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Abstract

With climate change intensifying, the shift from fossil fuels to a hydrogen economy is becoming
ever more important. This profound transition increases the demand for effective and low-cost
catalyst materials for hydrogen activation, while also creating opportunities for novel processes
such as the abatement of nitrous oxide using hydrogen. This dissertation therefore addresses
two primary objectives: (i) the exploration of tungsten carbide catalysts as potential substitutes
for platinum in hydrogenation reactions, and (ii) the investigation of the selective catalytic
reduction (SCR) of N.O with hydrogen. Tungsten carbide is viewed as a promising alternative
to noble metals due to its electronic properties resembling those of platinum, while being
available at only a fraction of the cost. However, the synthesis of tungsten carbide catalysts
presents a major challenge, particularly due to the high temperatures required, its mechanistic
complexity, and the difficulty of achieving high surface areas. Moreover, the effect of the
different tungsten carbide phases (W.C, WC) on the catalytic activity is not well understood so
far, which is complicated by the difficulty in systematically synthesizing pure phases.
Therefore, this dissertation investigates a less-studied, alternative tungsten carbide synthesis
approach with separated reduction of tungsten oxide and carbon insertion. Phase pure W.C
and WC bulk catalysts were achieved using this method and tested in the catalytic
hydrogenation of butyraldehyde as a model substrate. W,C was found to exhibit higher
catalytic performance compared to WC, which corresponds well with previously reported
theoretical investigations. Furthermore, the synthesis of supported tungsten carbide catalysts
by separated reduction and carburization was investigated. The results show that the catalyst
dispersion plays a crucial role in dictating the phase composition of the products, which can be
attributed to surface energy contributions influencing the thermodynamic stability of the
phases.

Moreover, as the second part of the dissertation, the utilization of hydrogen was investigated
for the selective catalytic reduction of the potent greenhouse gas N.O, as a means to leverage
the expanding hydrogen infrastructure associated with the emerging hydrogen economy. For
this purpose, noble metal catalysts were tested for the selective catalytic reduction of N,O by
Hz. Conversion of N,O occurred even at temperatures clearly below room temperature. Quasi
in situ XPS measurements demonstrated that the catalytically active sites are metallic.
Structure-activity relationships were explored for palladium catalysts and revealed, in
particular, a strong influence of the catalyst support.

This dissertation advances the development of alternative catalytic materials for hydrogen
activation by investigating tungsten carbide as a cost-effective alternative to noble metals. It
provides improved insights into the solid-state reactions related to the synthesis of tungsten
carbide catalysts and the effect of their structural characteristics on their catalytic behavior.
Furthermore, this thesis explores the use of hydrogen for N,O abatement, demonstrating
highly effective conversion even at temperatures clearly below room temperature.



Kurzzusammenfassung

Die technische Transformation von fossilen Brennstoffen hin zu einer nachhaltigeren
Wasserstoffwirtschaft ist wegen des fortgeschrittenen Klimawandels ein essenzieller Baustein
zum Klimaschutz. Hierzu werden effiziente und kostenglinstige Materialien fur die katalytische
Aktivierung von Wasserstoff bendtigt. Die erhohte Verfligbarkeit und der Ausbau der
Wasserstoffinfrastruktur kann auch die Entwicklung bisher ungenutzter technischer Verfahren
begunstigen, wie etwa die katalytische Reduktion des starken Treibhausgases N.O (Lachgas)
mit Wasserstoff zu Stickstoff und Wasser. Dementsprechend verfolgt diese Dissertation zwei
Hauptziele: (i) die Untersuchung von Wolframcarbid-Katalysatoren als potenzieller Ersatz flr
Platin in Hydrierreaktionen und (ii) die Untersuchung der selektiven katalytischen Reduktion
(SCR) von N2O mit Wasserstoff.

Wolframcarbid gilt aufgrund seiner elektronischen Eigenschaften, die denen von Platin ahneln,
als vielversprechende Alternative zu Edelmetallen, da es nur einen Bruchteil der
Materialkosten verursacht. Allerdings ist die Synthese von Wolframcarbid-Katalysatoren mit
grolen Herausforderungen verbunden, insbesondere aufgrund der erforderlichen hohen
Temperaturen und ihrer mechanistischen Komplexitat sowie der Schwierigkeit, angemessen
hohe Katalysatoroberflachen zu erzielen. Zudem ist der Einfluss der verschiedenen
Modifikationen von Wolframcarbid (W.C, WC) auf die katalytische Aktivitdt bislang
unzureichend verstanden, da die systematische und kontrollierte Herstellung reiner Phasen
problematisch ist. Diese Dissertation befasst sich deshalb mit einem bisher wenig
untersuchten alternativen Ansatz zur Synthese von Wolframcarbid. Dieser sieht eine Trennung
der Reaktionsschritte ,Reduktion von Wolframoxid“ und ,Kohlenstoffeinlagerung® vor. Mithilfe
dieser Methode wurden phasenreine Katalysatoren, bestehend aus W.C und WC, erfolgreich
synthetisiert. Unter Verwendung von Butyraldehyd als Modellsubstrat wurden diese fur die
katalytische Hydrierung getestet. Dabei zeigte sich eine héhere katalytische Aktivitat von W,C
gegenuber WC, was gut mit vorangegangenen theoretischen Untersuchungen aus der
Literatur Ubereinstimmt. DarlUber hinaus wurde der Syntheseansatz auch fir getragerte
Wolframcarbid-Katalysatoren angewendet. Es zeigte sich hierbei, dass die
Katalysatordispersion einen entscheidenden Einfluss auf die Zusammensetzung der
Festkorperphasen der hergestellten Materialien auslibt. Dies ist auf die unterschiedliche
Oberflachenenergien der Phasen zurlickzufiihren, welche deren thermodynamische Stabilitat
beeinflussen. Durch das verbesserte Verstandnis der in der Carbidsynthese ablaufenden
Festkorperreaktionen und deren Einfluss auf Struktur und katalytische Eigenschaften tragt
diese Dissertation zur Etablierung alternativer, kostengunstiger Katalysatoren fur die
Wasserstoffaktivierung bei.

Im zweiten Teil der Dissertation wurde die Verwendung von Wasserstoff fur die selektive
katalytische Reduktion von N.O untersucht, um die wachsende Wasserstoffinfrastruktur gezielt
zu nutzen. Hierzu kamen Edelmetallkatalysatoren zum Einsatz, bei denen ein Umsatz von N,O
bereits bei Temperaturen deutlich unterhalb der Raumtemperatur beobachtet wurde. Quasi in
situ XPS Messungen belegten, dass die katalytisch aktiven Zentren in metallischer
Oxidationsstufe vorlagen. Zudem konnten Struktur-Aktivitatsbeziehungen am Beispiel von
Palladiumkatalysatoren ermittelt werden, wobei sich insbesondere ein starker Einfluss des
Tragers zeigte. Die in dieser Dissertation gewonnenen Erkenntnisse verdeutlichen das
Potenzial von Wasserstoff als Reduktionsmittel fir N,O, insbesondere aufgrund der niedrigen
Reaktionstemperaturen.
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Introduction and Objectives

1.1 Catalytic hydrogen activation in the context of the hydrogen

economy

Fossil fuels have been the foundation of the modern world, playing a key role in driving global
economic growth and the success of modern civilization. However, this dependence comes at
the expense of drastic environmental issues. Most notably, climate change is progressing in a
manner that could lead to severe consequences for society and ecosystems.!" In response, a
profound transformation towards a more sustainable industry is necessary. The concept of the
hydrogen economy is considered a substantial and integral part of this transition.””! The idea is
that hydrogen, produced using renewable energy, can serve as an alternative energy carrier
for transportation, power generation, and the chemical industry, enabling these sectors to
operate without emitting CO,.[2 B!

Catalysis plays an important role in a large variety of processes that are closely linked to the
hydrogen economy. This concerns the production of hydrogen, the transport or storage and
release of hydrogen, and the utilization of hydrogen. For the green production of hydrogen,
water electrolysis needs to be carried out on a large scale, with electrode materials serving as
electrocatalysts to lower the overpotential ' Technical solutions can be used for the transport
and storage of hydrogen, such as hydrogen pipelines or tanks with compressed hydrogen gas,
liquid hydrogen, or cryo-compressed hydrogen." 8 However, all these approaches bring their
own advantages and disadvantages.”” Besides safety issues, one of the critical challenges is
that hydrogen features a low volumetric energy density at standard conditions (0.01 MJ/L H;
compared to 0.04 MJ/L for CH, and 32 MJ/L for gasoline), despite having a very high energy
content per unit mass (120 MJ/kg H.).'*1"012 Ag an alternative, hydrogen can also be stored or
transported in a chemical way. A promising approach in this regard is the binding of hydrogen
to liquid organic hydrogen carrier systems (LOHC).["™™ This involves the conversion of a liquid
hydrogen-lean compound to a liquid hydrogen-rich compound." The liquid nature of the
compounds allows facile transport, as existing gasoline infrastructure could be used.!" For the
release of hydrogen, the hydrogen-rich compound gets dehydrogenated.!"” Both reactions,
hydrogenation and dehydrogenation, require suitable catalysts.!'® In particular, the toluene-
methylcyclohexane pair is a potential candidate as a LOHC, with three double bonds that can
be reversibly hydrogenated.!"”!

In the context of H, utilization, different catalytic reactions are highly relevant. Hydrogen can be
used in fuel cells for the generation of electrical energy, typically over platinum-based catalysts.
'8 Moreover, hydrogen can be used in the chemical industry for the production of value-added
chemicals. Highly relevant to fertilizer production, ammonia synthesis via the Haber-Bosch
process involves the catalytic reaction of nitrogen with hydrogen over typically iron-based

catalysts." Another important process is the catalytic synthesis of methanol, which serves as

2



Introduction and Objectives

a key platform chemical in the chemical industry that can be used as a precursor to a wide
range of further products, including olefins (see MTQO) and gasoline (see MTG).[21i22
Methanol synthesis can offer a sustainable route to chemical production with full carbon
recycling when performed using CO, captured from exhaust gases or from air and reacted with
renewable hydrogen. %23
Moreover, both ammonia and methanol can also be used in the context of hydrogen storage
and transport, as hydrogen can be generated from both compounds.?%#! |n the case of
ammonia, hydrogen can be obtained through catalytic decomposition into N, and H., and by
catalytic reforming into CO. and H; in the case of methanol.l¢#"]
The Fischer-Tropsch process is another catalytic reaction that can become relevant within the
framework of the hydrogen economy, as it allows direct synthesis of long-chain hydrocarbons.
281 Similarly to methanol synthesis, direct air captured CO, can in principle be utilized in this
process along with renewable hydrogen.” The application of Fischer-Tropsch-based
processes is especially promising for the production of sustainable aviation fuels.
As another route toward carbon neutrality, biomass upgrading is regarded as a promising
strategy for the sustainable production of chemicals. This approach can be of great value for
the use of renewable hydrogen, as hydrogenation reactions are very important in this context
due to the high oxygen content of biomass-derived compounds.®" Various types of feedstock
and catalytic processes are viable, most notably the hydrogenation of monosaccharides (e.g.
glucose), furanic compounds (e.g. furfural), carboxylic acids (e.g. succinic acid), fatty
compounds (e.g. vegetable oils), and wood derivatives (e.g. lignin).*? Besides their activity, the
selectivity of catalysts is a crucial factor in these catalytic reactions.?!
A large variety of other established industrial catalytic hydrogenation processes currently
predominantly employ hydrogen derived from fossil fuels. Hence, there is a significant potential
for reducing CO; emissions. Hydrogenation is considered one of the most important catalytic
methods in synthetic organic chemistry, as it offers benefits such as broad applicability, high
selectivity, and high conversion under mild liquid-phase conditions.*" A prominent large-scale
hydrogenation process is the hydrogenation of benzene to produce cyclohexane, which can
subsequently be used for the production of nylon via e-caprolactam.®* Another example is the
catalytic hydrogenation of nitrobenzene to produce aniline, an essential precursor widely
employed in the production of dyes, pharmaceuticals, and polymers.%#7]
In view of the large number of processes involving hydrogenation reactions, the catalytic
activation of hydrogen is expected to become substantially more significant with the
emergence of the hydrogen economy. However, the activation of hydrogen is in fact
challenging due to the high bond energy of 436 kJ/mol.® Effective catalysts for this purpose
are therefore rather rare. Noble metals such as platinum or palladium exhibit favorable catalytic
properties with very low energy barriers for hydrogen dissociation on their surfaces?#°
however, they are very expensive and scarce. In view of the enormous scale of renewable
3
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hydrogen production and utilization as envisioned in the hydrogen economy, a strong reliance
on noble metals is therefore unsustainable. This increases the urge to develop low-cost,
abundant materials as effective alternatives for hydrogen activation. In that sense, tungsten
carbide, as a transition metal carbide, might fulfill these criteria. Further insight into the
opportunities and challenges of tungsten carbide as a catalyst material can be found in section
1.2.

Profound changes in the technical infrastructure can be assumed due to the transition towards
a hydrogen economy, which requires re-thinking of established processes. As one example,
the application of hydrogen as a reducing agent of nitrogen oxides (NO, NO;, N.O) may
become a viable alternative in exhaust gas treatment processes. In order to advance this goal,
the development and optimization of efficient catalysts and a profound understanding of the
reaction mechanisms are required. Section 1.3 introduces the selective catalytic reduction of
N2O.

1.2 Tungsten carbide as alternative material for catalytic hydrogen

activation’

As described also in 1.1, the scarcity and high cost of noble metals greatly increase the
incentive to find comparable alternatives as catalysts for hydrogen activation. Tungsten
carbide is often considered a prime candidate in this sense, as its electronic properties have
been found to be similar to those of platinum. This effect was first reported by Levy and Boudart
in the 1970s and was explained by a change in the electronic properties upon carbon insertion
into the tungsten metal lattice.”" Interactions between tungsten and carbon, such as electron
transfer, play an important role and affect the density of states near the Fermi level. #2434 |n
principle, these characteristics should translate into catalytic properties, and indeed, catalytic
behavior similar to that of platinum has been observed for certain reactions and under specific
conditions.*""*31 With the price for tungsten carbide being 1000 times lower, the prospect of a
cheap alternative to platinum attracted a lot of attention."®*”! Tungsten carbide proved to be
active in different types of reactions, such as hydrocarbon isomerization,! ammonia
decomposition,*®! Fischer-Tropsch synthesis,”™ " and conversion of methane to synthesis
gas.’? Moreover, tungsten carbide is particularly effective in hydrodesulfurization,
hydrodenitrogenation, and hydrodeoxygenation reactions, reaching activities close to those of
noble metals.*"! For this reason, the material has received a lot of attention in the context of
biomass upgrading.PI4BA For instance, Ji et al. showed that an extraordinarily high yield of

61 % ethylene glycol starting from cellulose was achieved over nickel-doped W,C supported on

' Disclaimer: This section, 1.2, (as well as Chapter 2 and parts of Chapter 6) is based on a manuscript
published in The Journal of Physical Chemistry C. See Section 1.5 for more information.
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activated carbon.”! Other typical biomass-derived feedstocks investigated in the literature
included lignin,®® fatty acids,® sugars,”® and furan-based substrates.®"®4 Tungsten carbide
was often paired with nickel as a secondary active metal in these investigations. Besides
catalytic activity, the favorable stability of tungsten carbide to N and S impurities compared to
noble metals is frequently emphasized.

Another highly promising application field for tungsten carbide is electrocatalysis, which, so far,
is also strongly dominated by noble metals as electrode materials. In fact, it was demonstrated
that tungsten carbide can even outperform platinum as an electrocatalyst for the hydrogen
evolution reaction (HER) in the intermediate temperature range (200 to 400 °C).[e%64

A thorough understanding of how the structural properties of tungsten carbide determine its
catalytic activity is critical to optimizing the performance of tungsten carbide for catalytic
purposes. However, the role of the different tungsten carbide modifications (W.C, WC) in
catalysis is rather unclear so far.®® Also, the synthesis of tungsten carbides presents a

substantial challenge, as high temperatures and low surfaces are typical.
1.3 Hydrogen activation in the context of exhaust gas treatment

With the transition toward a hydrogen economy, improvements in hydrogen infrastructure and
availability are expected, opening opportunities for its implementation in new processes. An
important application of heterogeneous catalysts is the removal of undesired compounds from
exhaust gas.® Particularly relevant in this context is the abatement of nitrogen oxides, which
are common byproducts in combustion processes."®”! Pollution of the air by NO and NO, can
cause harmful acute and chronic effects on human health and can lead to environmental
issues. 8% Another relevant nitrogen oxide is N.O (nitrous oxide, also called laughing gas),
which is less critical from a health-related standpoint but exhibits high greenhouse gas
potential and causes ozone degradation.’®"" Catalytic abatement of nitrogen oxides can be
performed thermally due to their thermodynamic instability, or by selective catalytic reduction
(SCR) processes.[213 For the mitigation of NO and NO. emissions, ammonia is a commonly
used reducing agent, which is often obtained through urea decomposition locally.” However,
the use of ammonia is also related to certain issues, such as emissions of unreacted ammonia,
also referred to as ammonia slip, and corrosion problems.®!

