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Zusammenfassung

In dieser Arbeit wurden verschieden getragerte (CeO-, TiO,, TiO,/CeQ,) Vanadiumoxidkataly-
satoren und ein bulk Oxid-Katalysator (Fe,(MoQO,)3) untersucht, um ihre grundlegenden Eigen-
schaften zu verstehen und die Reaktionsmechanismen wéahrend der oxidativen Dehydrierung
(ODH) von Propan aufzukldren. Die verwendeten Katalysatoren basieren auf reduziblen Ma-
terialien, welche sich dadurch auszeichnen, dass sie durch die Bereitstellung von Sauerstoff
aktiv an der Reaktion teilnehmen und dadurch die Performance des Katalysators signifikant
beeinflussen konnen. Dies ertffnet neue Moglichkeiten eines rationalen Katalysatordesigns
fiir neue Materialien mit verbesserter katalytischer Leistung. ODH-Reaktionen ermoglichen
durch signifikante Energie- und Ressourceneinsparung eine Route zur umweltfreundlicheren
Synthese von Basischemikalien, die durch die Nutzung von CO, als ubiquitdres Treibhausgas
sogar klimaneutral gestaltet werden kann. Daher wurde der Einfluss der Verwendung von O,
und CO, als Oxidationsmittel untersucht. Das Ziel dieser Arbeit ist es, den Einfluss verschiedener
Tragermaterialien, Nuklearitdten und Oxidationsmittel auf den Reaktionsmechanismus zu ver-
stehen und dieses Wissen am Ende fiir ein rationales Design von getrigerten Katalysatoren zu
nutzen und auf das analytisch schwerer zugéngliche Verhalten von bulk Oxiden zu iibertragen.
Fiir die mechanistische Analyse wurde eine Kombination von in situ und operando Methoden
eingesetzt. Multi-Wellenldngen-Raman-Spektroskopie in Kombination mit UV-Vis-Spektroskopie
ermoglicht die Untersuchung der Sauerstoffdynamik in der aktiven Phase und dem Trager. Die
transiente Modulations-Anregungs-(ME-)IR-Spektroskopie wurde zur Identifizierung aktiv an
der Reaktion beteiligter Adsorbat- und Vanadiumoxid-Spezies sowie des schnellen Wasserstoff-
transfers an der Oberflache verwendet. Letzterer ist dabei besonders wichtig, da der initiale
C-H Bindungsbruch oft als geschwindigkeitsbestimmender Schritt identifiziert wird. Diese Spek-
troskopien bilden den Kern der meisten mechanistischen Untersuchungen in dieser Arbeit, doch
wurden je nach System und spezifischer Fragestellung weitere Methoden eingesetzt. Dazu
gehoren die Rontgenbeugung (XRD) zur Uberwachung verschiedener Kristallstrukturen, die
Rontgen-Photoelektronenspektroskopie (XPS) zur Uberwachung der Oxidationszustande auf der
Katalysatoroberfldche, die >V Festkorper-Kernspinresonanzspektroskopie (ssNMR), um die nuk-




learitdtsabhdngige Analyse von Vanadiumoxid zu erméglichen und die elektrische Impedanzspek-
troskopie (EIS) zur direkten Uberwachung von Massentransportphinomenen in bulk Oxiden.
Zusétzlich wurden dichtefunktionaltheoretische Rechnungen (DFT) als unterstiitzende Methode
eingesetzt.

In einem ersten Schritt wurden grundlegende Eigenschaften des VO,/CeO, Systems untersucht.
In theoretischen Untersuchungen zur Schwingungsstruktur des Materials mittels DFT wurden
Raman-Spektren in Abhingigkeit von der Nuklearitit simuliert und das beladungsabhéngige Ver-
halten charakterisiert. Weiterhin wurde die Reduzierbarkeit der VO,/CeQO,-Katalysatoren mittels
der Reduktion in H, und das Reoxidationsverhalten unter Verwendung von CO,, ausgehend von
einem teilreduzierten Zustand, untersucht. Das Reduktionsverhalten an der Oberfldche und im
Volumen wird stark von der Nuklearitatsverteilung von Vanadiumoxid beeinflusst, die wiederum
die Sauerstoffmobilitédt in Ceroxid beeinflusst. Ein dhnliches nuklearitdtsabhédngiges Verhalten
tritt bei der Regeneration mit CO, auf, bei der Ceroxid iiber Karbonatspezies reoxidiert wird.
Vanadium-oxidspezies blockieren diese Regenerationsstellen, da sie iiber Oberflachensauerstoff
verankert sind. Kurzkettige Vanadiumoxidspezies konnen aufgrund ihrer niedrigeren thermody-
namischen Stabilitdt im Vergleich zu langer kettigen Vanadiumoxidspezies nur teilweise reoxidiert
werden, wohingegen letztere aufgrund ihrer erhohten Stabilitat vollstdndig reoxidiert werden
koénnen.

Als néchstes wurde der Reaktionsmechanismus der Propan ODH mit O, als Oxidationsmittel tiber
VO,/CeO, Katalysatoren in Abhdngigkeit von der Vanadiumoxid-Beladung untersucht. Dieser
ist relevant, um die nachhaltigere Synthese der Basischemikalie Propylen zu optimieren und
die Propan-ODH industriell relevanter zu machen. Hierbei wurde der Oberfldchensauerstoff
des Ceroxidgitters als aktive Stelle identifiziert. Dimere und oligomere Vanadiumoxidspezies
fungieren als Transferstelle fiir die Ubertragung von Wasserstoff auf den Oberflichensauerstoff
des Ceroxidgitters und fiir die Koordination von Propan. Monomere Spezies nehmen nicht aktiv
an der Reaktion teil, interagieren aber mit den Sauerstofffehlstellen von Ceroxid und blockieren
diese. Im Vergleich dazu zeigt sich bei der Verwendung von CO, als Oxidationsmittel ein kom-
plexeres Reaktionsnetzwerk, bei dem die Dehydrierung von Propan eine Rolle spielt, aber die
Totaloxidationsreaktion aufgrund der hohen Sauerstoffmobilitidt in Ceroxid immer noch sehr
ausgeprdigt ist. Das Reaktivitdtsverhalten hangt dabei stark von den Vorbehandlungsbedingungen
ab. Vanadiumoxid vermindert die Pravalenz der Totaloxidationsreaktion und erhoht die Gesamt-
aktivitat des Katalysators. Die Oberflache wird durch die Bildung stabiler Karbonatspezies unter
Reaktionsbedingungen teilweise deaktiviert.

