000 - { { /

CPs

1500 A

1000 // | . m,‘
f‘ \-M-L—-M-A--—-" g

1] 10 20 30 40
Energy [keV]

500

Figure 9.31: TXRF spectrum of the reaction mixture after the Vis-HER experiment of T% [1%/600];
(UVVis).

107



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

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

thek,

L]
10
ledge

now!

b

o
i
r

References

3000 A

2500

2000

CPs

1500 A

1000 A

500

—— Ti[5%/600]5-50l.

Energy [keV]

Figure 9.32: TXRF spectrum of the reaction mixture after the Vis-HER experiment of T [5%/600],.
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Figure 9.33: TXRF spectrum of the reaction mixture after the Vis-HER experiment of T [25%/600]%,.
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9.6 IR Spectra
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Figure 9.34: IR spectra of Anatase
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Figure 9.35: IR spectra of VOSO,
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Figure 9.36: IR spectra of NH,;VO3
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9.7 OER

To compensate the drift in the oxygen concentration, caused by small leaks in the reactor, the
data was modified in such a way as to compensate for this effect. Before turning on the UV
lamp (grey area), the drift was recorded for 29 min and for the last 10 min of this time period a
regression line was calculated. This line was taken to be the oxygen concentration drift which
was present through the whole experiment and so it was subtracted from the whole dataset.
Because of this subtraction it sometimes happened that the oxygen concentration seemed to
drop after the experiment, but the absolute values never showed such a drop in the oxygen

concentration.

Anatase and reference samples
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Figure 9.37: Oxygen concentrations and the first derivative of the plot for Anatase samples,Blank and

VOS0,4-600
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Figure 9.38: Oxygen concentrations and the first derivative of the plot for 7% [1%/RT]Y
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Figure 9.39: Oxygen concentrations and the first derivative of the plot for T% [1%/ RT]g
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Figure 9.40: Oxygen concentrations and the first derivative of the plot for 7% [1%/RT]?,
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Figure 9.41: Oxygen concentrations and the first derivative of the plot for T% [1%/ RT]%
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Figure 9.42: Oxygen concentrations and the first derivative of the plot for T% [5%/ RT]Z
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Figure 9.43: Oxygen concentrations and the first derivative of the plot for 7% [25%/ RT]%

113



References

9.8 UV-HER
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Figure 9.44: UV-HER activity of 7% [1%/RT]
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Figure 9.45: UV-HER activity of T4 [1%/RT]
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Figure 9.48: UV-HER activity of T [5%/RT
Figure 9.49: UV-HER activity of T% [25%/RT]
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9.9 Vis-HER

9.9.1 HER experiments
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Figure 9.50: Hydrogen evolution activities for Vis-HER experiments.
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9.9.2 TEM images
Ti[5%/600]3, - Visible Pt-Photodeposition

10 nm

(2) (h) (

Figure 9.51: T [5%/600]}, after Pt Photodeposition with visible light.
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Ti[5%/600]3, - UV /Vis Pt-Photodeposition
e
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10 _nm
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Figure 9.52: T%[5%/600]3, after Pt Photodeposition with UV and visible light.
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