Hydrogen may therefore be a potential alternative reducing agent in SCR processes. Using
hydrogen also allows a higher energy efficiency and likely cost advantage, as its production
requires less steps than that of ammonia or urea. Moreover, hydrogen combustion engines
could become increasingly more relevant in the context of the hydrogen economy.”! These
employ hydrogen as a fuel instead of hydrocarbons; however, they also produce NO

emissions due to the high temperatures involved in the combustion process."®1 The
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application of hydrogen for SCR is evident in these cases, making use of the available
infrastructure.®

While the selective catalytic reduction of NO with hydrogen has been extensively studied in the
literature,’®"! the corresponding reduction of N,O has received much less attention and,
therefore, is an important research interest. In addition, the reaction of N.O with H, exhibits
extraordinarily high exothermicity (AH of -323.3 kd/mol at 298 K), making it a relevant model

reaction for the investigation of heat transfer on catalysts.
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1.4 Aim and motivation of the thesis

The transition towards a hydrogen-based economy increases the need for effective, low-cost
catalyst materials to activate hydrogen and creates opportunities for developing new

processes, such as utilizing hydrogen to abate nitrogen oxides.

Two primary aims are therefore addressed in the scope of this thesis:

1) Exploration of tungsten carbide catalysts as potential substitutes for platinum in

hydrogenation reactions

2) Investigation of the selective catalytic reduction (SCR) of N;O (nitrous oxide) by

hydrogen

With electronic properties similar to platinum yet available at only a fraction of the cost,
tungsten carbide offers promising potential as a low-cost alternative material for catalytic
hydrogen activation. However, the synthesis of tungsten carbide with properties suitable for
high catalytic performance is particularly challenging, especially due to typically high
temperatures. Besides, the role of the main tungsten carbide modifications for catalytic activity
is poorly understood so far, and synthesis methods allowing reliable phase control of the
products are rare. Chapters 2 and 3 of this dissertation, therefore, explore a less-investigated
two-step synthesis approach for the preparation of tungsten carbide catalysts and their
behavior in catalytic hydrogenation reactions. Special emphasis is placed on the investigation
of phase-related activity, but also on the influence of the catalyst morphology and surface
characteristics. Chapter 2 investigates bulk tungsten carbide catalysts, while Chapter 3
extends the investigation to supported systems.

In Chapter 2, the synthesis of pure bulk tungsten carbide phases (W.C and WC) via separated
reduction and carburization synthesis is intended. The influence of key synthesis parameters
on the product characteristics after reduction and carburization is investigated through various
characterization methods. The catalytic activities of pure W2C and WC bulk catalysts are
compared in the hydrogenation of butyraldehyde.

In Chapter 3, the synthesis of SiO, supported tungsten carbide catalysts via separated
reduction and carburization synthesis is investigated. The effect of the dispersion of the
tungsten species (WO;, W, W,C) on the phase composition of the products is examined by
different WO; based precursors. The performance of the catalysts in hydrogenation reactions is
evaluated with emphasis on further insight of the influence of the tungsten carbide dispersion

and phase composition (W2C, WC) on the catalytic activity.
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With the growing availability of hydrogen in the context of the hydrogen economy, the selective
catalytic reduction of N.O by hydrogen could present an effective strategy for the abatement of
N20 emissions. Besides the environmental significance of this reaction, it is highly interesting
as a model reaction for fundamental insights into the role of heat dissipation at catalyst
surfaces, due to its extraordinarily high exothermicity.

Chapter 4 explores this utilization of hydrogen for the selective catalytic reduction of N;O.
Improved understanding of general and fundamental aspects concerning the catalytic reaction
is intended by employing quasi in situ X-ray Photoelectron Spectroscopy (XPS) measurements
and measurements in a continuous fixed-bed reactor. In particular, establishing structure-
activity relationships is intended. In addition, the role of heat dissipation in the highly
exothermic H-SCR of N,O is addressed. This chapter specifically focuses on the low
temperature range, due to the unique characteristics of this behavior, with catalysis occurring
even clearly below room temperature.

With its two main objectives, this thesis aims to contribute both to the advancement of catalytic
materials for hydrogen activation and to the exploration of H, utilization in the context of N,O
abatement, as well as to improving the understanding of the role of heat transfer in highly

exothermic reactions.
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1.5 Disclaimer

Disclaimer: Section 1.2 (as well as Chapter 2 and parts of Chapter 6) is based on a manuscript
published in The Journal of Physical Chemistry C, titled “Synthesis of Phase-Pure W,C and
WC by Separation of Reduction and Carburization and their Differing Performance as

Hydrogenation Catalysts” with the following citation: ©2

Patrick Schlachta, Rolf E. Jentoft, Friederike C. Jentoft, Klaus Kéhler, The Journal of Physical
Chemistry C, 2025, 129, 47, 20907-20921.
DOI: 10.1021/acs.jpcc.5¢c05153

The author of this dissertation (Patrick Schlachta) is also the first author of the manuscript. The
contributions of Patrick Schlachta to the manuscript in the sense of the CRediT author
statement definitions include conceptualization, investigation, methodology, validation, formal
analysis, visualization and writing (original draft and editing). The content has been edited and
restructured to some extent, to align with the format and context of this dissertation. All co-
authors, that is Rolf E. Jentoft, Friederike C. Jentoft and Klaus Kéhler have approved the use of
the manuscript in this dissertation. The article is intended to be published as open access and
is reused here for the purpose of this dissertation in accordance with the Creative Commons
Attribution 4.0 International License (CC BY, see
https://creativecommons.org/licenses/by/4.0/), which allows unrestricted reuse of the work in

any medium or format, as long as the original work is properly credited.
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2.1 Introduction?

2.1.1 Tungsten carbide and its polymorphs

Like most other transition metals, tungsten can incorporate carbon into its lattice.® This results
in the formation of tungsten carbide, which can be considered an interstitial solution. 4856l
Despite sharing certain characteristics, the physical and chemical properties of tungsten
carbide are distinct from tungsten metal. Features such as its high melting point, exceptional
hardness, and tensile strength, tungsten carbide are typical for a ceramic material.®”? However,
unlike typical oxidic ceramics, it exhibits pronounced metallic characteristics in terms of its
electrical conductivity, magnetic susceptibility, Hall coefficient, and heat capacity.®?”’ These
properties are common among all refractory metal carbides and make this unique class of
materials highly attractive for a wide range of applications.®® Tungsten carbide, in particular, is
frequently implemented in wear-resistant components and cutting and drilling tools.®®%%! |n this
context, tungsten carbide is usually combined with binder metals such as cobalt in order to form
a composite material after sintering, which is referred to as cemented carbide.®" Sintering and
densification of tungsten carbide powder are complicated due to its high melting point;
therefore, a binder material is typically required during processing.®®¥ This principle enabled
the production of the first industrial hardmetal grade cemented carbide in the 1920s, marketed
under the name “Widia”, a name formed from the German words “wie” and “Diamant”, meaning
“like diamond”.*¥

Tungsten carbide can exist primarily in two different stoichiometries, tungsten monocarbide
WC and tungsten semicarbide W,C.*® Hexagonal WC, also referred to as 8-WC, is the
thermodynamically most stable phase below 1250 °C when neglecting surface energy
contributions.®® lIts crystal structure (hP2, P6m2) consists of a simple, not close-packed
hexagonal lattice of W-atoms with carbon atoms filling the octahedral vacancies. W-C can exist
in a variety of polymorphs, which are referred to as a,8,y and e-W.C or B, B’, B” and .M A|| of
these share the same hcp-lattice of W-atoms with different locations of carbon atoms and are
therefore practically indiscriminate by X-ray diffraction.® Besides W,C and hexagonal WC,
there exists a WC1« phase, also known as B-WC, which is stable at very high temperatures
(above 2516 °C).F® It can be considered a cubic polymorph of WC with a NaCl structure (Fm
3m)." However, due to several drawbacks such as its rather difficult synthesis and low

stability at lower temperatures, this phase received very little attention for catalytic applications.

[101]

2 Disclaimer: This chapter (Chapter 2) is based on a manuscript published in The Journal of Physical
Chemistry C. See Section 2.7 for more information.
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2.1.2 Tungsten carbide synthesis - General

The first synthesis of tungsten carbide dates back to the 1890s and was achieved by Henri
Moissan using a self-built electric arc furnace.l'®? This discovery was presumably driven by the
goal of developing less costly hard material alternatives to diamond dies for the manufacturing
of tungsten wires used in electric lighting.® The general synthesis concept is still the
foundation for the standard production process for tungsten carbide used in metallurgical
applications today, which involves a solid-solid reaction of tungsten metal powder and carbon
at 1400 °C to 1800 °C."% This process is also referred to as direct carburization of tungsten
powder."* Tungsten powder is mixed with carbon black in a stoichiometric ratio and heated for
a certain time, resulting in a solid state reaction of both (Scheme 1). The exact process
conditions depend in particular on the tungsten and carbon precursors. The reactivity of
tungsten powder decreases with larger particle sizes, which requires the use of higher
temperatures, up to 2100 °C.1"%! Similarly, higher surface areas of the carbon powder improve
the contact with the tungsten particles and therefore increase the reactivity.'® The synthesis is
typically carried out under a hydrogen atmosphere, which promotes the generation of volatile
hydrocarbons. In this case, gas-solid reactions play a role besides pure solid-solid reactions,
allowing a more homogeneous carbon coverage of the tungsten surface and therefore
providing a higher carbon supply. The carburization of metallic tungsten follows in principle a
two-step sequence, with the formation of W,C as an intermediate before further reaction to WC
(Scheme 2).1'! However, a mixture of both phases is commonly obtained by this synthesis.
The phase composition can be influenced by various synthesis conditions such as the
atmosphere, carbon content, and type of furnace.!' The formation of tungsten carbide
proceeds through the diffusion of carbon atoms into the tungsten lattice. Kinetic investigations
observed a rather fast initial formation of W,C and significantly slower further transformation of
W,C into WC.I'%"]

W+C wWC

Scheme 1: Reaction equation for the direct carburization of metallic tungsten.

W —— W

wcC

Scheme 2: Reaction sequence for the direct carburization of metallic tungsten.
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2.1.3 Synthesis of tungsten carbide with high surface areas

Gas-solid synthesis

Despite its great significance for the production of tungsten carbide for metallurgical purposes,
the direct carburization of metallic tungsten is associated with severe drawbacks. The process
demands very high temperatures and results in products with low surface areas and often a
large amount of excess carbon covering the surface, making this synthesis route particularly
undesirable for catalytic applications.'® These weaknesses, among others, led to the
exploration of alternative synthesis routes. As such, gas-solid synthesis emerged as an
effective tool for the preparation of tungsten carbide materials with properties suitable for
catalysis.l® This synthesis approach is characterized by a temperature-programmed process,
in which a solid tungsten precursor is heated in the presence of a gaseous carbon source.!""%
Following Newkirk et al., Boudart et al. pioneered in the development of this method.!""""'4 This
was an important milestone in the synthesis of tungsten carbide catalysts and also other
transition metal carbide catalysts, in particular molybdenum carbide.!""!"'¥ Different variations
of the synthesis conditions are possible, especially concerning the type of tungsten precursor,
the carbon source, and the temperature. Typically, WOs is used as a tungsten precursor;
however, other materials implemented were for instance WO,.7,,!'"™ WO,,!""® tungstic acid,!"""
and tungsten salts like ammonium paratungstate."'® Methane is usually applied as a carbon
source, but other gases can also be used, such as CO,[""®,C,H,, or C,He""*M"2% |n combination
with the carbon-containing gas, hydrogen is commonly included in the carburization gas
atmosphere in order to avoid excessive formation of carbon deposits on the tungsten carbide
surface. During tungsten carbide formation using methane, CH4 adsorbs onto the metallic W
surface and dissociates into adsorbed carbon or CHx species and hydrogen.''#"! This can,
however, lead to a build-up of carbon on the surface if the migration of carbon into the latter is
significantly slower than the decomposition of CH..I""% Hydrogen mitigates this by reacting with
adsorbed carbon species, but an excessive hydrogen content can lead to insufficient carbon
availability for complete tungsten carbide formation.['??!

The mechanism leading to tungsten carbide by gas-solid synthesis starting from WO; is highly
complex, as different reaction steps take place simultaneously.""®""l Also, a large variety of
parameters can have an effect on the synthesis, such as the temperature, the pressure, and
the carburization gas composition. The reaction proceeds in several reduction and carbon
insertion steps, typical via the intermediate species W20ss and WQO,.['"¥! The initially formed
carbide species is W>C, which can further react to WC depending on the synthesis conditions.

M9 Tungsten metal was also reported as an intermediate species.!""”

Using alternative gases to methane was shown to lower the synthesis temperature due to their

higher reactivity. Decker et al. reported that the temperatures required for reduction and
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carburization of tungsten oxide were 150 K lower when using C2Hs or CH, instead of CH,.l'%
Featuring weaker C-H bonds, these compounds are more easily decomposed and they
participate significantly more in the reduction of WO3; compared to CH.. Specific surface areas
close to 25 m?/g were achieved using ethane as the carbon source compared to only 10 m?/g
using methane.'” However, the higher reactivity of ethane and ethene also led to more
pronounced deposits of excess carbon on the tungsten carbide surface compared to using
methane. The hydrocarbon/hydrogen ratio played an important role in the mechanism.
Tungsten carbide gas-solid synthesis can also be performed with W>:N as an intermediate
material. In a very similar way to the synthesis of tungsten carbide, the synthesis of tungsten
nitride is typically performed using gas-solid synthesis by temperature programmed reaction of
WQO; with NH; (Scheme 3).[12401241

NH;
WOs5

W,N

Scheme 3: Transformation of WO3; to W>N.

Tungsten nitride can then be used for further conversion to tungsten carbide. Volpe and
Boudart applied this principle for the preparation of the metastable fcc phase WC.(see section
2.1.1).'*1 Interestingly, the solid-state transformation of W>N to WC,.« was observed to proceed
via a topotactic reaction, characterized by complete preservation of the tungsten lattice. The
process involves a simple exchange of nitrogen atoms by carbon atoms (Scheme 4) with the
tungsten atoms remaining practically immobile throughout the reaction, as no change of the

crystallite sizes were found.!*!

CHa/H,
W,N

WC1-X

Scheme 4: Transformation of W.N to WC...

Thanks to structural retention of the parent WzN material, this synthesis also proved effective
for achieving high specific surface areas (up to 55 m?/g) when high-surface-area tungsten
nitride was used as a precursor.!' Therefore, the synthesis of high surface area tungsten
nitride attracted particular interest with the goal of further conversion to tungsten carbide.!"*"!
However, it has to be noted that despite promising results, the synthesis of tungsten carbide
from tungsten nitride also comes with certain limitations. Complete structural retention during
transformation to tungsten carbide is often not achieved, and the pores of mesoporous
tungsten carbide tend to be easily blocked by excess carbon, significantly reducing the

theoretically available surface area.l'®!