Um den Einfluss des Tragermaterials auf den Reaktionsmechanismus der Propan ODH zu ver-
stehen, wurden VO,/TiO,-Katalysatoren unter Verwendung von TiO, P25 als Tragermaterial




untersucht. In diesen Katalysatoren fungieren die V=0- und V-O-V-Gruppen des Vanadiumoxids
als die wichtigste aktive Spezies. Das Titandioxid sorgt fiir die Ubertragung des Wasserstoffs auf
das Vanadiumoxid und beeinflusst ebenfalls dessen Nuklearitat iiber das Anatas/Rutil-Verhéltnis
im Trager. Im Vergleich zur Verwendung von CeO,-Tragern ist das VO,/TiO,-System bei der
Benutzung von CO, als Oxidationsmittel hochselektiv fiir die Dehydrierung von Propan und
zeigt Aktivitaten, die mit CrOy-Katalysatoren vergleichbar sind. Die einzige Nebenreaktion ist
die Propantrockenreformierung. Die katalytische Leistung ist jedoch nicht stabil. Die Deak-
tivierung des Katalysators wird durch die vollstandige Reduktion und zu langsame Regeneration
des Katalysators verursacht. Die Regenerationsrate des Katalysators wird durch die Gegenwart des
Vanadiumoxids erhoht, das die Bildung von Rutil katalysiert und aktiv am Redoxzyklus teilnimmt,
wodurch die Regenerationsrate des Katalysators erhoht und die Gesamtselektivitat gesteigert
wird.

Auf Grundlage des zuvor beschriebenen mechanistischen Wissens zur Propan ODH iiber VO,/CeO,-
und VO,/TiO,-Katalysatoren wurde der Versuch eines Katalysatordesigns unternommen, in-
dem mittels Atomlagenabscheidung (atomic layer deposition, ALD) zunichst ein TiO,/CeO,-
Tragersystem mit variabler TiOx-Beladung synthetisiert und anschlieend mit Vanadiumoxid
beladen wurde. Dadurch wird einerseits eine aktive Beteiligung der Sauerstoffatome aller drei
Oxide ermoglicht, andererseits aber ein Grol3teil der unselektiven Oberflachensauerstoffatome
auf der Ceroxidoberflache mit Titandioxid bedeckt, welches zudem Vanadiumoxid koordiniert.
Insgesamt wird durch diesen Ansatz eine hohere Selektivitat als bei den Zweikomponentenoxiden
erreicht.

Abschliefend wurde als kommerzieller bulk Oxid-Katalysator Fe,(MoO4)3; untersucht. Dieser
unterscheidet sich von einem getrigerten Katalysator dadurch, dass es sich um kein homogenes
Material handelt, sondern ein gradueller Ubergang von der stéchiometrischen bulk Struktur hin
zu einer verdnderten Struktur an der Oberflache erfolgt, welche alle an der Reaktion beteiligt sind
und individuelle Rollen iibernehmen. Dies macht ein solches Katalysatorsystem komplexer als
ein getragertes, da nicht nur an der Katalysatoroberflache, sondern auch im Volumen relevante
Prozesse stattfinden konnen. In Vorarbeiten wurde zunichst ein Einfluss der Synthesebedingun-
gen auf die Struktur, Phasenzusammensetzung und das Mo/Fe Verhaltnis von Fe,(MoO,4)3 u.a.
mittels Raman- und XP-Spektroskopie festgestellt. Mechanistische Untersuchungen wahrend der
Propan-ODH mittels operando- und transienter Spektroskopie ergaben, dass der Gittersauerstoff
fiir die Reaktion von grol3er Bedeutung ist. Wasserstoff kann durch eine Schicht aus amorphem
MoOy, die sich auf der Katalysatoroberflache ausbildet, auf das Gitter iibertragen werden, wodurch
die Selektivitit gesteigert werden kann. Hier kann eine Diffusion des Wasserstoffs in den ober-
flichennahen Bereich des Katalysators stattfinden, wo es zur Bildung von Wasser kommen kann




und eine Fehlstelle direkt im Gitter induziert werden kann. Die Regeneration des Gitters erfolgt
durch Diffusion aus dem bulk oder durch einen Phaseniibergang zu FeMoO,. Die Mobilitat des
Sauerstoffs im Katalysator hdangt dabei stark vom Eisengehalt des Materials ab.

Diese Arbeit zeigt, dass die Kombination von operando- und transienter Spektroskopie, unterstiitzt
durch DFT, eine detaillierte Beschreibung des Mechanismus von ODH Reaktionen iiber getriagerten
und bulk Oxid-katalysatoren ermoglicht. Dies ist von grol3er Bedeutung fiir das rationale Design
neuer Katalysatormaterialien, um neue Prozesse zu entwickeln bzw. um den aktuellen Stand beste-
hender katalytischer Prozesse zu verbessern und damit die Nachhaltigkeitstransformation in der
chemischen Industrie voranzutreiben. In diesem Zusammenhang wurde anhand des erfolgreichen
rationalen Designs eines Tragermaterials demonstriert, dass die Propan-ODH-Selektivitidten (im
Vergleich zu anderen Materialien) durch ein detailliertes Verstdndnis des Reaktionsmechanismus
signifikant erhoht werden konnen. Insgesamt zeigt sich die grolde Bedeutung der Kombination
komplementérer spektroskopischer Methoden unter Reaktionsbedingungen, um ein vollstandi-
ges Bild der Wirkungsweise von Katalysatoren zu erhalten und eine Unterscheidung zwischen
Oberflachen-, Untergrund- und Bulk-Prozessen sowie deren Wechselspiel zu ermoglichen.
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Abstract