15



Bulk tungsten carbide as hydrogenation catalysts

Thermal decomposition of tungsten-containing precursors

As a notably less investigated alternative to gas-solid synthesis, tungsten carbide can also be
obtained through the thermal decomposition of tungsten-containing precursors. This type of
synthesis can be performed in the gas phase when using volatile tungsten compounds or in the
solid state.!?® Typically, tungsten complexes with organic ligands are used, which are heated
in an inert atmosphere. Wanner et al. decomposed W(bipy)Cl, together with an excess of
bipyridine at 700 °C under argon flow, followed by an activation treatment at 700 °C or 800 °C
in order to remove free carbon.® Mixtures of W,C and WC were obtained with specific surface
areas up to 250 m?/g, however, these large surface areas were associated rather with excess
carbon, essentially acting as a support.['® This appears to be a general issue with this
synthesis method, as Giraudon et al. also reported the presence of excess carbon after

decomposition of Cp,W,(CO)s(dmad) under hydrogen flow.!"*"

Electrochemical synthesis

Another less common approach for the preparation of tungsten carbide with rather high specific
surface areas can be its electrochemical synthesis. Different conditions are possible, but in
general, an electrolytic bath is used, consisting of a tungstate salt like NaWOQOs,,
metaphosphate, and a halide salt mixture like NaCI-KCL.["®*"'32 CQO, is applied as a carbon
source, which requires the use of elevated pressure to improve its solubility in the molten salt.
3 The involved reaction mechanism leading to the formation of tungsten carbide is rather
complex, but the overall reaction can, in principle, be expressed by the following reaction

equation (Scheme 5):

2 [WO,J% + [POs] +3 CO, + 10 & WC + [WO,J? + [PO,* +2 COz% + 3 0%

Scheme 5: Overall reaction equation for the electrochemical tungsten carbide synthesis using CO; as a carbon
source.["®!]

Novoselova et al. obtained WC and W,C-WC mixtures via electrochemical synthesis at 700-
750 °C with surface areas in the range of 10 m?/g to 25 m?/g.l'*"! However, the materials were
covered by a carbon film, which was assumed to be produced during dismounting of the setup
through CO disproportionation upon temperature decrease.!"®"! In another study, Novoselova
et al. prepared tungsten carbide materials with up to 140 m?%g.l"* Variations of the synthesis
conditions, such as the pressure, current density, and the electrolytic bath composition, were
found to have strong effects on the phase composition and morphology of the products.['*!

Nonetheless, a significant amount of free carbon was again present in all materials.!"*!
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Tungsten carbide synthesis from tungsten hexachloride

Tungsten carbide with a relatively high surface area can also be synthesized by reaction of
tungsten hexachloride with a reducing agent. Ma and Du exploited the reaction of tungsten
hexachloride with metallic magnesium and sodium carbonate in an autoclave at 600 °C for the
synthesis of WC with a BET surface area of around 15 m?%g.!"*! This approach is, according to
the authors, based on the high exothermicity of the reduction of WCls by magnesium
(-1363 kd/mol) to tungsten metal, leading to a strong increase in the local temperature
(estimation of 1000 °C). "** Ma and Du proposed that sodium carbonate serves as a carbon
source through its decomposition into sodium oxide and carbon dioxide, which further reacts
with magnesium to form nascent carbon.!"* The formation of tungsten carbide was assumed to
proceed via the reaction of metallic tungsten with carbon.['34

André et al. prepared tungsten carbide nanoparticles with particle sizes below 50 nm using a
solid-state metathesis reaction between WCls and potassium dispersed in carbon (KC, or KCs).
[3%1 The reaction can be initiated at low temperatures (below 75 °C) and subsequently proceeds
through a self-propagating combustion process.!*® Similar to the reaction of WCls with
magnesium, the reaction of WCls with KC, or KCs is extremely exothermic, resulting in high
combustion temperatures of possibly more than 1000 °C."% |t was proposed that the
mechanism involves first the formation of metallic tungsten nanoparticles, which are then
carburized to tungsten carbide in a solid-state reaction with carbon (Scheme 6). However, the
phase purity of the products were rather low with some extent of metallic tungsten, as well as a

large amount of excess carbon present.!'*!

WClg+6 KC4orKCg —— WO + 6 KCl + excessC — W,C/WC + 6 KCI + excess C

Scheme 6: Reaction sequence for the synthesis of tungsten carbide nanoparticles by a solid-state metathesis
reaction between WCls and potassium dispersed in carbon according to André et al.l"*®
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2.1.4 Motivation and aim

A thorough understanding of how the structural properties of tungsten carbide determine its
catalytic activity is critical to optimizing the performance of tungsten carbide for catalytic
purposes. In this context, the relationship between the tungsten carbide phases W,C and WC
and their inherent catalytic behavior is highly relevant yet remains rather unclear. Resolving
this question is complicated by the fact that the practiced synthesis methods often produce a
mixture of WC and W,C. The synthesis methods reported in the catalysis literature are
optimized to generate carbides with high surface area. A common method is the temperature-
programmed reaction.!""?"9120 Briefly, a precursor, usually WOs, is heated in an atmosphere
of H, and a carbon source (see 2.1.3 for more details). In such a synthesis, which starts with a
carbon-free tungsten precursor, W>C can be regarded as an intermediate in the formation of
WC. Control over the tungsten carbide phase during synthesis has scarcely been investigated.
Optimization of synthesis parameters, however, is a possible approach in this regard, as
demonstrated by Delannoy et al. and also Sullivan and Bhan, who succeeded in the synthesis
of phase-pure bulk W,C and WC catalysts through the use of different synthesis temperatures,
with 800 °C for WC and 630 °C for W,C."*'3"] Another viable approach for the targeted
synthesis of W.C is the limitation of carbon availability. This can be achieved by supporting a
tungsten precursor on solid carbon sources such as activated carbon,!"®"% carbon
spheres!™® melamine!""2carbon nanotubes,*M"4 or carbon nanofibers.["*M4e11147] The
generally rather low reactivity of the solid carbon supports limits the migration of carbon atoms
from the support to tungsten.!'3

Another strategy to favor the preparation of W,C was found to be the use of non-reducible
metal oxide supports. In various investigations, carburization of WO; supported on silica
resulted selectively in W»C as product species.!"81491'50 Moreover, Juneau et al. showed that
encapsulating tungsten in silica can be an effective way to preserve the particle size of
tungsten carbide.!""! By the removal of silica templates after carburization, mesoporous bulk
W,C could be achieved by Lu et al.!"*

Bretzler et al. systematically analyzed the influence of synthesis parameters on the structural
properties of tungsten carbide supported on silica and unsupported tungsten carbide.®® These
relationships were further extended by linking them to the catalytic performance by testing the
synthesized catalysts in hydrogenation reactions. It was found that performing carburization
under isothermal conditions significantly improves control over the phase composition of the
products. Additionally, as observed in other studies, using silica as a support for the tungsten
precursor proved beneficial for achieving W,C as the predominant product phase.

The typically employed gas-solid synthesis of tungsten carbide involves reduction and
carburization performed together in one step. This results in a high degree of complexity, as the
reduction of tungsten oxide and carbon insertion can proceed simultaneously. In this
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dissertation, it is intended to provide greater clarity on the processes involved in gas-solid
tungsten carbide synthesis by employing a different approach. In this method, the synthesis is
performed in a sequential way, with reduction and carburization as separate steps. Tungsten
oxide is first reduced to its metallic form, and only after that, carburization is carried out. This
alternative method of gas-solid synthesis of tungsten carbide has been studied to a very limited
extent. Gao and Kear investigated this alternative synthesis route and reported that the
reduction temperature of tungsten oxide has a decisive effect on the product characteristics.
53 Reduction below 600 °C yielded the metastable beta tungsten modification, whereas
reduction at higher temperatures resulted in the stable alpha tungsten modification. The higher
reactivity of beta tungsten allows carbide synthesis at much lower temperatures than by
carburization of alpha tungsten. This effect makes this synthesis approach also highly
interesting, considering catalytic applications. However, rather few studies have been carried
out to implement stepwise gas-solid synthesis of tungsten carbide catalysts, specifically as
electro-catalysts.l"**1'% The focus of the present investigation is the synthesis of the bulk pure
phases, understanding and optimizing the synthesis conditions, and assigning the intrinsic
catalytic performance of W,C and WC for a hydrogenation reaction.

Time-resolved analyses of the solid-state reactions concerning reduction and carburization
shall be achieved by in situ X-ray diffraction (XRD). The influence of key synthesis parameters
on the product characteristics after reduction and carburization is investigated by XRD,
Scanning electron microscopy (SEM), N, physisorption (BET), and also CO chemisorption in
the case of the carbide catalysts. The performance of the catalysts is evaluated in the

hydrogenation of butyraldehyde to 1-butanol.
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2.2 Reduction of tungsten oxide to tungsten metal

The investigated alternative approach for tungsten carbide synthesis involves two distinct
steps. First, tungsten oxide is reduced to its metallic form, which is then carburized to form
tungsten carbide. The reduction of a WO; bulk precursor was studied at 550 °C, 700 °C, and
800 °C (Scheme 7).

W03 + 3H2 W + 3H20
550 °C /700 °C /800 °C

Scheme 7: General reaction equation of WO; reduction.

Pure WO3 was used as the precursor for the synthesis of tungsten carbide. This material was
characterized by large, cubic particles with a rather smooth surface and without visible cracks
or holes, as can be seen by scanning electron microscopy (SEM) images (Figure 1). This
observation is in accordance with the low specific surface area determined by BET, which was
measured to be about 9 m?/g (Table 1). The reflections in the X-ray powder diffractogram of the
precursor (Figure 2) can be assigned to those of monoclinic WO;, which is the
thermodynamically stable modification at room temperature.l*® As determined from the XRD
patterns using the Scherrer equation, the crystalline domain size of the WO; was about 37 nm
(Table 1). A second WO; powder with even lower surface area (1 m?/g) was reduced in the tube

furnace to demonstrate the effect of low precursor oxide surface area.

A b

Figure 1: SEM image of the WO; precursor (9m?/g)(1000x magnification).

Table 1: Overview of the tungsten oxide based precursor characteristics.

BJH pore volume
[mL/g]

WO;bulk 9 0.030 37.0£ 0.8
2 as determined from the FWHM of selected XRD reflexes (23.6 °; 24.2°) using the Scherrer equation

Precursor BET specific surface area [m?/g] Crystallite size [nm]*
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WO; precursor
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Figure 2: XRD pattern of the WO; precursor (9 m?/g).

2.2.1 Phase evolution during reduction of WO;

The isothermal reduction of WO3 at 550 °C and 700 °C was investigated by in situ XRD. The
evolution of the XRD pattern of the sample during reduction at 550 °C is shown in Figure 3.
During heating up to 550 °C under inert gas, the crystallinity of the WO; precursor increased as
indicated by sharper reflections. In addition, the monoclinic crystal structure is expected to be
transformed into an orthorhombic one according to the literature.''>" This transition is difficult to
confirm as both phases possess very similar XRD patterns. After the temperature of the sample
holder stabilized at 550 °C, the reduction was initiated by introducing hydrogen. The first
transformation taking place was the formation of a tungsten bronze Hq23WOs3, which was also
observed in in situ XRD investigations by Keilholz et al.l'*® After 20 min under H, flow, the
tungsten bronze phase was completely converted to W2,Oss, which also partially reacted

further to B-W. This reaction continued and was complete at 50 min under H; flow.
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Figure 3: Evolution of the XRD patterns recorded in situ during isothermal reduction of WO; at 550 °C by molecular
hydrogen (45 mg WO3;, 100 mL/min H; flow after heat up under inert gas). The minor reflexes at 43.1°, 44.2° and
50.4° stem from the sample holder of the in situ XRD cell. The reference patterns were sourced from the following
database entries: WO3: ICSD-80056. Ho23WOs3: ICSD-8217. W20ss: ICSD-27705. Beta tungsten: ICSD-150496.
Additional selected markers were added to aid visual assignment.

Evolution of the XRD pattern of the sample during reduction at 700 °C is shown in Figure 4.
Interestingly, during heating to 700 °C under an inert gas flow, most of the WO 3 phase was
already transformed into W»,Oss. This result shows that oxygen loss and partial reduction of
WO3 can take place at elevated temperatures even in the absence of a reducing agent. Upon
switching to H,, the W»0ss phase reacted further to WO, and to a-W. However, the content of
WO, was very low, likely due to rapid further conversion. Indeed, the reduction to metallic

tungsten was largely complete after only 10 min under H; flow.
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Figure 4: Evolution of the XRD patterns in the course of in situ isothermal hydrogen reduction of WO3 bulk at 700 °C
(45 mg WOs, 100 mL/min H, flow after heating up under inert gas). The reference patterns were sourced from the

following database entries: WOs;: ICSD-80056. W2Oss: ICSD-27705. WO,: ICSD-80829. Alpha tungsten:
ICSD-44393. Additional selected markers were added to aid visual assignment.

To summarize the observations of the in situ XRD investigations, the reduction to metallic
tungsten proceeds in several reduction steps through intermediate tungsten oxide species.
The reduction pathways to alpha tungsten and beta tungsten are different from each other.

No intermediate WO, was detected in the reduction path to beta tungsten (Scheme 8):

WO3 Ho.23WO3 Wo0sg

Scheme 8: Reaction sequence from WO; reduction to beta-W

B-W

Reduction to alpha tungsten proceeds with formation of the intermediate WO, (Scheme 9):

WO3 W3oOsg

Scheme 9: Reaction sequence from WO; reduction to alpha-W.

WOZ a-W

These differences in the reaction pathways are similar to the observations of Wilken et al., who
also reported the presence of WO, in the reduction of WO; to alpha tungsten and its absence in
the reduction of WO; to beta tungsten.!"!

Reduction of slightly larger amounts of oxide in a tubular furnace resulted in the same phases

as detected at the end of the reduction process in the in situ XRD experiments. Reduction at
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550 °C resulted in beta tungsten as the only product phase, while reduction at 700 °C and
800 °C led to pure alpha tungsten (Figure 5). The observations are also in line with those by
Gao and Kear, who reported the formation of beta tungsten when reducing pure WO; powder at
550 °C and the formation of alpha tungsten at 700 °C or higher.!"**Notably, when starting with a
tungsten oxide of lower surface area (1 m?g vs. 9 m?g for the oxide used in all other
experiments), the reduction at 550 °C resulted in a metal powder that was mostly alpha
tungsten (Figure 5). This finding indicates that the resulting phase composition is influenced by
the oxide specific surface area, and that higher specific surface area favors production of the

metastable beta tungsten phase.

O

o o-W
u B-W l 800 °C reduction

(]
N

700 °C reductlon
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I
alternative WO, precursor
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Figure 5: XRD patterns of the products from isothermal hydrogen reduction of WO; bulk at different temperatures in
a horizontal high-temperature furnace with stick-patterns and markers for alpha tungsten (reference pattern:
ICSD-44393) and beta tungsten (reference pattern: ICSD-150496). In addition, the reduction product at 550 °C of an
alternative WOj; precursor with lower surface area (1 m?/g) is included.

2.2.2 Properties of reduction products and their dependence on the synthesis
parameters

The crystallite sizes observed after reduction in the synthesis furnace were strongly dependent
on the reduction temperature (Table 2, Figure 6). For both precursors, there is a clear increase
in crystallite sizes for the product metallic tungsten with increased reduction temperature. The
change of crystallite size during reduction of WO; could be enhanced by chemical vapor
transport of volatile WO2(OH), that can be formed by reaction of WO; or WO, with water

(Scheme 10);[16011161]

WO3+H,0 =————— WO,(OH),
WO, + 2 H,0 =—————== WO,(OH),+ H,

Scheme 10: Reaction equations of the formation of volatile WO,(OH)..
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WO,(OH), can be transported in the gas phase and deposited as tungsten (Scheme 11).

WO,(OH), + 3Hy ==——== W+ 4H,0

Scheme 11: Reaction equation of the decomposition of WO,(OH)s.

This reaction can lead to agglomeration of tungsten and crystallite growth.''®? Further, sintering
can contribute to particle growth. It is likely that most of the changes in crystallite size occur
during the reduction and during heating to the reduction temperature. With a melting point of
1472 °C, WO; is expected to be susceptible to sintering above its Tammann temperature of
600 °C.['¥ |n contrast, once metallic tungsten has been formed, sintering is assumed to be less
relevant, because of tungsten’s very high melting point of 3422 °C and correspondingly high
Tammann temperature of 1141 °C. The in situ XRD investigations confirm this hypothesis. No
increase in crystallite size was observed after complete reduction to tungsten metal, regardless

of the product phase or temperature.

Table 2: Overview of the phase compositions and crystallite sizes depending on the reduction temperature.

Reduction Phase Crystallite size® BET surface BJH Pore
temperature composition [nm] area [m?/g] volume [mL/g]
550 °C 100wt.-% B-W 75+1 19 0.049
700 °C 100wt.-% a-W 20.1+ 2 13 0.047
800 °C 100wt.-% a-W 38.7+ 3 4 0.017

@ as determined from the FWHM of the XRD reflections using the Scherrer equation. The reflections at 40.3 ° and
58.3 ° were used for a-W and the reflections at 35.4 °, 39.7 ° and 43.6 ° were used for 3-W.

45

!

354

304

254

20 i

Crystallite Size / nm

]

550 700 800
Reduction Temperature / °C

Figure 6: Influence of the reduction temperature on the tungsten metal crystallite sizes as determined from the
XRD data using the Scherrer equation.
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The influence of the reduction temperature can also clearly be seen by SEM images of the
WO; precursor after reduction at varying temperatures (Figure 7). After reduction at 550 °C, the
general particle shape remained largely unchanged from that of the parent WO3. However,
each particle displayed numerous star-shaped cracks that were evenly distributed across the
particle. Large cracks were also visible, but the dominant type of cracking here is a star-shaped
cracking pattern, which is typical for the low-temperature reduction of WOs;. According to
Wilken et al., these cracks are caused by local contraction of the tungsten oxide due to
reduction to a lower oxide."™ In fact, the densities of the compounds involved in the sequence
of Scheme 9 are as follows: WO; 7.25 g/cm?®, W2,0ss 6.67 g/cm?, beta tungsten 18.83 g/cm?,
suggesting an expansion of the specific volume followed by contraction.

The products of reduction of WO3 at 700 and 800 °C also feature star-shaped cracks; however,
these are much fewer and larger in size. Also, the parent particle structure was much less intact
than in the case of reduction at 550 °C. There appears to be a disintegration to form smaller
grains from the parent.

As reported in Table 2, reduction at 550 °C resulted in a product with about 19 m?g, which is
very high for a bulk metal with very high density, and it is considerably higher than the surface
area of the parent WO; precursor (9 m?/g). The specific surface area of the tungsten product
after reduction of WO; at 800 °C was low with only 4 m?/g. Similarly, significantly higher pore
volumes of 0.049 mL/g and 0.047 mL/g were observed after reduction at 550 °C and 700 °C,
respectively, compared to 0.030 mL/g for the WO3 precursor. In contrast, reduction at 800 °C

resulted in only 0.017 mL/g.
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Figure 7: SEM images of the products from hydrogen reduction of the WO; precursor at different temperatures
(1000x magnification). Top: 550 °C; bottom left: 700 °C; bottom right: 800 °C.

2.2.3 Reasons for the formation of the different tungsten phases

Beta tungsten, as a modification of tungsten metal, is significantly less studied in literature than
the alpha phase of tungsten. In contrast to the body-centered cubic crystal structure of alpha
tungsten, beta tungsten crystalizes in a cubic A15 structure (Pm3n)!"®! and is slightly less
dense at 18.83 g/cm® vs 19.16 g/cm?® for alpha tungsten. The phase is described as a low
temperature, meta-stable modification, which can be transformed to alpha tungsten by
temperature increase."™ The reaction conditions leading to beta tungsten are rather complex
as factors such as the water vapor in the reduction atmosphere or the state of the starting
material can play a role.['e41[166L11671[168] Re|ated to such observations, a number of reasons
can be found in the literature for stabilization of beta tungsten: impurities, kinetics, and surface
energy. Thermodynamically, alpha tungsten is 0.127 eV/atom more stable than beta
tungsten"®! while beta tungsten has a smaller surface energy, ~ 3.4 J/m? vs ~ 4 J/m? for alpha
tungsten.!"® Therefore, at small crystallite sizes, beta-tungsten should become the stable
phase.l'""" For spherical crystals, the stability of the two phases would be equal around a size of
3 nm, and, consequently, the beta phase would be thermodynamically preferred already at
larger sizes for other shapes. This behavior is of particular relevance and interest for the

synthesis of tungsten carbide (W.C) catalysts of higher surface areas.
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2.3 Carburization of metallic alpha and beta tungsten

2.3.1 Overview

Here, the carburization of the metallic tungsten phases prepared by reduction of WO;
described in section 2.2 is reported. The complete synthesis procedure includes reduction

followed by carburization, as illustrated in Scheme 12.

H, CH4 + Hy
WO, a-W / B-W W,C /WC
550°C /700 °C /800 °C 550°C /700 °C / 800 °C

Scheme 12: Reaction sequence of tungsten carbide synthesis via separated reduction and carburization as used
in this study.

To evaluate and optimize the final tungsten carbide phase purity and morphology, the most
relevant carburization conditions - temperatures, time, and carburization gas composition -
have been varied. The synthesis duration needs to be sufficiently long in order to achieve full
conversion of metallic tungsten. The gas composition (methane to hydrogen ratio) requires a
balance such that during carbide formation, CH4 adsorbs onto the metallic tungsten surface
and dissociates into adsorbed carbon or CHx species and hydrogen. This can, however, lead to
a build-up of carbon on the surface if the migration of carbon into the metal lattice is significantly
slower than the decomposition of CH,.[""™ Hydrogen mitigates carbon buildup by reacting with
adsorbed carbon species, but an excessive hydrogen partial pressure can lead to insufficient

carbon availability for complete tungsten carbide formation.!'??

2.3.2 Phase evolution during carburization

Carburization of metallic tungsten as bulk powder was investigated at 550 °C and 700 °C by in
situ XRD. Prior to carburization, the WO; precursor was reduced isothermally in the in situ cell
at the same temperature (550 °C or 700 °C). The evolution of the XRD pattern for carburization
at 550 °C is shown in Figure 8. The reaction of the B-W phase to tungsten carbide proceeded
very rapidly (Figure 9), as after 20 min under CH4 and Hz, 79% of the B-W phase was already
converted to W,C. No more reflections of B-W were present in the XRD pattern after 30 min
under CH4 and H; gas flow (see Figure 9). After complete conversion of B-W to W.C, no
significant changes in the product XRD pattern occurred even after 240 min under CH, and H..
This shows that the W,C phase is stabilized against further reaction to WC under these
conditions, see 2.3.4 for further discussion of this behavior. No sintering was observed, as the

W, C crystallite sizes remained in the range of 7 to 8 nm over time.
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Figure 8: Evolution of the XRD patterns during in situ isothermal carburization of tungsten at 550 °C directly after
isothermal reduction at 550 °C of WOs;. The carburization was performed using a 2:1 mixture of CH, and H; and a
100 mL/min total gas flow. The minor reflections at 43.1°, 44.2° and 50.4° stem from the sample holder of the In-situ
XRD cell. The reference patterns were sourced from the following database entries: Beta tungsten: ICSD-150496.
W.C: ICSD-619097.
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Figure 9: Change of the phase composition over time during in situ isothermal carburization of tungsten at 550 °C
directly after isothermal reduction at 550 °C of WO;. The carburization was performed using a 2:1 mixture of CH, and
H. and a 100 mL/min total gas flow. The quantification was conducted by Rietveld refinement using the following
reference patterns Beta tungsten: ICSD-150496. W.C: ICSD-619097.

Carburization of metallic alpha tungsten (obtained by reduction at 700 °C in H:) at a
temperature of 700 °C was investigated by in situ XRD, as shown in Figure 10. Upon
introduction of the carburization gas mixture, conversion of a-W was observed. W,C was

formed as the first carbide phase but reacted further to WC. However, the conversion of WC to
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WC progressed significantly more slowly than the conversion of a-W to W,C, see Figure 11. In
addition, the rate of conversion of W,C to WC became slower over time (Figure 11). The
maximum portion of W,C was present after 60 min of carburization, with a phase content of
79 wt.-% (2 wt.-% WC and 20 wt.-% a-W). The phase content of W>C decreased to 74 wt.-%
after 90 min of carburization with a significant increase in the content of WC to 21 wt.-% and
further decline of a-W to 5 wt.-%. This trend continued in a similar manner until 180 min under
carburization gas with a further decline of the W,C content to 33 wt.-% and an increase of the
WC content to 66 wt.-%. In the time interval between 180 min and 240 min, the changes in the
phase composition were more subtle with an increase of the WC content of only 4 wt.-% to
70 wt.-%. After 240 min under CH4/H: flow, the conversion of W,C was still incomplete. It is
possible that full transformation to WC would occur, as observed under similar conditions
during catalyst synthesis (Figure 12). Nevertheless, further investigations with extended

carburization times are required to confirm this.
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Figure 10: Evolution of the XRD patterns in the course of in situ isothermal carburization of tungsten at 700 °C
directly after isothermal reduction at 700 °C of WOs. The carburization was performed using a 4:1 mixture of H, and
CH. and a 100 mL/min total gas flow. The reference patterns were sourced from the following database entries:
Alpha tungsten: ICSD-44393. W,C: ICSD-619097. WC: ICSD-5212.
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Figure 11: Change of the phase composition over time during in situ isothermal carburization of alpha tungsten at
700 °C directly after isothermal reduction at 700 °C of WOs. The carburization was performed using a 4:1 mixture of
H. and CH, and a 100 mL/min total gas flow. The quantification was conducted by Rietveld refinement using the
following reference patterns: Alpha tungsten: ICSD-44393. W,C: ICSD-619097. WC: ICSD-5212.

As shown by the in situ XRD studies, the conversion of B-W proceeded in principle much faster
than that of a-W, when the temperature is taken into account. Transformation rates,
determined from the decline of the tungsten phase content over time, showed that a-W
exhibited a higher initial rate during the first 10 minutes of carburization
(7.6 pmol(tungsten)/min) compared to 3-W (4.0 ymol(tungsten)/min), see Table 3. However,
when the initial rates were calculated over the first 20 minutes, the trend was reversed, with
B-W reaching 7.7 pmol(tungsten)/min versus 5.3 pymol(tungsten)/min for a-W. This indicates
that a-W transformed most rapidly immediately after the onset of carburization, with the rate
declining thereafter (Figure 11), whereas -W exhibited its maximum transformation rate in the
10-20 minute interval following the start of carburization (Figure 9). Moreover, full tungsten
conversion was reached after 40 min for B-W, much earlier than in the case of a-W (180 min,
compare Figure 9 and Figure 11). In addition, it is important to consider that carburization of 3-
W was performed at 550 °C, while that of a-W was performed at 700 °C, a temperature gap of
150 K. This clearly indicates significant differences in the carburization kinetics between a-W
and B-W. However, more comprehensive solid-state kinetic investigations and theoretical
calculations are required for accurate quantitative analysis of this effect. Also, it has to be noted
that the higher specific surface area of the B-W precursor would increase the rate of
conversion; however, surface area alone is not sufficient to account for such a pronounced
difference in rate. More likely, the B-W is inherently more reactive toward carburization than a-
W. In fact, conversion of a-W to tungsten carbide was not possible at 550 °C, even at prolonged
synthesis duration. This underlines the relevance of the investigated synthesis strategy with
separated reduction and carburization. By using pB-W as an intermediate, the synthesis of

tungsten carbide can be accomplished at significantly lower temperatures.
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Table 3: Overview of the tungsten transformation rates during the in situ XRD carburization measurements as
calculated from the changes in the phase contents of the tungsten phase.

Transformation rate Transformation rate
Phase Temperature [°C] 0-10 min 0-20 min
[pmol(tungsten)/min] [pmol(tungsten)/min]
a-W 550 7.6 5.3
B-W 700 4.0 7.7

The corresponding reduction-carburization experiments in the horizontal tube furnace gave
results similar as those observed in the in situ XRD measurements. As shown in Figure 12,
temperature has a strong influence on the phase composition of the products. Reduction and
carburization of the WO3; precursor at 550 °C resulted in pure W.C, while reduction and
carburization at 700 °C (with 4 h holding time during carburization) resulted in pure WC.

Reduction and carburization at 800 °C also produced pure WC.

800 °C reduction

800 °C carburization

700 °C reduction

700 °C carburization

550 °C reduction
550 °C carburization

Normalized Relative Intensities

WC ICSD-5212 | |

W,C ICSD-619097

T T T T T T T T T

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

Figure 12: XRD patterns of the products from stepwise synthesis of tungsten carbide via isothermal reduction and
carburization of WO3-SiO; at different temperatures. Reference stick patterns were included for W,C (ICSD-619097)
and WC (ICSD-5212).

The beta tungsten prepared by reduction at 550 °C was also carburized at 700 °C and 800 °C.
The XRD patterns of the resulting products are presented in Figure 13 (along with the beta
tungsten carburized at 550 °C). While carburization of beta tungsten at 550 °C resulted in pure
W.C, carburization at 700 °C and 800 °C resulted in phase pure WC. The combination of a low
reduction temperature with a low carburization temperature is therefore the only route to

phase-pure W,C.
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Figure 13: XRD patterns of the catalysts synthesized by reduction of WO; at 550 °C followed by carburization at
varying temperatures. Reference stick patterns were included for W.C (ICSD-619097) and WC (ICSD-5212).

2.3.3 Properties of the carbides and their dependence on the synthesis parameters

The crystalline domain sizes of the carbides generated in the synthesis furnace are
summarized in Table 4, together with other properties. The crystallite sizes, determined from
XRD reflection broadening, increased slightly with rising synthesis (reduction plus
carburization) temperature (Table 4) from around 7 nm at 550 °C to 9 nm at 700 °C and to 12
nm at 800 °C. The crystallte domain sizes also increased when only the carburization
temperature was elevated. However, this increase was rather gentle, with approximately 7.5
nm for 550 °C, 8.9 nm for 700 °C, and 9.7 nm for 800 °C carburization (Table 4). Alpha tungsten
could not be carburized at 550 °C.

SEM images show that the morphology of the tungsten carbide products strongly resembles
their tungsten metal precursors (Figure 14). With a reduction temperature of 550 °C, all three
carburization temperatures leave the particles with a similar size, with predominantly rounded
edges, and with the star-shaped cracks that are present after reduction. In the same vein,
carburization after reduction at 700 °C or 800 °C resulted in more broken particles with jagged
edges. Hence, it can be concluded that the most significant structural changes occur during the
reduction of WO3, and thereafter, the morphology is preserved during carburization.
Interestingly, the BET surface areas of all five carbide samples were similar (Table 4). The
highest BET surface area was observed for the sample reduced and carburized at 550 °C with
25 m?g, while those carburized at 700 °C or 800 °C were about 20 m?%g. The pore volumes of
the catalysts determined by physisorption were also very similar with values around 0.055
mL/g. An exception was the two catalysts with 800 °C carburization, which exhibited pore
volumes of 0.077 mL/g (550 °C reduction) and 0.066 mL/g (800 °C reduction). This can likely
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be explained by a more pronounced porous carbon deposition separated from the tungsten
carbide surface at these high carburization temperatures (800°C). These deposits can
obviously not be removed under the conditions applied through reduction by hydrogen, which
is not activated by a catalyzing tungsten carbide surface. This separately deposited porous
carbon, however, does not influence the catalytic hydrogenation reaction (see below).

For the carbides that were carburized from beta tungsten, CO chemisorption measurements
show a decline in the CO uptake with higher carburization temperature, from 0.0038 to 0.0010
to 0.0007 mol CO per mol W for the carburization temperatures 550 °C, 700 °C, and 800 °C,
respectively (Table 4). For the carbides that were carburized from alpha tungsten,
carburization at 700 °C resulted in a CO uptake of 0.0011 mol CO per mol W, and carburization
at 800 °C resulted in a CO uptake of 0.0001 mol CO per mol W.

These results show substantially different CO coverages for the different samples. The W.C
sample had substantially higher uptake than the other samples, and the somewhat greater
surface area for the W,C sample does not alter this conclusion. Of course, quantification of the
tungsten carbide active surface with CO adsorption is not well developed because the
stoichiometry of CO adsorption for W,C and WC is unclear. Volpe and Boudart reported that
adsorption only occurs in 11% of a monolayer, while Ribeiro et al. found up to 40% coverage.
(126117721 Moreover, it is possible that the CO adsorption behavior and hence the stoichiometry is
different for W,C and WC. Bretzler et al. arrived at the conclusion that W,C contributes
significantly more to CO adsorption than WC.® It is also important to consider that both the CO
adsorption and, to a lesser extent, the BET surface area and BJH pore volume measurements
can be influenced by the presence of carbon on the surface or in pores. Due to the inability to
transfer the catalyst into the chemisorption unit without exposure to air, carbide synthesis was
directly performed in the chemisorption unit using the same synthesis parameters. It has to be
kept in mind that this can lead to differences in the properties of the materials to some extent,
especially due to differences in the removal of excess carbon at the end of the synthesis.
Overall, it is noted that the interpretation of the CO uptake is highly complex, with various
factors casting doubt on its significance for quantifying the active surface sites of tungsten
carbide. Therefore, the BET surface area serves as a more reliable method in this investigation

for the assessment of the catalyst surface structure.
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Table 4: Summary of the product characteristics after isothermal carburization at varying temperatures for different
precursors.