In this work, various supported (CeO,, TiO,, TiO/CeO,) vanadium oxide catalysts and a bulk
oxide catalyst (Fe,(M0Q,4)3) were investigated in order to understand their fundamental properties
and to elucidate the reaction mechanisms during the oxidative dehydrogenation (ODH) of propane.
The catalysts used in this work are supported on reducible oxides, which are characterized by
the fact that they actively participate in the reaction by providing oxygen, thus significantly
influencing the performance of the catalyst. This opens up new avenues towards a rational
catalyst design to obtain new materials with improved catalytic performance. ODH reactions
enable a route to a more environmentally friendly synthesis of basic chemicals through significant
energy and resource savings, which can even be made carbon neutral by using the ubiquitous
greenhouse gas CO, as the oxidizing agent. Therefore, the influence of using O, and CO, as
oxidants was investigated. The aim of this work is to investigate the influence of different support
materials, vanadia nuclearities, and oxidizing agents on the propane ODH reaction mechanism
and to use this knowledge for the rational design of supported catalysts and to finally transfer
it to the analytically more challenging behavior of bulk oxides. For the mechanistic analysis a
combination of in situ and operando methods was used. Multi-wavelength Raman spectroscopy
in combination with UV-Vis spectroscopy allows the investigation of the catalysts oxygen dynamics
in the active phase and in the support. Transient modulation-excitation (ME-)IR spectroscopy was
used to identify actively participating adsorbate and vanadium oxide species as well as the rapid
hydrogen transfer from propane to the catalyst surface. The latter is particularly important, as
the initial C-H bond break is often described as the rate-limiting step. The combination of these
spectroscopies forms the core of most of the mechanistic studies in this work, but depending on the
system and the specific question, other methods were used. These include X-ray diffraction (XRD)
for monitoring crystal structures, X-ray photoelectron spectroscopy (XPS) to monitor oxidation
states on the catalyst surface, >V solid-state nuclear magnetic resonance spectroscopy (ssNMR) to
enable the nuclear-dependent analysis of vanadium oxide and electrical impedance spectroscopy
(EIS) for direct monitoring of mass transport phenomena in bulk oxides. In addition, density
functional theory (DFT) calculations were used as a supporting method.
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In a first step, basic properties of the VO,/CeO, system were investigated. As part of theoretical
investigations of the material by DFT, vibrational Raman spectra were simulated as a function of the
vanadia nuclearity and the loading-density dependent behavior was characterized. Furthermore,
the reducibility by means of temperature-programmed reduction (TPR) in H, and the reoxidation
behavior in CO,, starting from a partially reduced state, was investigated. The reduction behavior
at the surface and in the subsurface was strongly influenced by the nuclearity distribution of
vanadia, which in turn affects the oxygen mobility in ceria. A similar nuclearity-dependent
behavior occurs during reoxidation with CO,, in which ceria is reoxidized via the formation of
carbonate species. Vanadia species block these regeneration sites because they are anchored to
ceria via surface oxygen. Short nuclearities can only be partially reoxidized due to their lesser
thermodynamic stability compared to longer-chain nuclearities, which are fully reoxidized due to
their increased stability.

Next, the propane ODH reaction mechanism over VO,/CeO, catalysts as a function of the vanadia
loading was investigated using O, as the oxidizing agent. This is highly relevant to optimize the
more sustainable synthesis of the basis chemical propylene compared to traditional production
processes like stam cracking, making the propane-ODH process industrially more relevant. Here,
surface oxygen of the ceria lattice was identified as the active site. Dimeric and oligomeric vanadia
species act as the transfer site for hydrogen to surface oxygen of the ceria lattice and for the
coordination of propane. Monomeric species do not actively participate in the reaction but are
able to interact with and block oxygen vacancies of ceria. In comparison, the use of CO as the
oxidizing agent leads to a more complex reaction network, in which the dehydrogenation of
propane plays a significant role, but total oxidation is still very pronounced due to the high oxygen
mobility in ceria. The reactivity behavior also depends strongly on the pretreatment conditions.
Vanadia reduces the prevalence of the total oxidation reaction and increases the overall activity
of the catalyst. The surface is partially deactivated by the formation of stable carbonate species
under reaction conditions.

To investigate the influence of the support material on the propane ODH reaction mechanism, the
VO,/TiO, system was investigated in detail using TiO, P25 as the support material. Here, the
V=0 and V-O-V groups of vanadia act as the main active sites, while titania provides the transfer
site of hydrogen to the vanadium oxide via lattice oxygen and influences the vanadia nuclearity
via the anatase/rutile ratio in the support. In comparison, the VO,/TiO, system is highly selective
for the dehydrogenation of propane when using CO, as the oxidizing agent and exhibits catalytic
activities comparable to CrOy catalysts. The only side reaction is propane dry reforming. However,
the catalytic performance is not stable. The deactivation of the catalyst is caused by the complete
reduction and an insufficient regeneration rate of the catalyst by CO,. The regeneration rate of
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the catalyst is increased by the presence of vanadia, which catalyzes the formation of rutile and
actively participates in the redox cycle, increasing the regeneration rate of the catalyst and its
overall selectivity.

Based on the obtained mechanistic knowledge on propane ODH over VO,/CeO, and VO,/TiO,
catalysts, a rational design attempt was made by synthesizing a TiO4/CeO, support system with
variable TiOy loading using atomic layer deposition (ALD) and subsequent loading with vanadia.
This allows for the active participation of oxygen atoms of all three oxides, while concurrently,
titania covers most of the unselective surface oxygen atoms of the ceria surface and coordinates
the vanadia, which results in a higher selectivity than that observed for the two-component
oxides.