BET BJH co
Reduction Carburization Phase Crystallite surface Pore CO uptake adsorbed
temperature temperature composition size® [nm] area Volume [molco/molw] per m?
[m?g] [mL/g] [mol/m?]
550 °C 550 °C 100wt.-% W.C 75407 25 0.056 0.0038 + 8.0 E-7
- 0.0003
0.0010 +
550 °C 700 °C 100wt.-% WC 8.9+0.7 21 0.055 25E-7
0.0001
0.0007 +
550 °C 800 °C 100wt.-% WC 9.7+ 0.7 20 0.077 1.8 E-7
0.0001
0.0011 +
700 °C 700 °C 100wt.-% WC 85+ 04 20 0.055 2.8E-7
0.0001
0.0001 +
800 °C 800 °C 100wt.-% WC 123+ 0.7 20 0.066 25E-7
0.0001

® as determined from the FWHM of the XRD reflections using the Scherrer equation. The reflections at 34.4 °,
37.8 °, 39.3 ° and 61.6 ° were used for W>C and the reflections at 31.3 °, 35.6 °, 48.2 “were used for WC.
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Figure 14: SEM images of the products from stepwise tungsten carbide synthesis via reduction and carburization of
WOs; bulk (1000x magnification). Top left: reduction and carburization at 550 °C. Top right: reduction at 550 °C,
carburization at 700 °C. Center left: reduction at 550 °C, carburization at 800 °C. Center right: reduction and
carburization at 700 °C. Bottom: reduction and carburization at 800 °C.

2.3.4 Discussion on the role of surface area for phase stability

Tungsten carbide exists primarily in two different stoichiometries: tungsten monocarbide WC
and tungsten semicarbide W.C.® The most stable phase below 1250 °C is hexagonal WC
(6-WC), which features a simple hexagonal lattice of tungsten atoms with carbon atoms filling
the octahedral vacancies.® W,C can exist in a variety of polymorphs (a, B, y, € or B, B’, B”, €).
71981 All of these share the same hcp lattice of tungsten atoms, but with different locations of

carbon, making them practically indiscriminate by X-ray diffraction.'*
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Consistent with the results of Gao and Kear, separated synthesis of tungsten carbide allowed
for more control over the phase composition. It is evident that the influence of the tungsten
metal phase on the tungsten carbide phase can be rationalized by two effects. First, the W,C
phase might be kinetically stabilized as carbon diffusion can be the rate-limiting step in
carburization of metallic tungsten.'""”! The rate of carbon diffusion was shown to be dependent
on the carbon concentration in tungsten, resulting in slower carbon diffusion in W.C compared
to metallic tungsten.!"®! Higher temperatures, therefore, favor the transformation of W,C to WC
due to faster carbon diffusion. The higher reactivity of beta tungsten toward carburization
allows for a lower synthesis temperature, which hinders further reaction to WC. In addition to
kinetic effects, it can be assumed that thermodynamic considerations, as a second factor, also
play a role through surface energy contributions to phase stability. It is known from literature
that the particle size of nanoparticles can have an effect on the phase stability.['""'74 The
surface-to-volume ratio increases strongly with smaller particles, which can lead to surface
energy contributions surpassing bulk energy contributions.!'®! Metastable phases with high
bulk energy, but low surface energy, can therefore become thermodynamically favored when
increasing the specific surface area of a material.l'""® This effect has been shown for a large
variety of materials. For instance, anatase becomes the preferred TiO. phase over rutile for
particle sizes below roughly 14 nm.'""! Similarly, the metastable y-Al,O; phase becomes
energetically more stable under standard conditions than a-Al.Os for specific surface areas
above 125 m?/g.l'"® Theoretical work of Shrestha et al. show that the same principle also
applies for tungsten carbide.['"” The authors predict hexagonal WC as the most stable tungsten
carbide modification at particle sizes above 10 nm, while W,C becomes the dominant
stoichiometry below 10 nm. This trend follows the surface energies of the specific surface
energies of the phases, with 3.93 J/m? for hexagonal WC and 2.28-2.83 J/m? for W,C.I"™
Moreover, Shrestha et al. predicted that the cubic WC,« modification is the most stable phase
below 2.5 nm, as it has the lowest surface energies of all tungsten carbide modifications (0.74
J/im?).'"! Consistent with these general trends, Bretzler et al. experimentally observed that
W, C crystalline domains dominate below 10 nm, while WC prevails at larger sizes above 10
nm."®® The observed crystallite size of WC in this study was consistently larger than 8 nm
(Table 4), whereas that of W.C was below 8 nm, in good agreement with the proposed cut-off
size of 10 nm cited above. These results suggest that the W,C phase of the W,C catalyst was
thermodynamically stabilized by surface energy contributions. This interpretation is further
supported by the in situ XRD carburization experiment at 550 °C. Even after prolonged
carburization for 240 min, no reflexes of WC were detected (Figure 8), indicating the

suppression of W,C to WC conversion.
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2.4 Catalytic performance of W,C and WC in the hydrogenation of
butyraldehyde

2.4.1 Catalysis results

The products of the carbide syntheses were subsequently used as catalysts in the
hydrogenation of butyraldehyde to 1-butanol, which can serve as a model reaction for the
assessment of the catalytic activity of tungsten carbide. The reaction was performed in a
liquid-phase batch process at 200 °C, 65 bar H; pressure, and with ethanol as solvent.
Comparable product selectivity to 1-butanol of roughly 80% was observed for all catalysts.
Deoxygenation reactions are expected to be the main contributors to incomplete carbon
balance through the formation of butane and butene, which could not be determined by gas
chromatography of the liquid phase.®® However, since the selectivity was similar, the
catalytic performance could be assessed by the 1-butanol formation rate. It is noted that some
uncertainty remains in the product distribution, with possible deviations depending on the
catalyst.

As the primary goal of the study was to compare the intrinsic catalytic activity of phase-pure
W,C and WC, it was focused on the initial catalytic performance, and long-term stability tests
were not conducted. Due to deviations in the individual catalyst loadings, the 1-butanol
formation rates were normalized to the molar amount of tungsten. The experimental error
resulting from the different catalyst loadings was evaluated for a representative catalyst,
indicating that the deviation falls approximately within the range of the general quantification
error.

The rates normalized to the molar amount of tungsten are presented in Figure 15. A clear
performance gap between the two tungsten carbide phases, W,C and WC, is evident. The 1-
butanol formation rate of the catalysts with WC as a product phase ranged from approximately
7 mmolgwor/(mmolw h) to 13 mmolswon/(mmolw h), while that of the catalyst with W,C was higher

and around 19 mmolguon/(mmolw h).
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Figure 15: 1-Butanol formation normalized to the tungsten content for tungsten carbide catalysts prepared by
reduction of WO; followed by carburization. The catalytic tests were conducted at 200 °C, under a 65 bar H,
atmosphere and with ethanol as solvent using 0.05 g of catalyst and 4 g of butyraldehyde, equivalent to a
butyraldehyde-to-tungsten molar ratio of approximately 210.

Since the differences in the tungsten carbide surface areas are small (2.3.3, Table 4, SEM
images), these results strongly indicate the superior catalytic hydrogenation activity of W,C
over WC. An influence of the catalyst surface areas can be concluded from the comparison of
the tungsten monocarbide, WC, catalysts prepared by reduction at 550 °C and variable
carburization temperatures. The WC catalysts prepared at 550 °C reduction, followed by
700 °C and 800 °C carburization, performed better than the corresponding catalysts with both
steps at the same temperature. The presentation of the 1-butanol formation rate normalized to
the BET surface areas of the catalysts gives, therefore, a very similar picture (Figure 16 and
Table 5). Although the performance gap between W,C and WC decreases from 65 % + 3 % to
30 % = 1 % when surface area effects are considered, W,C still shows a clear and significant
advantage in catalytic performance. The problems of CO chemisorption data in general have
been discussed above together with the discrepancies in the literature. In particular, the
different unit used for material synthesis for the chemisorption experiments limits the
significance of the chemisorption data. For this reason it was refrained from assessing the 1-
butanol formation rate normalized to CO uptake in order to avoid potentially misleading
conclusions. The application of alternative probe molecules, such as N»O, for quantification of

the active surface sites, represents an important direction for future investigations.
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Figure 16: 1-Butanol formation rate normalized to the BET surface area of the catalysts.

Table 5: Overview of the 1-Butanol formation rates including 1-Butanol rates normalized to the BET surface areas
and 1-Butanol formation rates normalized to the CO uptake.

1-Butanol
1-Butanol
] o Butanol formation rate )
Reduction  Carburization Phase . . formation rate
. formation rate normalized to .
temperature temperature composition normalized to

A -1 BET surface area
[mol molw™ h'] CO uptake [s']

[mol h”" m?]
550 °C 550 °C W.C 18.6 +0.6 18.6 £0.6 14
550 °C 700 °C we 11.340.5 12.240.5 3.1
550 °C 800 °C we 11.0+0.3 10.3+ 0.3 4.4+0.1
700 °C 700 °C we 77403 76403 19401
82403 234407

800 °C 800 °C we 8.4 403
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2.5 Discussion on the catalytic activity of W,.C and WC

As described earlier, literature reports on the differences in the intrinsic catalytic activity of the
two main tungsten carbide modifications, W,C and WC, are very rare. In the context of thermal
heterogeneous catalysis, this topic was, for the most part, only addressed as a side note,
particularly because of the general difficulty in obtaining the pure phases. Neylon et al. found a
slightly higher n-butane conversion over a W-C bulk catalyst with 112 nmol/m? s compared to a
WC bulk catalyst with 95 nmol/m? s in the dehydrogenation, hydrogenolysis, and isomerization
of n-butane.l'™ Fang et al. investigated tungsten carbide catalysts embedded in carbon
spheres (W,C/CS) in the hydrogenolysis of guiacol and reported a significantly lower apparent
activation energy for W.C/CS with 111.1 kJ/mol compared to WC/CS with 151.9 kJ/mol.l"*® The
authors rationalized the different catalytic behavior by differences in the electron density
distribution between W and C between W,C and WC. Moreover, structural effects on the
carbide surface, such as a higher amount of carbon defects and W-terminated sites for W,C,
were assumed to facilitate the adsorption of oxygen-containing groups.'®

In contrast to the field of thermal catalysis, the phase-dependent catalytic activity of tungsten
carbide for the hydrogen evolution reaction (HER) has been investigated in more detail. Gong
et al. performed theoretical calculations suggesting a potentially higher intrinsic HER
performance of W,C compared to WC.'"? In addition, they experimentally tested carbon
nanotube-supported W,C and WC as electrocatalysts under acidic conditions and observed a
higher HER activity for W,C. The authors explained their results by the inherently different
properties of W,C and WC in terms of the Gibbs free energy of hydrogen adsorption (AGh) and
the electronic density of states (DOS) near the Fermi level. They calculated a AGy on the
(0001) surface of -0.56 eV for WC and a AGy of -0.31 eV for W.C for a hydrogen coverage of V4
monolayer. This would mean that W.C is closer to the optimum AGu of 0 than WC. Both
materials are limited by the hydrogen release step, as they feature negative AGy. Other studies
calculating the AGy on W.C and WC came to similar conclusions."®"! Esposito et al. calculated
a AGy of -0.99 eV for a WC(0001) surface and a AGy of -0.67 eV. for a W,C(0001) for a
hydrogen coverage of 1/9 monolayer.!'®%

Another strong expectation for the different catalytic behavior of W,C and WC in both thermal
and electrocatalysis is the different electronic DOS near the Fermi level. In fact, the significantly
higher catalytic activity of WC compared to tungsten metal was explained already very early in
the history of research on tungsten carbide for catalytic purposes. Bennett et al. demonstrated
in 1974 by X-ray photoelectron spectroscopy (XPS) of the valence band and core levels that
WC has a higher DOS near the Fermi level than W."? This makes the electronic structure of
WC more similar to Pt than to tungsten metal. Colton et al. specified that the occupied
electronic DOS are similar to Pt, while the unoccupied electronic DOS are different.*! They
also showed that electron density shifts from the tungsten 5d orbitals to the C 2p orbitals, which
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results in a higher catalytic activity of WC compared to W. More recently, Gong et al. confirmed
by density functional theory (DFT) calculations the high electronic DOS close to the Fermi level.
143 1n fact, they also calculated an even larger DOS near the Fermi level for W.C compared to
that of WC. The authors also showed that the d-band center of W>C(0001) is much lower than
that of WC(0001) and closer to that of Pt(111). This is in line with the more advantageous AGy
for W2C as a lower d-band center is associated with weaker bonding between the catalyst and
adsorbate."*! Suetin et al. also calculated that the metallic character of W,C is stronger than
that of WC."1 All these results point to inherently different catalytic behavior of W,C and WC.
Interestingly, the pioneering work of Levy and Boudart 1973 showing Pt-like behavior for WC
used a WC-based material with slight carbon deficiency, as later shown by Ross and
Stonehart.** The latter authors also observed strong parallels in hydrogen chemisorption
characteristics for W».C and the tungsten carbide used by Levy and Boudart, in contrast to WC,
which again hints at different catalytic properties depending on the carbon content in tungsten
carbide.

The present study further confirms these differences by providing a first direct comparison of
the pure bulk phases W,C and WC in hydrogenations. The stepwise synthesis approach for
tungsten carbide allowed to prepare phase-pure W,C and WC catalysts with comparable active
surface areas. Clear differences in the catalytic hydrogenation of butanal to 1-butanol were
observed with higher catalytic activity of W>C compared to WC. This also matches the findings
of Bannert et al."®! The authors observed significant differences in the HER performance of
W,C and WC in a gas-phase solid-acid electrolyzer. Phase-pure materials with comparable
BET surface areas were applied as electrode material. Within the investigated temperature
range of 200-240 °C, W.C showed higher HER performance than WC. Moreover, different
properties regarding electric conductivity were found. While both materials show semi-
conducting behavior, the dominant charge carrier type differs between WC (p-type) and W,C
(n-type). It has to be noted that testing additional hydrogenation and deoxygenation reactions
will be necessary to further assess the extent to which the W,C > WC activity trend can be
generalized for this type of reaction, as the catalytic comparison is based solely on
butyraldehyde hydrogenation in this study. Moreover, the phase-dependent catalytic activity
might be different for other types of reactions, such as isomerization.

Significantly more pronounced formation of 1,1-diethoxyethane (also called acetal) was
observed over WC catalysts from ethanol as the solvent, as summarized in Table 6. This may
imply that WC has more pronounced acidic-base properties than W.C and is better suited to
reactions that profit from these properties, such as isomerization. Further investigations on
phase-pure W,C and WC bulk catalysts in such reactions, combined with in-depth
characterization using techniques such as CO-Temperature programmed desorption (TPD)

and NHs-TPD, will be necessary to achieve a more comprehensive understanding of their
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acid—base properties. Different reaction chemistries could be an interesting prospective

investigation.

Table 6: Summary of the 1,1-diethoxyethane formation rates observed for the different tungsten carbide catalysts.

Reduction Carburization Phase 1,1-diethoxyethane formation
temperature [°C] temperature [°C] [mmol 1,1-diethoxyethane formed per hour per W]
550 550 W.C 3.7+ 0.1
550 700 WC 9.0+ 0.1
550 800 wWC 10.8 £ 0.2
700 700 wC 8.9+ 0.1
800 800 wWC 56+ 0.2

2.6 Conclusion

Unsupported tungsten carbide catalysts can be synthesized from tungsten oxide using a two-
step approach with separated reduction and carburization. The products of WO; reduction
differ depending on the temperature. The metastable beta tungsten modification is formed at
550 °C, while reduction at 700 °C and 800 °C leads to alpha tungsten. Surface energy
contributions appear to be relevant in stabilizing the beta tungsten phase.

The reduction mechanism shows deviations in the sequence of intermediate species during the
reduction of WOs, depending on the reduction temperature, which can be concluded from in
situ XRD investigations of the solid-state reactions. The two tungsten phases differ drastically
in their reactivity toward carburization. The conversion of beta tungsten to W,C progressed
significantly faster than that of alpha tungsten to W-C and further to WC. This tendency can be
exploited for tungsten carbide synthesis at lower temperatures than conventionally,
demonstrating a significant strength of this synthesis approach.