Finally, Fe,(MoO,4); was investigated as a commercial bulk oxide catalyst. Bulk oxides differ
from supported catalysts in the fact that they are not a homogeneous material but gradually
transition from the stoichiometric bulk structure to a modified surface structure. All of these parts
can be involved in the reaction and take on individual roles. This makes such a system more
complex than a supported one, since the reaction takes place not only at the catalyst surface, but
relevant processes can also take place in the bulk. First, the influence of the synthesis conditions
on the structure, phase composition and Mo/Fe ratio of Fe,(Mo0Q,); by means of Raman and XP
spectroscopy was investigated. Mechanistic studies during propane ODH by means of operando
and transient spectroscopy reveal that lattice oxygen is of great importance for the reaction.
Hydrogen can be transfered from the propane to the lattice by a layer of amorphous MoOy, which
forms on the catalyst surface and increases its selectivity. Here, diffusion of the hydrogen to
the subsurface of the catalyst can occur, leading to water and subsequent vacancy formation.
The regeneration of the lattice takes place by diffusion from the bulk or by a phase transition to
FeMoO,. The oxygen mobility in the catalyst is highly relevant for the reactivity and strongly
depends on the iron content.

This work demonstrates that the combination of operando and transient spectroscopy, supported
by DFT, allows for a detailed description of the mechanism of ODH reactions over supported
and bulk oxide catalysts. This is of great importance for the rational design of new catalyst
materials, aiding in developing new processes, or to improve the current state of existing catalytic
processes, thus driving the transformation in the chemical industry towards sustainability. In
this context, the successful rational design of a support material shows that the propane ODH
selectivities can be enhanced (in comparison to other materials) by a detailed understanding of
the reaction mechanism. Overall, this demonstrates the importance of combining complementary
spectroscopic methods under reaction conditions in order to obtain a complete picture of the
mode of operation of catalysts and to distinguish between surface, subsurface and bulk processes




and their interplay.
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1 Introduction

The field of catalysis is of extraordinary importance to the chemical industry as most of the
industrial processes are catalyzed by heterogeneous catalysts.!!! Since the transformation of
natural resources by the chemical industry is the basis for our modern life, catalysis is essential
to maintain and improve our standard of living.!?! Furthermore, the use of catalysis is essential
to the solution of current problems, including the climate change, by supporting the necessary
green transformation of our industry.[¥! For example, many reactions can be performed using
significantly less resources with lower energy expenditure when a catalyst is employed. In addition,
CO; can be catalytically activated and used in chemical industry to obtain value-added products
from this undesired green house gas.[*°! An important example of these reactions is the ODH
of propane, which is a highly promising (additional) way to produce propylene and close the
propylene gap, which is caused by an excess of demand for propylene that cannot be satisfied by
conventional production processes like steam and fluid catalytic cracking.[®”! It can significantly
lower the required energy for propylene production and reduces waste from deactivated catalysts
making it more ecological. However, the challenge to make this reaction viable is that propylene
can be more easily oxidized to COy than propane. Therefore, the reaction needs to be stopped at
the selective oxidation product. One approach towards higher selectivities would be to use CO,
as a soft-oxidant. Its use as a feed gas instead of O, can even make the reaction climate neutral.
The main barrier to use CO, is its high thermodynamic stability, which requires a high energy
input. Furthermore, a plethora of additional side reactions becomes possible compared to O,.
To emphasize this point, the possible ODH reaction networks for both the use of O, and CO, as
oxidizing agents are shown in Figure 1.1.




ODH CO,-Assisted ODH

Coal Gasification

OZ HZO C02 C3H6+CO (BOUdouard)
C3H8¥4 CaHq C3H8¥4 H,0 C+CO, = 2C0O
(6{0) Cracking
DDH RWGS
H Dry Reforming
O, * co, CO, CH,, Cg, H,

Figure 1.1: Comparison between the reaction network for propane ODH (left) and CO»-assisted propane
ODH (right).

During the propane ODH using O,, propane can react with O, to form propylene and water.
From there, two routes towards the total oxidation product COy are possible, either directly from
propane or from propylene. Since propylene is more easily oxidized than propane, this route is
more likely.t®!

For the CO,-assisted propane ODH, the reaction network becomes more complex. Ascoop et
al.[”! proposed, that the dehydrogenation of propane can occur via two pathways. First, the
oxidative dehydrogenation can occur in a similar way to the reaction with O,. Second, direct
dehydrogenation (DDH) can lead to propylene and hydrogen formation, which can then react
via the RWGSr to CO and H,0, leading to the same reaction products as the direct pathway. In
addition, due to the high temperatures involved, cracking can occur, which can be accompanied
by the formation of ethylene, methane, solid carbon and hydrogen.[*?! Furthermore, propane
dry reforming (PDR) can occur, which convertes propane mainly to CO, but different reaction
pathways to methane, solid carbon and hydrogen are also possible.[*!! The solid carbon can then
be gasified by CO, to CO. Due to the plethora of reactions involved, the discrimination between
the different reaction pathways is very challenging.

Due to the challenges in both reactions, a suitable catalyst needs to be employed. In general,
catalytic conversions occur over active phases, which can be noble metals (Cu, Au, Pt) or oxides
(VOy, MoOy, CrO,). To increase the surface area of the catalyst and reduce the required amount
of the (often expensive) active phase, they are commonly supported on an oxide material. The
support material itself can strongly influence the reaction behaviour of the catalyst.['>13! This
depends on wether or not the catalyst support actively participates in the reaction. Typical inactive
supports are SiO, and Al,O3, while active supports include TiO,, CeO, and In,O3. The latter
can participate in the reaction (e.g. by providing lattice oxygen). Besides these interactions,




the support can further change the catalytic properties by coordinating the active phase in a
different way than in the pure phase, i.e. via strong metal-oxide support interactions (SMOSI).4
In addition, the exact composition of the support is of importance. For example, TiO, supports
show different properties depending on their crystal structure.!'>16]

For the propane ODH reaction, supported amorphous vanadium oxide (VOy) is often used as a
catalyst due to its good selectivity and its increased activity when actively supported.['”! Active
supports are often characterized by their reducibility, allowing them to participate in the redox
cycle of an oxidation reaction. For example, ceria was shown to act as an oxygen buffer!!® that
can be reduced and form oxygen vacancies as well as Ce>* states. These can be regenerated by gas
phase oxygen or by diffusion from ceria’s bulk.['?2%) Similarly, TiO, is often described as an oxygen
buffer, as it forms vacancies as well. Additionally, it was demonstrated that titania coordinates
its active phase in a way that increases the catalytic performance.?'-23] To fully understand the
reaction behavior of these catalysts, their oxygen dynamics and interactions with the active phase
need to be understood.

To optimize the catalytic performance of supported VOy catalysts and make the propane ODH
reaction viable the reaction mechanism needs to be understood. Many studies report that titania is
the most active support, closely followed by zirconia and ceria, while silica and alumina supports
are significantly less active.['213! In this work, focus was put on the use of ceria and titania, which
are both very promising active support materials. The current state of knowledge of VO,/CeO,
and VOyx/TiO, catalysts, will be briefly summarized. For an extensive literature overview of each
reaction and catalyst material, please refer to the introductions of the publications in Section 4.
For the VO,/CeO, system, preliminary studies revealed unique interactions between vanadia and
ceria, including the formation of a CeVO,4 vanadate phase?># and the presence of different vanadia
chain lenghts (nuclearities) on the catalyst surface. The latter results in a vibrational fine structure
of the V=0 stretching region (Raman and IR spectroscopy) that allows for their discrimination.?%
Further characterization of the interplay between vanadia and ceria was done in a DFT study
performed by Penschke et al.[?®! revealing a distinct interaction between monomeric vanadia and
ceria surface oxygen vacancies, which can irreversibly block the vacancies. Furthermore, it was
proposed that vanadia species strongly influence the reducibility of ceria surface oxygen in their
proximity. Wether the C3 species are oxidized to CO4 during the ODH reaction or wether the
oxidation can be stopped at the selective oxidation product will strongly depend on the choice of
the support material.['>1317] Detailed mechanistic studies based on the use of in situ/operando
spectroscopy during propane ODH conditions are scarce but the structure of VO,/CeO, samples
was extensively characterized by in situ multi-wavelength Raman spectroscopy under O,.[27-29]
Additionally, DFT studies were conducted to calculate the reaction pathway over a VO3/CeO,




catalyst. Huang et al.l3%) proposed that propyl adsorption to surface vanadia follows the initial
hydrogen abstraction from propane to ceria lattice oxygen. Further possibilities included the
adsorption of propyl to the ceria surface and hydrogen abstraction to V-O-Ce or V=0 bonds.
However, these were energetically very similar and a differentiation via DFT was not possbile. On
the experimental side, operando X-ray absorption near edge spectroscopy (XANES) was used to
observe the structural relaxation of vanadia monomers into ceria oxygen vacancies during ethane
ODH, which is the most relevant experimental study.3%:32]

In contrast, in the VO,/TiO, system, titania is often described to coordinate the vanadia struc-
ture and possibly participate in the ODH reaction via lattice oxygen and subsequent vacancy
formation.[?®! The rutile amount within the TiO, support is of particular importance for the
vanadia structure on the surface.®3! Mechanistic studies by Safonova et al.®** and Zabliska et
al.%%! established that, during ethanol ODH, the redox cycle occurs over vanadia instead of titania,
which does not change its oxidation state. Under propane ODH conditions, despite the large
number of kinetic studies, no operando/transient spectroscopic studies were available in the
literature prior to this work. Therefore, the exact structure of the surface vanadia, due to the lack
of a V=0 fine structure in Raman spectra, and the influence of the titania on the reaction were
not knwon on a molecular level during propane ODH. In addition, there were no mechanistic
investigations of three or more oxide component catalysts in the literature.

At last, understanding the support participation during the CO,-assisted propane ODH is of
great importance to develop a full mechanistic picture. This reaction is highly promising for
technical applications, using for captured CO, in a large scale process to propylene, one of the
most important basis chemicals. To this day, highly toxic CrOy supported on SiO, is by far the
most active catalyst for the CO,-assisted propane ODH. 36371 However, supprted VO, has newly
emerged as a possible alternative.!”%3%1 To that end, Jiang et al.[*>*! published two studies on
VOy supported on In,03, showing that vanadia reduces the prominent PDR reaction rate and
stabilizes the catalytic performance of In,O3. Furthermore, a nuclearity-dependent behavior was
proposed where monomeric species appeared to be more active. In contrast, no literature is
available for the VO,/CeO, and VOx/TiO, systems under propane ODH conditions. Therefore,
understanding their catalytic performances and reaction mechanisms is an important aspect of
this work.

The intimate interaction between the oxides with different properties might lead to different
catalytic results and reaction mechanisms, which makes this comparison interesting. In addition,
two oxidzing agents, O, and CO, were compared for these reactions to understand their influence
on the reaction. The use of these oxidizing agents leads to different reaction networks and requires
different reaction temperatures (caused by the high barrier of CO, activation). Besides, after




investigating the propane ODH over the afforementioned catalysts, the mechanistic knowledge
obtained from these systems was transferred to a rational design approach based on a TiO/CeO-
support. In addition, Fe;(MoQO,4)3 bulk catalysts were investigated during alkane and also alcohol
ODH to elucidate its properties. This material is of great relevance due to its high activity and
selectivity during methanol ODH.*?! The activity has been attributed to the good availability of
surface lattice oxygen, that can easily be regenerated by bulk oxygen due to the high oxygen
mobility in the catalyst, attributed to the presence of iron.*3** The molybdenum is proposed
to be responsible for the good selectivity and is present in high amounts in promximity to the
surface of the material.[**! However, a detailed mechanistic understanding of this catalyst during
ODH reactions has not yet been obtained. To investigate the materials properties and understand
the reaction mechanism in detail, a full mechanistic study under propane ODH conditions was
performed. As an additional activity, spectroscopic investigations during the ethanol ODH over
V,4C3; MXenes and to the reverse water-gas shift reaction (RWGSr) over In,O3; were contributed.
In summary, the goal of this work is to understand the reaction mechanisms of all reactions and
materials mentioned above on a molecular level by combining multiple operando and transient
spectroscopies with DFT and further enable rational catalyst design. This contributes to improved
catalytic performance leaping propane ODH towards industrial application as a greener alternative

to e.g. steam cracking.