The catalytic properties of the W,C and WC in the hydrogenation of butanal to 1-butanol differ
clearly for comparable tungsten carbide dispersions. W.C shows substantially higher intrinsic
hydrogenation activity of W.C compared to WC, which also aligns well with theoretical work
from the literature.

The results of this chapter highlight the advantages of the alternative two-step synthesis route,
providing an approach to adjust the phase composition of tungsten carbide-based materials.
Moreover, testing in other hydrogenation and deoxygenation reactions is required for the

generalization of the phase-dependent activity.
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3.1 Motivation and aim?®

The synthesis conditions strongly affect the performance of tungsten carbide catalysts. It is
particularly challenging to prepare materials with a high surface area due to high synthesis
temperatures. In the previous chapter (Chapter 2), it was shown that the phase composition of
the catalysts is an important factor, as the intrinsic activity of the W,C phase was found to be
higher than the WC phase for hydrogenation reactions. It is therefore desirable to improve the
tungsten carbide synthesis in order to maximize the surface area of the catalysts and to
selectively obtain W,C as the product phase. As described in the previous chapter, an effective
way to achieve these goals is by performing reduction and carburization separately, similar as
reported by Gao and Kear.['>® This allows to carry out reduction at relatively low temperatures
(550 °C) to obtain high surface area 3-W precursors, which can also be converted selectively to
W,C at the same low temperatures due to the higher reactivity of these materials towards
carburization. While this approach was specifically investigated for bulk materials, it is an
important next step to extend the investigation of this alternative synthesis method to
supported tungsten carbide catalysts for improved understanding of the synthesis conditions
and further enhancing the catalytic efficiency through higher tungsten carbide dispersion.
Within the scope of this chapter, profound insight into how the synthesis conditions affect the
catalyst structure and how these properties determine their catalytic performance is intended.
For this purpose, four precursors with differing WO; dispersions were implemented in order to
gain insight into the effect of the dispersion on the solid-state reactions concerning reduction
and carburization. In situ XRD investigations are conducted to examine phase transitions in
supported systems during synthesis. The influence of key synthesis parameters on the product
characteristics after reduction and carburization is studied by XRD, BET, and partially by
Transmission electron microscopy (TEM). The performance of the catalysts, depending on
their structural properties, in hydrogenation reactions, shall be compared. Special emphasis
shall be placed on the effect of tungsten carbide dispersion and phase composition, for further

investigation of the different behavior of W,C and WC.

3.2 Synthesis and characterization of the WO; based precursors

Different WO3; based precursors were used for the synthesis of tungsten carbide: pure WO; and
different silica-supported WO; precursors. Pure WO; was used from a commercial supplier,
while the WOs-SiO, precursors were synthesized by incipient-wetness impregnation. Fumed
silica of the type Aerosil® with surface areas of 90 m?%g, 200 m?/g, and 380 m?%g was used,

although these surface areas were lower after agglomeration of the materials as a

® Disclaimer: This chapter (Chapter 3) is based on a manuscript, see section 3.7 for more information.
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pretreatment. The agglomerated Aerosil® materials were impregnated with an aqueous
solution of ammonium metatungstate. After loading the silica particles with the tungsten-salt
solution, they were dried and calcined resulting in a mixture of tungsten (V1) oxide and silica. All
SiO, supported WOs3 precursors were prepared with a tungsten content of approximately 50
wt.-% (30 mol.-%) as confirmed by elemental analysis. In order to distinguish between the
different WOs precursor-related systems are from here on referred to as “(WOs) Bulk”, “AE90”,
“‘AE200”, and “AE380”. The numbers stem from the surface area of the respective Aerosil®
parent.

The specific surface areas of the WOs; precursors as determined by BET measurements are
summarized in Table 7. The surface area after incipient-wetness impregnation is significantly
lower than the specific surface area of the pure SiO;materials. This is due to the transport of the
impregnation solution containing the soluble W-precursor into the pores of SiO; by capillary
forces, leading to smaller pore volume and lower BET surface area after the synthesis.
Nonetheless, the general trend remained the same as the surface area increased in the order
of Bulk < AE90 < AE200 < AE380.

Table 7: Overview of the properties of the WO; based precursors.

W content BET surface area Crystalline domain
WO; precursor
[wt.-%] [m?g] sizes' [nm]
WO; bulk 79 9 38.2+0.3
AE90 48 34 211+ 341
AE200 48 64 19.9+0.8
AE380 51 97 17.3+1.0

1 as determined from the FWHM of the XRD reflexes (23.6 °; 24.2°) using the Scherrer equation

The XRD patterns of the WOs-based precursors are shown in Figure 17. All precursors show
exclusively reflexes of monoclinic WO3, which is the thermodynamically stable modification at
room temperature.!"® However, significant reflex broadening for the SiO. supported precursors
compared to WO; bulk can be observed. The crystalline domain sizes were determined using
the Scherrer equation and are summarized in Table 7. It appears that a higher surface area of
the SiO; support leads to smaller crystalline domain sizes of WO3; and likely a higher WO3;

dispersion.
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Figure 17: XRD patterns of the WOs3 precursors with a reference stick pattern of monoclinic WO; (ICSD-80056).

The diffuse UV/vis spectra of the WO; precursors are presented in Figure 18. The shape of the
WO; band is significantly different depending on the precursor. It becomes generally broader
with a lower surface area, and the broadest band is observed for bulk WOs. In addition, the
maximum of the band clearly shifts towards smaller wavelengths from Bulk > AE90 > AE200 =
AE200 < AE380. This “blueshift” is likely due to quantum-confinement effects and can be linked

to decreasing WO; crystalllite sizes in this order.!'®#1'8
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Figure 18: Diffuse UV/vis spectra of the WOj; precursors.

The Raman spectra of all precursors show the vibrations of crystalline WO; with similar relative
intensities (Figure 19). The vibrations at 806 cm™, 714 cm™ can be assigned as O-W-0O
stretching modes, and the vibrations at approximately 327 cm™ and 273 cm™ can be assigned
as O-W-O bending modes.['® Terminal W=0O vibrations, which would be around

900-1000 cm™, are not visible. This points to rather large WO; crystallite sizes in general, as the
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intensity of W=0 vibrations increases with smaller crystallites.® The Raman peaks of the
SiO, supported precursors are noticeably broader than the ones of WO3; bulk, likely due to
smaller crystallites.l"®! This is consistent with the observations from XRD and UV/vis, which
indicate smaller crystallite sizes for the WO3-SiO; precursors compared to WOj3 bulk. However,
the SiO, supported precursors show no clear differences between each other in contrast to

their XRD patterns and UV/vis spectra.
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Figure 19: Raman spectra of the WO; precursors.

3.3 Products and mechanism of the reduction of tungsten oxide to

tungsten metal
3.3.1 Phase evolution during reduction of WO;
As the first step of the investigated tungsten carbide synthesis approach, reduction of the

tungsten oxide precursors is carried out. This reduction step was therefore investigated
isothermally at different reduction temperatures: 550 °C, 700 °C, and 800 °C (Scheme 13).

WO3 + 3H2 W + 3H20
550 °C /700 °C /800 °C

Scheme 13: General reaction equation for the WO, reduction to W metal.

The reducibility of the WO; precursors was assessed by temperature-programmed hydrogen
reduction measurements (Figure 20). The H.-TPR profile of WO; bulk showed three
overlapping main peaks at around 600 °C, 715 °C and 805 °C, which can likely be assigned to
the stepwise reduction of W(+6) to W(0) (Scheme 14) as determined by in situ XRD
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investigations using the same precursor (see section 2.2.1) and according to other literature

sources: 1891190

WO3 W1 0029 W02

Scheme 14: Reaction sequence from WO; bulk reduction to W metal.
The reducibility of the precursors increases clearly with a higher WO; dispersion in the order
Bulk < AE90 < AE200 < AE380, as the onset of WO3 reduction shifts from around 500 °C for
bulk WO3 to 450 °C for AE380. Moreover, the three main reduction peaks became less defined
for increased WO; dispersion, which can be explained by differences in the reduction
mechanism, as also confirmed by the in situ XRD measurements in the following section. The
determined reduction degrees were slightly higher than 100%, with around 5-13 % more

hydrogen consumed than theoretically expected.
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Figure 20: TPR profiles of the WO; precursors, recorded with 10 K/min heating rate, 50 ml/min gas flow, 5% H, in Ar
and a sample weight corresponding to around 0.12 mmol W.

The isothermal reduction at 550 °C and 700 °C was investigated by in situ XRD for the system
AE200. The in situ XRD investigations of the bulk system are described in section 2.2.1. The
transformations of the XRD pattern of AE200 during reduction at 550 °C are shown in Figure
21. Interestingly, while heating up under inert gas flow to 550 °C, a tungsten bronze phase
Ho23WO; was formed even in the absence of H,, which is a major difference to the bulk system.
Hydrogen necessary for the conversion of WO; to Ho23WO3 might stem from water present in
the crystal structure. As soon as hydrogen was introduced into the in situ cell, the tungsten
bronze phase disappeared and a pure W10z phase was formed (10 min under H,). After 20
min under H; flow, already the majority of W1002 was converted into metallic -W without WO,
as an intermediate species. This conversion proceeded somewhat more slowly until no more

reflexes of WOz were observed (50 min under H). After the reduction was complete,

50



Supported tungsten carbide catalysts for hydrogenation reactions

hydrogen flow was continued until a total time of 180 min under H: flow. No clear further
changes of the B-W pattern were observed, including no decrease of the FWHM, which would

indicate sintering.
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Figure 21: Evolution of the XRD patterns in the course of in situ isothermal hydrogen reduction of the AE200
precursor at 550 °C (70 mg AE200, 100 mL/min H: flow after heating up under inert gas). Stick patterns and selected
markers were added for improved visual assignment. The reference patterns were sourced from the following
database entries: WOj3: ICSD-80056. Hg 2sWO3: ICSD-8217. W4Oss: ICSD-27705. Beta tungsten: ICSD-150496.

The transformations of the XRD pattern of AE200 during reduction at 700 °C are shown in
Figure 22. The XRD pattern of the sample after heating to 700 °C under inert gas flow shows
that partial reduction of WO; already took place even in the absence of H,, as W10z was
formed, likely due to thermal loss of oxygen. After hydrogen flow was initiated, further reduction
of W10029 to metallic tungsten proceeded very rapidly and was finished after 20 minutes. The
product after complete reduction was a mixture of 40 wt.-% a-W and 60 wt.-% B-W as
determined by Rietveld refinement. This is in contrast to the reduction product of bulk WO;

under the same conditions, which was pure a-W, as described in section 2.2.1.
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Figure 22: Evolution of the XRD patterns in the course of in situ isothermal hydrogen reduction of the AE200
precursor at 700 °C (70 mg AE200, 100 mL/min H: flow after heating up under inert gas). Stick patterns and selected
markers were added for improved visual assignment. The reference patterns were sourced from the following

database entries: WO3: ICSD-80056. WO,: ICSD-80829. W5,Oss: ICSD-27705. Beta tungsten: ICSD-150496. Alpha
tungsten: ICSD-44393.

Summarizing the in situ XRD findings, the reduction process to metallic tungsten involves
several steps and proceeds via intermediate tungsten oxide species. Comparing the reaction
sequences at 550 °C and 700 °C shows that there are small differences. No intermediate WO,
was detected for reduction at 550 °C, in contrast to reduction at 700 °C. Similar observations
were also reported in the literature and are likely attributed to differing reaction pathways
leading to the formation of a-W and B-W. With this in mind, the reaction sequence to B-W as

indicated by the in situ measurements can be described as (Scheme 15):

WO3 Ho.23WO3 Wo0sg

Scheme 15: Reaction sequence from WO; reduction to beta- W

B-W

The reduction to a-W appears to follow the following reaction sequence (Scheme 16):

WO3 a-W

W 10029

Scheme 16: Reaction sequence from WO; reduction to alpha W.

WO,
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3.3.2 Characterization of the reduction products

The reduction step as part of the tungsten carbide catalyst synthesis was further investigated in
the synthesis set-up. This was performed for the four investigated systems: Bulk, AE90,
AE200, and AE380. As observed by XRD, reduction at 550 °C led to beta tungsten as the only
product phase for all four investigated WO; precursors (Figure 23). This metastable
modification of tungsten is significantly less studied in literature than the alpha phase of
tungsten. The reduction temperature plays an important role for its formation, and it can
become the favored reduction product at lower temperatures (below 600 °C).['> However,
other factors can also have an influence, including the content of water vapor in the reduction

atmosphere or the state of the starting material. ['1641[166111671[168]

550 °C reduction
AE380
AE200

AE90

P

e L
0-W ICSD-44393 | .

15 20 25 30 35 40 45 50 55 60 65 70
26

Normalized Relative Intensities

B-W ICSD-150496

Figure 23: XRD patterns of the products from isothermal hydrogen reduction of the different WO; precursors at 550
°C in a horizontal high-temperature furnace.

Reduction at 700 °C resulted in significantly different product compositions depending on the
WO; precursor (Figure 24). Pure alpha tungsten was the product phase of the bulk precursor,
while the supported precursors resulted in mixtures of both alpha and beta tungsten. There was
a clear correlation between the specific surface area of the precursor and the content of beta
tungsten of the product. AE9O resulted in 32 wt.-% B-W, AE200 in 70 wt.-% B-W and AE380 in
88 wt.-% (B-W. This indicates a critical role of the surface area in the formation of B-W, as the

content of 3-W increased with a higher surface area of the precursor.
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Figure 24: XRD patterns of the products from isothermal hydrogen reduction of the different WO3; precursors at
700 °C in a horizontal high-temperature furnace.

Reduction at 800 °C (see Figure 25) led to pure alpha tungsten as the product phase for the
bulk precursor and for AEQQ. For AE200 and AE380, a 3-W content of 15 wt.-% and 31 wt.-%
was determined for this precursor (Table 8). This demonstrates that even at this high
temperature, the formation of 3-W can play a role. Moreover, the precursors with higher
surface area again led to a higher content of B-W. Figure 26 presents an overview of the B-W

content depending on the reduction temperature and precursor.

AE380

J\\ AE200

AEQ0

J Bulk
N

o L
o-W ICSD-44393 |

800 °C reduction H

Normalized Relative Intensities

B-W ICSD-150496
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Figure 25: XRD patterns of the products from isothermal hydrogen reduction of the different WO3 precursors at
800 °C in a horizontal high-temperature furnace.
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Figure 26: Content of beta tungsten determined by Rietveld depending on the WO; precursor and reduction
temperature.

The BET surface areas of the products after reduction were measured and are summarized in
Table 8. The surface area trends after reduction reflected those of the parent WO; precursors.
At each reduction temperature, the lowest surface area was observed for the product derived
from WO3 bulk, while progressively higher surface areas were obtained from precursors with
increasing initial surface areas in the order AE90, AE200 and AE380. For all precursors, the
product surface areas decreased strongly with increased reduction temperature. This may be
attributed to particle growth by volatile tungsten oxide species formed through the reaction of
tungsten oxide with water. See also section 2.2.2. Sintering occurring before and during the
reduction is also expected to contribute to the decline in surface area with higher temperatures
(see section 2.2.2). The loss of surface area was more severe for the bulk system, while the
SiO, supports appeared to stabilize the structure to some extent.

The crystalline domain sizes of the products showed similar (Table 8, Figure 27). A higher
surface area of the corresponding WOs precursor mostly led to smaller crystalline domain sizes
of the product. Consequently, the domain sizes decreased in the following order: Bulk, AE90,
AE200, and AE380. As for the BET surface areas, the reduction temperature had a strong
influence on the crystalline domain sizes. A significant increase in the domain sizes was
observed with rising reduction temperatures, which also points to particle growth. Notably, the
crystalline domain sizes of 3-W were smaller than those of a-W for samples with both phases

present.
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Table 8: Overview of the properties of the products after reduction at different temperatures.