2 Theoretical Background

2.1 Spectroscopic Background

2.1.1 In Situ/Operando Spectroscopic Approach

Spectroscopy is an important tool for the investigation of solid catalytic materials. It is often used
for the structural characterization of materials before and after a reaction to identify structural
changes relevant to the catalytic performance. However, these are not necessarily representative
of the involved surface species during the reaction, as the catalyst structure and the species
involved are heavily dependent on the employed conditions.!*®! To tackle this problem, in situ
spectroscopy is performed. Therein, spectroscopic measurements under working conditions
are used to unambiguously identify relevant active sites and species. To expand the level of
understanding obtained by spectroscopic experiments, operando spectroscopy was introduced.
It simultaneously records spectroscopic measurements under catalytically relevant conditions
as well as the catalytic activity (e.g. via gas phase analysis of the reaction products). Based on
this data, structure-activity relationships can be deduced, which can directly correlate structural
changes to catalytic data. Therefore, operando spectroscopy is the only spectroscopic approach
that fully enables a mechanistic investigation.

The term operando spectroscopy was first introduced by the Banares group,!#’8! but operando
measurements were already published early without utilizing the new term.[°) An overview of
all the established operando measurements was published by Wachs et al.[>% It shows that the
combination of operando methods is essential to fully understand the interaction of a complex
catalytic material such as an oxide-supported system.

To enable detailed insights into reaction mechanisms, multiple operando and in situ spectroscopic
methods are combined in this work. Their fundamentals are discussed in the following sections.
The experimental set-up used for these measurements is described in more detail in Chapter 3 and
the experimental sections of the individual publications in Chapter 4. In addition to the operando
and in situ spectroscopies, transient modulation-excitation spectroscopic measurements (IR) were




performed to investigate actively participating surface adsorbates and species (especially the V=0
vibrational fine structure) on a fast time scale, allowing for the determination of their temporal
evolution.

2.1.2 Resonance Raman Spectroscopy

Since Raman spectroscopy and especially multi-wavelength resonance Raman spectroscopy are
highly important for all publications in this work, its fundamental theory will be discussed in this
section. It is an important method for the investigation of solid-state catalysts. Many possible
applications were summarized in a review by Hess.!>! It allows for the detection of bulk phonons
as well as vibrations of the active phase like M=0, anchoring support-O-M, and bridging M-O-M
bonds. This is especially important for the understanding of supported vanadia catalysts. Through
the usage of resonance effects, the intensity of these vibrations can be selectively enhanced by
the choice of the excitation wavelength based on the absorption at the chosen wavelength. This
enables the dedicated investigation of the support and active oxides and is a powerful tool for
mechanistic insights under operando conditions.>>°3 It is, in many cases, the most important
experimental basis for the mechanistic interpretation in this work.

The Raman effect, which describes the inelastic scattering of light by matter, was theoretically
predicted by Adolf Smekal®* and was later experimentally observed by Sir Chandrasekhara
Venkata Raman.[> In general, the interaction between a photon and a molecule/ a solid can occur
in different ways. These interactions, relevant to vibrational spectroscopy, are shown schematically
in Figure 2.1. A detailed description of the basic theory of Raman spectroscopy is not given in
this work and can be found commonly in the literature.!56-58!
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Figure 2.1: Absorption and scattering processes of a photon by matter. The scattering processes include

regular (Rayleigh, Stokes, and Anti-Stokes, green), pre-resonance (blue) and resonance (purple) scattering.

The simple absorption of the photon by the molecule induces a transition from the vibrational
ground state into a vibrationally excited state, which is the basis of IR spectroscopy. In comparison,
the Raman process is fundamentally different, since the photon is scattered and not absorbed,
which leads to different optical selection rules. This scattering can occur in three ways and for
each a virtual state arises for the moment the photon is scattered. Due to Heisenberg’s uncertainty
principle this state has a very short lifetime and is not a stationary state of the system. The elastic
scattering is called Rayleigh scattering and occurs in 99.9999 % of cases compared to inelastic
scattering. However, Rayleigh scattering is not of interest for Raman spectroscopy, since the
photons energy is conserved and no information about the energy levels is aquired. To achieve
high quality Raman spectra, a laser is therefore required to maximize the photon flux and the
Rayleigh scattered light needs to be removed from the resulting Raman spectra afterwards.

The inelastic scattering processes include Stokes and Anti-Sokes scattering. During these processes,
energy is exchanged between the photon and the system and information about the energy levels
can be aquired by measuring the photon energies after scattering. Stokes scattering starts at the
vibrational ground state and ends in a vibrationally excited state, while Anti-Stokes scattering
starts in an excited and ends in the ground state. Due to the temperature-dependent Boltzmann
distribution, the vibrationally excited state is less populated, resulting in less Anti-Stokes than

Stokes scattering. [>6-58]




Besides the regular scattering processes via a virtual state, pre-resonance and resonance scattering
can occur. Pre-resonance scattering occurs when the excitation wavelength is close to an electronic
state, leading to the virtual state overlapping with some of the residual density of states of
the electronically excited state. In contrast, resonance scattering occurs when the excitation
wavelength is equal to the energy required for an electronic transition. These scattering processes
can significantly increase the intensity of the Raman process.!>85%

To describe the intensities in a Raman spectrum mathematically, the approximation of the harmonic
oscillator is used in the following.

In general, the intensity I of a transition observed using spectroscopy is proportional to the square
of the transition dipole moment R. This can be calculated acording to Equation 2.1 assuming the
wavefunctions ¥ are known. 5658

R= / U0y dr 2.1)

The transition dipole moment can be correlated to the electric field (caused by the incident
radiation) by employing the transition polarizability «, which is described by the Kramers-
Heisenberg-Dirac (KHD) formula given in Equation 2.2.58!