Reduction B-wW o-W Crystalline B -W Crystalline BET
temperature Precursor  content domain size' domain size' surface
[wt.-%] [nm] [nm] area [m?/g]
550 °C WO; bulk 100 - 78+0.3 19
550 °C AE90 100 - 7.7+03 70
550 °C AE200 100 - 73+04 90
550 °C AE380 100 - 6.4 +0.1 149
700 °C WOs bulk 0 209+ 20 - 13
700 °C AE90 32 14.9 £ 0.1 13.6 £0.7 53
700 °C AE200 70 13.6 £0.2 13.0+0.8 78
700 °C AE380 88 154 £1.7 11 102
800 °C WO; bulk 0 405+ 3.0 - 4
800 °C AE90 0 374 +1.7 - 42
800 °C AE200 15 256+ 0.6 13.1+£0.2 72
800 °C AE380 31 28.2+28 12 83
1 as determined by Rietveld analysis of the XRD patterns. Reference patterns: ICSD 44393 (a-W), ICSD 150496 (-
W).

2 as determined from the FWHM of the XRD reflexes using the Scherrer equation.
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Figure 27: Crystalline domain sizes of the products of reduction depending on the reduction temperature and
precursor.
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3.4 Carburization of metallic alpha and beta tungsten

3.4.1 Phase evolution during carburization

As the second step of the tungsten carbide catalyst synthesis, carburization of the metallic
tungsten precursors was investigated. The system AE200 was chosen as a representative
example for insight into the transformation process of tungsten into tungsten carbide, in situ
XRD measurements for these experiments. In situ XRD studies of the bulk system are
described in section 2.3.2. Carburization at 550 °C was performed directly after the reduction of
AE200 to metallic tungsten, which was discussed in section 3.3.1. Rapid conversion of the 3-W
phase was observed as the intensities of its reflexes gradually declined and the reflexes of W.C
emerged (Figure 28). After 60 min under a continuous flow of the carburization gas mixture, no
more metallic tungsten was present in the XRD pattern of the material. The changes in the
phase composition over time are visualized in Figure 29. The increase of W,C proceeds in the
shape of a sigmoidal curve, with slow conversion of B-W towards the start and end of
carburization. No further changes of the XRD reflexes were determined after full reaction to
W.C, which demonstrates that the product was stable against reaction of W,C to WC.
Moreover, the crystalline domain sizes of the product over prolonged carburization time

remained stable, indicating that no sintering of the material occurred after W,C formation.

A 180 min under CH,/H,, 550 °C
/\k 90 min under CH,/H,, 550 °C
4/\//\‘ 60 min under CH,/H,, 550 °C
J\k 50 min under CH,/H,, 550 °C
JJ\ 40 min under CH,/H,, 550 °C

/\/\ 30 min under CH,/H,, 550 °C

20 min under CH,/H,, 550 °C

4/\/\/\ 10 min under CH,/H,, 550 °C
|
M AE200 after reduction at 550 °C

Relative Intensities

W, C reference

B-V\/I referer?ce | 1 | . | ' | 1

20 30 40 50 60 70
26 [*]

Figure 28: Evolution of the XRD patterns in the course of in situ isothermal carburization at 550 °C directly after
isothermal reduction of the AE200 precursor at 550 °C. The carburization was performed using a 1.5:1 mixture of
CH, and H. (100 mL/min). Stick patterns were added for improved visual assignment. The reference patterns were
sourced from the following database entries: Beta tungsten: ICSD-150496. W,C: ICSD-619097.
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Figure 29: Change of the phase composition over time during in situ isothermal carburization at 550 °C of AE200,
directly after isothermal reduction at 550 °C of AE200. The carburization was conducted using a 2:1 mixture of CH,
and Hz, and a 100 mL/min total gas flow. The quantification was performed by Rietveld refinement using the
following reference patterns Beta tungsten: ICSD-150496. W,C: ICSD-619097.

Carburization of AE200 at 700 °C was investigated by in situ XRD as shown in Figure 30.
Before this investigation, the WO; precursor was reduced at 700 °C in the in situ cell as
described in section 3.3.1. A visualization of the changes regarding the phase composition is
given in Figure 31. The conversion of both a-W and B-W to W,C occurred very rapidly, with
almost all metallic tungsten converted already after 10 min under the carburization
atmosphere. However, further reaction of W,C to WC proceeded considerably slower than the
reaction of metallic W to W,C. After 180 min under the carburization mixture, the material
reached a stable state with no additional formation of WC. The product consisted of only a
small amount of WC, while under the same conditions, a much larger WC content was
observed (see 2.3.2).
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Figure 30: Evolution of the XRD patterns in the course of in situ isothermal carburization at 700 °C directly after
isothermal reduction of the AE200 precursor at 700 °C. The carburization was performed using a 1.5:1 mixture of
CH, and H.. Stick patterns were added for improved visual assignment. The reference patterns were sourced from
the following database entries: Beta tungsten: ICSD-150496. Alpha tungsten: ICSD-44393. W,C: ICSD-619097.

WC: ICSD-5212.
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Figure 31: Change of the phase composition over time during in situ isothermal carburization at 700 °C of AE200,
directly after isothermal reduction at 700 °C of AE200. The carburization was performed using a 4:1 mixture of H,
and CH; and a 100 mL/min total gas flow. The quantification was conducted by Rietveld refinement using the
following reference patterns: Alpha tungsten: ICSD-44393. W,C: ICSD-619097. WC: ICSD-5212.
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3.4.2 Characterization of the carburization products

The stepwise synthesis with reduction and carburization was applied for the synthesis of
tungsten carbide catalysts. Carburization was carried out directly after the reduction step within
the same catalyst synthesis setup. The carburization was performed at the same temperature
as the preceding reduction, specifically at 550 °C, 700 °C, and 800 °C.

A fundamental understanding of the reaction conditions tungsten carbide synthesis at 550 °C
using methane as the carbon source is essential for optimizing catalyst synthesis at this
temperature. In that sense, the influence of the carburization time and the carburization gas
mixture was investigated exemplarily for the system AE200. After the reduction of this WO3
precursor at 550 °C under identical conditions, different carburization procedures were
performed.

The XRD patterns of the products with carburization times of 0.5 h, 1.5h, and 2.5 h are
presented in Figure 32 (left side). As observed by in situ XRD measurements, the conversion of
B-W to W,C proceeded very rapidly. No more metallic tungsten was detected after only 0.5 h.
Similarly to the in situ XRD investigation, no clear changes in the XRD reflexes over time were
visible. The XRD patterns of the tungsten carbide catalysts prepared by different carburization
gas compositions are depicted in Figure 32 (right side). Also in this case, the XRD patterns

showed strong resemblance to each other, and no striking differences were visible.

Carburization time |Carburization gas composition

_/\f/L CH,H, 2:1
__/\_/k CH,H, 1.5:1
__/\_//L CH,:H, 111

I WC ICSD-5212 I
| -
W,C ICSD-619097
1

25h

05h

Normalized Relative Intensities
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WC ICSD-5212
L
W,C ICSD-619097
1

1 1 | ] 1 1 1 | ] [
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Figure 32: XRD patterns of the products from stepwise synthesis of tungsten carbide via isothermal reduction and
carburization of AE200 at 550 °C depending on the carburization time (left) and on the carburization gas
composition (right).

Influence of the precursor and carbide synthesis temperature on the catalyst structure
Tungsten carbide catalysts were prepared from the four different WO; precursors by sequential
reduction and carburization at the same temperature. In order to investigate the influence of the
synthesis temperature, carbide synthesis was performed at 550 °C, 700 °C, and 800 °C.

As observed by XRD, reduction and carburization at 550 °C led to phase-pure W.C catalysts

independent of the precursor (Figure 33). This situation was completely different for a
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synthesis temperature of 700 °C. The phase composition of the product catalysts was
determined by the precursor. Pure WC was the product phase of the bulk precursor, while the
supported precursors resulted in mixtures of both W»,C and WC (Figure 34). There was a strong
correlation between the specific surface area of the precursor and the W,C content of the
product. AE9O0 resulted in 33 wt.-% W->C, AE200 in 55 wt.-% W,C and AE380 in 60 wt.-% W-C.
This demonstrates that the surface area is an important factor for the stabilization of W.C, as its
content increased with a higher surface area of the precursor. Similar effects were observed for
a synthesis temperature of 800 °C. Only small amounts of W>C were present for AE380 with 7
wt.-% W.C and AE200 with 5 wt.-% W-,C, whereas the other precursors led to pure WC as the
product phase (Figure 35).

550 °C carburization AE380
/\/L AE200

AE90

/\ Bulk

WC ICSD-5212

Normalized Relative Intensities

| I
W,C ICSD-619097
1 | i I

A
15 20 25 30 35 40 45 50 55 60 65 70
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Figure 33: XRD patterns of the products from stepwise synthesis of tungsten carbide via isothermal reduction and
carburization of the different WO; precursors at 550 °C

700 °C carburization
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Figure 34: XRD patterns of the products from stepwise synthesis of tungsten carbide via isothermal reduction and
carburization of the different WO; precursors at 700 °C

61



Supported tungsten carbide catalysts for hydrogenation reactions

800 °C carburization
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Figure 35: XRD patterns of the products from stepwise synthesis of tungsten carbide via isothermal reduction and
carburization of the different WO3 precursors at 800 °C

The BET surface areas of the products after reduction were measured and are summarized in
Table 9. The surface area of the tungsten carbide catalysts increased in the same order as
their WO3; and W metal precursor counterparts: Bulk < AE90 < AE200 < AE380. Moreover, the
surface areas were in general very close to their W metal precursors, however typically slightly
lower.

The crystalline domain sizes of the tungsten carbide catalysts are also given in Table 9. Similar
to the reduced W precursors, the crystalline domain sizes decreased in general in the order
Bulk > AE90 > AE200 > AE380.

Regarding the influence of crystallite size on phase composition, a general increase in W,C
content is observed with decreasing crystallite size. This trend is more pronounced when

considering the WC crystallite size (Figure 36) compared to that of W,C (Figure 37).
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Figure 36: Influence of the WC crystallite sizes on the W.,C content.
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Figure 37: Influence of the W-C crystallite sizes on the W.C content.

TEM images of the AE200 catalysts prepared at 550 °C confirm that the primary particles are
below 10 nm (Figure 38). However, statistical evaluation of the particle sizes was not possible

due to the agglomeration and overlapping of the primary particles.

I 100 nm

=

Figure 38: TEM images of the AE200 catalyst prepared by reduction and carburization at 550 °C.

In order to analyze the tungsten carbide surface of the catalysts, CO chemisorption
measurements were performed. The determined CO uptakes are summarized in Table 9.

Figure 39 shows a general, though not entirely consistent, correlation between the W,C
content of the catalysts and their CO uptake. This confirms that the tungsten carbide dispersion
of the catalysts plays an important role in the stability of the W,C phase. However, the
significance of the CO chemisorption measurements may be limited due to several
complicating factors. In particular, the stoichiometry of CO adsorption on W,C and WC
surfaces remains uncertain, with conflicting information in the literature.l"®!'"2 |t is also

possible that the stoichiometry is different for W,C and WC, and W-C contributes significantly
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more to CO adsorption than WC, which was assumed by Bretzler et al.®® Moreover, it is
important to note that the presence of carbon on the surface or within the pores can affect CO
adsorption measurements, and to a lesser extent, BET surface area measurements. This
might be the case for the catalysts prepared at 800 °C, where the formation of excess carbon is
expected to be most relevant due to the higher temperature. Another factor is that transferring
the catalyst to the chemisorption unit without air exposure was not feasible and the carbide
synthesis was therefore carried out directly within the chemisorption setup using synthesis
conditions as close as possible. However, it should be acknowledged that this approach may
introduce variations in material properties, which are particularly related to the removal of

excess carbon at the end of the synthesis.
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Figure 39: Influence of the W,C content on the CO uptake of the catalysts.
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Table 9: Overview of the properties of the products after carbide synthesis at different temperatures.

1-Butanol
Carbide W.C w.C wC BrIfET ciok formation
Synthesis Precursor  content’ Crystallite  Crystallite SUrace up al e / rates
temperature [wt.-%] size?[nm] size? [nm] area [mmolco [mmols.on/
[m?g] molw]
(mmolw h)]
3.84+
550 °C WO; bulk 100 79+038 25 18.7+ 0.6
0.21
0.88 +
550 °C AE90 100 76+0.6 66 245 +0.6
0.04
4.42+
550 °C AE200 100 6.7+ 04 87 27.7+141
0.12
267+
550 °C AE380 100 6.2+ 0.6 141 23.0 £0.6
0.15
115+
700 °C WO; bulk 0 8.0+0.3 20 7.7 £0.3
0.09
0.67 +
700 °C AE90 33 10.7 £ 3.0 99+05 50 6.2 +0.5
0.04
261+
700 °C AE200 55 10.0 £ 0.4 9.2+ 04 73 9.7+ 0.3
0.17
0.98+
700 °C AE380 60 126 + 0.4 89+1.0 142 6.2+ 0.1
0.02
0.10 +
800 °C WO; bulk 0 12.9+ 0.8 20 8.4 £0.3
0.01
Keo)
5
800 °C AE90 0 105+ 11 38 E;’: g 4.6+ 0.1
&
[0
Keo)
5
800 °C AE200 5 7.0+ 01 9.9+ 0.6 65 E;’: cZ) 5.1+ 0.3
&
[0
800 °C AE380 7 9.2+ 0.7 10.5+ 0.8 95 2.4+ 01

a|qeynuenb
1oN

1 as determined by Rietveld refinement.

2 as determined from the FWHM of the XRD reflexes using the Scherrer equation.
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3.4.3 Discussion on the effects of surface area on the tungsten carbide phase
composition

For both steps, reduction and carburization, two possible product phases can be obtained. In
the case of reduction, this concerns the thermodynamically stable a-W and the metastable 3-W
modification. In analogy, carburization can afford the thermodynamically stable WC or the
metastable W,C modification. It is evident from the results of this study that two main factors
drive the phase composition of the products for both synthesis steps: The reaction temperature
and the surface area of the materials. Lower reaction temperatures help to kinetically stabilize
the meta-stable phases B-W and W,C, since further reaction to a-W or WC is prevented by an
activation energy barrier.!""! Besides kinetic effects, contributions of the surface energy to the
thermodynamic stability need to be taken into account. For comparison of the thermodynamic
stability of phases, only the bulk energy is considered. However, this situation can be different
for the surface energy, and a metastable phase with high bulk energy can have a low surface
energy. When increasing the surface area of a material, the contributions of the surface energy
become more relevant. At some point, a meta-stable phase with high bulk energy, but low
surface energy, therefore becomes thermodynamically preferred.l'"® This effect can be seen,
for example, for TiO,, as the anatase phase becomes the favored TiO; phase over rutile for
particle sizes below approximately 14 nm.'"1 Moreover, the metastable y-Al,O; phase
becomes the thermodynamically preferred Al.O; phase over a-Al,Os; when the specific surface
area exceeds 125 m?%g."® The same concept has also been proposed for tungsten carbide,
based on theoretical calculations by Shrestha et al.l'”®! According to these results, hexagonal
WC is the most stable tungsten carbide modification at particle sizes above 10 nm, while W-.C
becomes the preferred phase for particle sizes below 10 nm. This behavior can be attributed to
the surface energy characteristics of the respective phases, with hexagonal WC exhibiting a
relatively high surface energy of 3.93 J/m?, compared to lower values ranging from 2.28 to
2.83 J/m? for W,C.!""* Supporting these theoretical insights, Bretzler et al. found experimentally
that W,C appeared to be preferred in crystallites smaller than 10 nm, whereas WC was
predominantly formed in particles larger than 10 nm.®!

This effect of the surface area on the phase composition is also clearly reflected in the present
study. There is a decisive effect of the WO; precursor on both the content of 3-W after the
reduction step and on the W,C content after the carburization step. Both phases are
metastable under standard conditions; however, they exhibit lower surface energies than their
counterparts. In the case of the two tungsten metal phases, bulk alpha tungsten is more stable
than bulk beta-tungsten by 0.127 eV per atom from a thermodynamic perspective.!"*® However,
beta tungsten has a lower surface energy, < 3.5 J/m? vs ~ 4 J/m? of alpha-tungsten.['"™ Smaller

crystallite sizes should therefore be in favor of beta-tungsten as the stable phase.!'""
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In the context of this study, using WO; precursors with different WO; dispersions provided clear
experimental evidence for these relationships. With higher WO; dispersion, increased content
of both B-W and W,C was found in the products of reduction and carburization, respectively.
This shows that the surface area plays a critical role in the phase selectivity in the synthesis of

tungsten carbide.