(2.2)
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Here, I and F are the initial and final states before and after scattering, while r represents a
virtual state. Due to the non-specific nature of the states, the sum over r describes them as a
superposition of eigenstates. Furthermore, p and o describe the polarization of the incident and
scattered light, respectively. w, describes the frequency difference between the virtual and the
initial state, wy, is the laser frequency, and I" is a damping term.
If the excitation wavelength is close to or equal to the corresponding energy of an electronic
transition, the resonance leads to a significant increase in the Raman scattering intensity. There,
the denominator in the first term of Equation 2.2 becomes much larger than the second term,
which can be neglected. In addition, the integrals in the first term of Equation 2.2 can be evaluated.
In the Born-Oppenheimer approximation, the electronic (¢) and vibrational (¢)) components of
the vibronic wavefunction can be evaluated separately under the assumption that the movement
of the nuclei during the scattering process is small. The operator of the dipole moment /i then only
applies to the electronic wave function and can be evaluated by employing a Taylor expansion.
This is shown in Equations 2.3-2.5.15857]
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Here, M, is a component of the pure electronic transition electric dipole moment associated with
the transition » — F. Applying the results of the expansion to the KHD expression in Equation
2.2 results in Equation 2.6.[585%
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If oy is zero or very close to zero, the intensity also approaches zero. Since the effect of the
denominator has already been discussed under resonance conditions, the enumerator is now of
importance. For its evaluation, the wavefunctions 1) must be considered. Under the assumption
of a harmonic oscillator, four possible relations between the electronic ground and the excited
state are possible, depending on the change of the force constant k and/or the nuclear distance
g. The influence of these different possibilites on the potential energy curves of the ground and
excited electronic states are shown in Figure 2.2.[5859
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Figure 2.2: Possible relationships between the potential curves of the electronic ground and excited

states depending on g and k.

In 2.2a, no changes in q or k occur, leading to identical vibrational wave functions for the same
vibrational quantum number within different electronic states. Since the eigenfunctions ) are
orthonormal, the integrals in the enumerator of the A-term become zero for all inelastic scattering
processes. The integrals in the B-term contain the displacement operator and become # 0 if the
vibrational wavefunctions correspond to Av = +1.

In the other three cases, at least one parameter changes between the two states, leading to different
wavefunctions, which are not orthogonal. This leads to the possibility of A-Term scattering, which
also includes overtones. q will only differ for totally symmetric modes or a changed symmetry of
the mode in the electronically excited state. Commonly, a change in g will also result in a change
in k, which makes the case in 2.2d the most common.8>%

Besides the A- and B-terms, the C- and D-term can also contribute to the resonance enhancement.
The total enhancement is given by the sum of all four terms, which is shown in Equation 2.7.158%

(Oépcr)egvf:egvi =A+B+C+D (27)

The C- and D-term are given in the Equations 2.8 and 2.9.1585
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The C-term only contributes when vibronic coupling between the ground and excited electronic
state exists and the D-term when vibronic coupling between three excited electronic states occurs.
These conditions are rarely met in molecules and are therefore negliable in these cases. However
in solids, 525! these can regularly occur and even become dominant, giving rise to overtones and
combination vibrations. 585

In this work, the combination of two wavelengths (385 nm, 514 nm) for the selective intensity
enhancement of supported vanadia catalysts were especially favorable. First, a near-UV wavelength
at 385 nm was used for ceria and titania resonance enhancements due to their band gap absorptions
in this region.!%%-%3 This leads to a pronounced intensity increase in the surface lattice oxygen
and defect region for ceria and rutile signals, and allows to observe the phase transitions from
anatase to nanodispersive rutile in titania, which is usually dominated by anatase. Furthermore,
short-chain vanadia species, especially monomers and dimers, are also resonance enhanced at this
wavelength.?°! This increases the intensity of anchoring vibrations. Secondly, 514 nm excitation
is useful for the resonance enhancement of long-chain vanadia species and is located outside
of the band gap absorption of the supports. It gives rise to the vanadyl fine structure caused
by dipole-dipole interactions between the V=0 groups.[?>! This feature is most pronounced for
VO,/CeO, catalysts but is also somewhat observable in the TiO, system. To gain insight into
the absorption behavior of the used materials and their potential resonance conditions, UV-Vis
spectroscopy is employed.
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2.1.3 Diffuse-Reflectance UV-Vis Spectroscopy

UV-Vis absorption spectroscopy is an important complementary method for resonance Raman
spectroscopy, since it measures the wavelgenth-dependent absorption of a sample. The absorption
is caused by electronic transitions in the material, which are often located in the UV-Vis section of
the electromagnetic spectrum. Changes in the electronic structure, e.g. the creation of lattice
defects such as oxygen vacancies in oxide materials, or a change in the oxidation state can
therefore influence the UV-Vis spectrum significantly, allowing to follow changes in the material.
To that end, the combination of UV-Vis and Raman spectroscopy was previously of great use for
understanding materials and reaction mechanisms. 6064

UV-Vis spectroscopy is important for the investigation of the materials in this work, which are
mainly VO,/CeO, and VO,/TiO,. The support materials exhibit band gap transitions arising from
O 2p — Ce 4f169611 and O 2p — Ti 3d transitions.!%2%3 Since both supports are dynamic systems
that can be reduced during the reaction, lattice oxygen vacancies may occur under reaction
conditions. These lead to the creation of new states in the band gap that lower the energy of band
gap transitions, resulting in a red-shift, and create reduced states (Ce3>* and Ti**), which leads to
the charge transfers Ce®>™ — Ce** and Ti®* — Ti*".1606%) In addition, the absorption of V°* can
be monitored via ligand-to-metal-charge transfers (LMCT) and the presence of reduced vanadia
by d-d transitions V3*/4+ — >+ [66]

The obtained information about the materials intrinsic absorption properties and the ability to
monitor changes in its electronic structure makes operando UV-Vis spectroscopy a core part of
this work.

2.1.4 Electrical Impedance Spectroscopy

Electrical impedance spectroscopy measures the frequency-dependent resistance of a sample. For
this, a sine wave voltage is applied to the sample while the current is measured to determine the
resistance (potentiostatic electrical impedance spectroscopy, PEIS). For a single excitation sine
wave, the frequency is constantly varied to achieve the full frequency range required for the PEIS
spectrum. To decrease the measurement time, a multi-sine excitation can be performed, which
was done to record the impedance spectra in this work. Due to different processes answering
at different frequencies, PEIS is especially well equipped to observe mass transport processes
through a material. This method was already applied in various contexts, like battery material
research,®7-%°1 but has not yet been used as an operando method during thermal catalysis on
powder samples. However, as it enables the observation of e.g. oxygen transport through the bulk
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it is especially viable for bulk materials like Fe;(M0O,)3 and In,05, which were investigated in this
work.!7% In addition, if the sample is very conductive, hydrogen transport processes and phase
transitions can be observed. A detailed equivalent-circuit analysis for this new application can
further enable significant new and detailed insights into the reaction mechanism in bulk materials.

2.1.5 Modulation-Excitation Diffuse-Reflectance Infrared Fourier Transform
Spectroscopy

To investigate surface species, especially adsorbates, diffuse-reflectance IR Fourier transform
spectroscopy (DRIFTS) can be used. It is based on the absorption of a photon in the IR region of
the electromagnetic spectrum that leads to a vibrational transition between the ground and first
excited state (see Figure 2.1). However, on catalysts with multiple actively participating oxide
species, a plethora of adsorbate species is possible. For CeO,, the carbonate region (between
1200 and 1800 cm!) is especially important due to surface oxygen defects, which can lead to
the formation of many different cabon containing adsorbates.!”! The corresponding signals are
often broad and can overlap, which makes the interpretation of operando DRIFT spectra difficult.
However, the information that can be extracted from DRIFT spectra is often highly relevant to the
mechanistic understanding of a catalyst.

To address the DRIFTS related problems mentioned above, modulation-excitation (ME)-DRIFTS
can be employed. For performing ME-DRIFTS experiments, two gases A and B as well as an inert
gas are required. Then, one gas flow is kept constant (A in this example) and the second gas B is
pulsed periodically, while time-resolved DRIFT spectra are measured to follow the changes on the
surface of the catalyst. Due to the different chemical potential, depending on the gas phase, the
adsorbate signals behave differently. Adsorbate peaks that participate under reaction conditions
(presence of gases A+B) exhibit a modulation of intensity/position that follows the concentration
modulation with a certain phase-shift. Observer species (that do not participate in the reaction)
are accumulated, their signals do not modulate in intensity/position. Therefore, the active species
can be isolated by a Fourier transformation over all phase-shifts. This removes significant amounts
of noise, background, and spectator species, which allows for a much easier interpretation of the
spectra and assignment of active species. In addition, the fast time-scale at which the spectra
are recorded allows for the determination of the time-evolution of the adsorbates. This strongly
facilitates the mechanistic interpretation of the observed surface species.[72-74

Different gas-switching patterns can be employed, e.g. the flow of gas B can be kept constant over
the sample, while gas A is pulsed. In this work, isotopic ME-DRIFTS was introduced (publication
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four in Chapter 4), which switches between h8-propane and d8-propane, while the oxygen
gas flow remains constant to ensure propane ODH conditions. This allows for the dedicated
investigation of hydrogen transfer paths, as only the signal positions of the species involved in
the h/d exchange modulate their position and are isolated by Fourier transformation. This was
shown to be highly relevant to the mechanistic investigation of alkane ODH reactions, since it
allowed for the identification of transient hydrogen transfer sites that are only present on a short
time scale but catalyze the rate-limiting step in this reaction.

Overall, the ME-DRIFTS greatly contributes to the mechanistic analysis in this work as it can
identify active adsorbates in the carbonate region, which are important for the identification of
COy formation routes, hydrogen transfer sites in the M-OH region, and the nuclearity-dependent
analysis of the V=0 region. The latter was especially important for the VO,/CeO, system, which
exhibits a pronounced V=0 fine structure, where the assignement of catalytic functions to different
vanadia chain lengths was performed.

2.1.6 Quasi In Situ X-Ray Photoelectron Spectroscopy

Photoelectron spectroscopy is based on the excitation and removal of core electrons from an
atom using X-ray radiation. When the energy of the X-ray radiation is constant (monochromatic),
the measurement of the kinetic energy of the released electrons allows for the determination
of the element from which the electron was removed. When multiple elements are present in
a solid, the determination of the elemental composition of the material is possible. The depth
of penetration using XPS is small, which limits the information obtained to the surface of the
sample. Since electrons are detected, XPS is performed under ultra-high vacuum (often <0.5 -
10°® mbar). Therefore, it cannot be performed as an in situ/operando method due to the pressure
gap. However, pre-treatments under catalytically relevant conditions can be performed in a
reaction cell, after which the sample is cooled under an inert gas to room temperature and is
subsequently transferred inertly into the XPS measurement chamber. This is referred to as a
quasi in situ measurement. However, it needs to be taken into account that structural changes on
the sample surface may occur, which are caused by the removal of the gas phase. In this work,
quasi in situ XPS measurements were of great use for the investigation of the surface vanadium
oxidation states after exposure to different gas feeds.
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2.1.7 Further Methods

Further methods for characterization were applied in this work, including X-ray diffraction (XRD),
>1V solid-state nuclear magnetic resonance spectroscopy (ssNMR), H, temperature-programmed
reduction (TPR), and N, physisorption. Their theoretical background is covered by the litera-
ture,7>-77] while the more complex >V ssNMR experiments will be explained in Chapter 4.

2.2 Density Functional Theory

As a basis for the interpretation of Raman spectra of VO,/CeO, obtained under catalytically
relevant conditions, density functional theory (DFT) was employed to simulate Raman spectra
of VO,/CeQ, with different vanadia nuclearity distributions.[”®7%) Therefore, in the following
chapter, a brief description of the basics of DFT and the calculation of Raman intensities, based on
the normal modes obtained by density functional pertubation theory (DFPT), is given.

2.2.1 Fundamentals of Density Functional Theory

DFT is based on the usage of the electron density as the central descriptor of properties. This
density is defined in Equation 2.10.

p(F) :N/.../|\IJ(:E’1,95'2,...,:E’N)|2da?1 dZy ... dTy (2.10)

Here, 7y is the position of an electron n, p gives the propability for an electron in a given volume,
while the remaining electrons are at any position, which is described by their wavefunction .
This functional’s energy is only minimial if the exact electron density is known.!8%

The energy functional is comprised of