3.5 Catalytic performance in hydrogenation reactions

3.5.1 Catalytic results

The products of the carbide syntheses were subsequently tested as heterogeneous catalysts
in the hydrogenation of butyraldehyde to 1-butanol, which can serve as a model reaction for the
assessment of the catalytic activity of tungsten carbide.”® The reaction was performed in a
liquid-phase batch process at 200 °C, 65 bar H; pressure, and with ethanol as solvent.
Comparable product selectivity to 1-butanol of roughly 80% was observed for all catalysts.
Deoxygenation reactions are expected to be the main contributors to incomplete carbon
balance through the formation of butane and butene, which could not be determined by gas
chromatography of the liquid phase.”®® The catalytic performance was measured in the 1-
butanol formation rate, normalized to the molar amount of W.

Figure 40 shows the influence of the carburization gas composition at a 550 °C carburization
temperature on the catalytic activity. This investigation was carried out on system AE200,
although the observed trends are likely representative of other systems as well. In the
hydrogenation of butyraldehyde, the optimal gas composition at this temperature was found to
be a CHiH: ratio of 1.5:1, yielding a 1-butanol formation rate of around 28.8
mmols.on/(mmolw h). Using a CH.:H. ratio of 2:1 led to a similar, but lower performance, with a
1-butanol formation rate of 27.7 mmolswor/(mmolw h). Carburization using only methane and no
hydrogen led to an inactive catalyst with no meaningful 1-butanol formation. On the other hand,
using a 1:1 ratio also led to a significant drop in the catalytic activity to 21.8
mMmOlson/(Mmolw h).

In order to further validate these findings, catalysts prepared under analogous conditions were
investigated in the hydrogenation of toluene to methylcyclohexane (MCH), a well-established
test reaction for transition metal carbides in the literature.!'"21'%! The results for the system
AE200 are presented in Figure 41 and reveal a similar relationship between the gas
composition and the catalytic performance as in the case of the butyraldehyde hydrogenation.
Carburization with only methane again produced an inactive catalyst, with negligible MCH
formation. In contrast to the hydrogenation of butyraldehyde, the optimal performance in the
hydrogenation of toluene was found to be a CH4:H; ratio of 2:1 with 9.2 mmolvcx/(mmolw h).

However, the performance for a ratio of 1.5:1 was quite close with 9.0 mmolucs/(mmolw h). As
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with the previous reaction, reducing the ratio to 1:1 led to a significant decline in catalytic
performance to 7.1 mmolucy/(mmolw h). Therefore, the overall behavior is consistent with both

hydrogenation reactions.
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Figure 40: Influence of the carburization gas composition on the catalytic activity of AE200 for a carbide synthesis
temperature of 550 °C. The catalytic tests were conducted at 200 °C, under a 65 bar H, atmosphere and with ethanol
as solvent using 0.1 g of catalyst and 4 g of butyraldehyde, equivalent to a butyraldehyde-to-tungsten molar ratio of
approximately 180.
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Figure 41: Influence of the carburization gas composition on the catalytic activity of AE200 for a carbide synthesis
temperature of 550 °C. Catalytic hydrogenation of toluene was performed over 0.03 g catalyst at 230°C, 20 bar,
continuous hydrogen flow, GHSV = 450,000 h™.

As another important aspect, the influence of the carburization time for carburization at a
temperature of 550 °C was examined for the system AE200. As shown in Figure 42, the
catalytic performance was improved drastically with longer carburization durations. Using a
carburization time of 0.5 h afforded a 1-butanol formation rate of 6.6 mmols.on/(mmolw h), while
extending the time to 1.5 h increased the rate to 16.3 mmols.or/(mmolw h). Increasing the

carburization time further to 2.5 h resulted in a maximum rate of 27.7 mmolg.or/(mmolw h).
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Figure 42: Influence of the carburization time on the catalytic activity of AE200 for a carbide synthesis temperature of
550 °C. The catalytic tests were conducted at 200 °C, under a 65 bar H, atmosphere and with ethanol as solvent
using 0.1 g of catalyst and 4 g of butyraldehyde, equivalent to a butyraldehyde-to-tungsten molar ratio of
approximately 180.

The catalytic performance of the tungsten carbide catalysts synthesized from different
precursors and at different temperatures is shown in Figure 43. The highest catalytic activity
was observed at a synthesis temperature of 550 °C, with a significant decline at higher
temperatures. Interestingly, the performance ranking of the precursors was different for each
synthesis temperature. For a synthesis temperature of 550 °C, the highest performance was
observed for AE200 with 27.7 mmolswr/(mmolw h), followed by AEQ0 (24.5
mmOls,on/(mmolw h)), AE380 (23.0 mmolswor/(mmolw h)), and finally the bulk catalyst, which
showed the lowest butanol formation rate with 18.7 mmolswor/(mmolw h). For a synthesis
temperature of 700 °C, this order was AE200 > Bulk > AE90 = AE380, while for 800 °C, the bulk
catalyst outperformed the supported catalysts, and the ranking shifted to Bulk > AE200 > AE90
> AE380.
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Figure 43: 1-Butanol formation normalized to the tungsten content for tungsten carbide catalysts prepared from
different precursors. The catalytic tests were conducted at 200 °C, under a 65 bar H, atmosphere and with ethanol
as solvent using 0.1 g of catalyst and 4 g of butyraldehyde, equivalent to a butyraldehyde-to-tungsten molar ratio of
approximately 180.

Considering the phase composition of the catalysts, there is a general, although not simple,
correlation between the W,C content and the 1-butanol formation rate (Figure 44). In particular,
catalysts at the two extreme ends of the spectrum with 100% and 0% W.C exhibit catalytic
activities clearly distinct from each other. The performance of pure W,C catalysts exceeded
that of pure or close to pure WC catalysts by factors ranging from 2 to 5, and in some cases,
reaching up to 10.

Similarly, the 1-butanol formation rate exhibits an inverse correlation with the crystallite size of
the catalysts (see Figure 45 and Figure 46). For both tungsten carbide phases, W.C and WC,
the formation rate generally decreased as crystallite size increased. It should be noted that
crystallite size and phase composition are interrelated (see 3.4.2 and 3.4.3), which complicates

the isolated assessment of their individual effects on catalytic performance.

70



Supported tungsten carbide catalysts for hydrogenation reactions

30
= 254
= :
2
@®
E 20+
S [
g
= 15
L
©
C
©
5 10+ =
@
i
[} *
54 o X
-
O T T T T T T
0 20 40 60 80 100
W,C content [%]

Figure 44: Influence of the W,C content on the 1-butanol formation rate.
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Figure 45: Influence of the W-C crystallite size on the 1-butanol formation rate.
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Figure 46: Influence of the WC crystallite size on the 1-butanol formation rate.

3.5.2 Discussion on the influence of the carburization conditions

For tungsten carbide synthesis at 550 °C, a strong influence of the carburization time and
carburization gas mixture on the catalytic performance was observed. However, the
differences in the catalytic activity are in this case not related to significant differences in the
XRD. For a better understanding of this discrepancy, it is important to consider the underlying
mechanisms regarding the structural transformation during carburization.

While complete conversion of tungsten metal to W.C would be expected from the XRD data,
even after only 0.5 h carburization, the 1-butanol formation rate is almost one order of
magnitude lower than the catalyst produced by 2.5 h carburization. It appears reasonable that
further processes occur after the rearrangement of the W atoms. Through the combination of
carbon and tungsten orbitals during carbide formation, the s-p electron count is increased,
which, in the sense of the Engel-Brewer theory, causes a transformation of the crystal
structure. 41981191 Thig transition of a cubic W lattice to a hexagonal one is responsible for
changes in the XRD patterns. On the other hand, changes in the arrangement of carbon are
mostly negligible for XRD analysis.*

It might be the case that the transformation of the tungsten metal lattice to the W.C lattice
already starts rather early at a lower carbon content than necessary for full stoichiometric
conversion to W,C. The decrease in catalytic activity with shorter carburization times may be
attributed to carbon deficiency in the tungsten carbide due to incomplete formation of W:C. In
fact, literature studies indicate that transition metal carbides are strongly nonstoichiometric

compounds.!"! Carbon atoms are located in the interstitial spaces of the metal sublattice and
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form a non-metal sublattice.® Also, structural vacancies are present, which are unoccupied
interstitial sites.''® The concentration and distribution of these can differ to some extent. It was
reported that W.C has a homogeneity region from WCgs:to WCos. at a temperature of about
3000 K, even though this range narrows at lower temperatures.®®"%! With this in mind, it is
conceivable that the carbon content is somewhat lower at the beginning of the carburization
and approaches the stoichiometry of W,C with longer carburization duration. This could show
that the catalytic properties of tungsten carbide are possibly very sensitive to the carbon
content in the lattice.

The carburization gas composition is another key parameter in the synthesis of the tungsten
carbide catalysts at 550 °C, which can strongly affect the catalytic performance. In addition to
methane as a carbon source, hydrogen is added to the carburization mixture. The presence of
hydrogen plays an important role in controlling the amount of carbon deposited on the tungsten
surface. CH, is decomposed into deposited carbon or adsorbed CH species and hydrogen
(Scheme 17).12"

CH4 C+ H2

CH4 CHX + (2-X/2)H2

Scheme 17: Reaction equations of CH.4 decomposition on the W-metal surface during carbide synthesis.""!

If the subsequent migration of carbon from the surface of W into the bulk is significantly slower
than the decomposition of CHa4, carbon can build up on the surface." In the context of
catalysis, this is an undesirable effect as it can block the tungsten carbide surface sites.!"?
Hydrogen helps to balance the amount of carbon on the surface by impeding the adsorption of
CH, and by reacting with adsorbed carbon to CH,."™

As shown in Figure 40 and Figure 41, adjusting the ratio of CH. and H. in the carburization
atmosphere is critical. It can be concluded that the optimum catalytic performance can be
reached by applying CH4 to H, ratios of 2:1 and 1.5:1. When increasing or decreasing this
range, the catalytic activity decreased significantly. It is plausible that a higher content of
hydrogen causes a lower concentration of deposited carbon on the tungsten surface. This, in
turn, could lead to a carbon deficiency in the W,C products. This explanation would be in line
with the previous assumption that the carbon content in W,C might deviate depending on the
synthesis conditions. This also indicates a high sensitivity of the catalytic activity on the
stoichiometric composition of W-C.

On the contrary, a high concentration of CH, leads to a higher concentration of deposited
carbon on the surface, which, over time, forms carbon aggregates. The latter might not be fully
removed during the hydrogen treatment at the end of the carburization period and block the

active sites of the tungsten carbide catalysts. This is particularly noticeable in the case of pure
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methane, as the buildup of carbon is the strongest due to the highest surface concentration of
carbon and due to the absence of hydrogen, which would counteract carbon accumulation.
This leads to almost inactive catalysts both in toluene and butyraldehyde hydrogenation.

These results also demonstrate that the optimum CHj to H; ratio is different depending on the
carburization temperature, as a CH, to Hz ratio of 1:4 is typically applied for carbide synthesis at
700-800 °C.®! Lower carburization temperatures, therefore, require a higher CH,
concentration, which may be explained by the kinetics of CH4 activation declining faster than

the kinetics of H, activation with decreasing temperature.

3.5.3 Discussion on the influence of the precursor on the catalytic activity

The catalytic activity of the tungsten carbide catalysts was strongly affected by the precursor;
however, the relative performance for the precursors varied with synthesis temperature. This
highly complex situation is caused by multiple factors that have an impact on the catalytic
performance. As it is typical for heterogeneous catalysis, the tungsten carbide dispersion plays
an important role as it equates to the number of active surface sites available for catalysis. This
is clearly the dominating factor for carbide synthesis at 550 °C, as the order of catalytic
performance follows in principle the order of tungsten carbide dispersion as suggested by the
crystalline domain sizes. The only exception in this case is AE380, which would be expected to
result in the highest catalytic activity due to the smallest crystalline domain sizes. Besides
dispersion, the phase composition of the catalysts has been shown to play a role in the catalytic
activity. As shown in Chapter 2, Bulk tungsten catalysts with pure W,C and WC phases showed
clear differences in the catalytic hydrogenation of butyraldehyde to 1-butanol, with higher
catalytic activity of W,C compared to WC. In addition, Bretzler et al. observed a strong
correlation of the catalytic activity and the W,C content in hydrogenation reactions.® Higher
performance of W,C over WC was also observed in the hydrogen evolution reaction (HER)
over tungsten carbide electrocatalysts.'*M'®3 Theoretical investigations of Gong et al.
explained the distinct catalytic performances of the tungsten carbide phases by different
electronic properties, as the electronic density of states (DOS) near the Fermi level was found
to be higher for W.C than for WC.'"! Similarly, Suetin et al. reported a stronger metallic
character of W,C than WC according to calculations.®”!

The effect of the phase composition can also be seen in this study, as the catalysts with pure
W,C (550 °C synthesis temperature) performed significantly better than their counterparts with
pure WC or mixtures of W,C and WC. However, no clear correlation was observed between
phase composition and catalytic performance for the catalysts synthesized at 700 °C and
800 °C. For example, the AE380 catalyst showed the highest W»C content at 700 °C (60 wt.-%)
yet exhibited one of the lowest 1-butanol formation rates. Similarly, at 800 °C, the bulk catalyst

displayed the highest activity despite its low dispersion and pure WC phase composition. It is
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plausible that this discrepancy can be attributed to another important aspect for the catalytic
activity, which is the presence of carbon deposits on the catalyst surface, as discussed in 3.5.2.
It appears that precursors with higher tungsten dispersion might be more reactive towards
carburization. Due to the enhanced rate of CHs decomposition, more carbon is formed at the
surface. In addition, systems with high dispersion stabilize the initially formed W.C phase
against further carbon insertion into the lattice and therefore more carbon remains at the
surface. This might cause the low performance of highly dispersed W,C catalysts (AE200,
AE380) synthesized at 700 °C and 800 °C.

3.6 Conclusion

Tungsten carbide catalysts with different dispersions were synthesized from WO; precursors
using a two-step approach with separated reduction and carburization. Both synthesis steps,
reduction and carburization, were studied in-depth by various characterization methods. The
properties of the tungsten metal and tungsten carbide products were strongly determined by
the temperature and the structure of the WO; precursors. Investigation of the reduction
revealed that higher precursor surface areas favor the formation of metastable p-W over
thermodynamically stable a-W, as well as low reduction temperatures. Similarly, the
carburization step showed that lower synthesis temperatures and higher precursor surface
areas stabilize the metastable W,C phase, which exhibits superior catalytic activity compared
to WC. This shows that both metastable phases can be stabilized thermodynamically due to
surface energy contributions.

Catalytic tests in hydrogenation reactions, such as butyraldehyde to 1-butanol, revealed
superior performance for tungsten carbide synthesis at 550 °C due to increased tungsten
carbide dispersion and due to the selective synthesis of W,C as the more active tungsten
carbide phase. The optimal carburization conditions at 550 °C were identified as a CH4:H, ratio
of 1.5:1 or 2:1, which balances carbon deposition and prevents blockage of the active sites.
Longer carburization times further enhanced catalytic activity, likely due to improved
stoichiometric carbon incorporation into the W,C lattice.

Catalyst synthesis at 700 °C and 800 °C was found to be strongly detrimental for catalysts with
high tungsten carbide dispersion, due to excessive carbon deposition.

Overall, this study provides detailed insights into the synthesis-structure-performance
relationships of tungsten carbide catalysts. It can be seen that the alternative synthesis
approach with separated reduction and carburization is highly beneficial for optimizing the

catalytic efficiency, as it enables low temperature synthesis of tungsten carbide catalysts.
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3.7 Disclaimer

This chapter (chapter 3 and associated experimental descriptions in chapter 6) is based on a
manuscript, which is not yet submitted, with the anticipated title: “The decisive role of the
dispersion on the phase composition (W.C and WC) of supported tungsten carbides as
hydrogenation catalysts”. The author of this dissertation (Patrick Schlachta) is also the first
author of the manuscript. The contributions of Patrick Schlachta to the manuscript in the sense
of the CRediT author statement definitions include conceptualization, investigation,
methodology, validation, formal analysis, visualization and writing (original draft and editing).
The content has been edited and restructured to some extent, to align with the format and
context of this dissertation. All co-authors, that is Rolf E. Jentoft, Elena Willinger, Friederike C.
Jentoft and Klaus Kéhler have approved the use of the manuscript in this dissertation. The
article is intended to be published as open access and is reused here for the purpose of this
dissertation in accordance with the Creative Commons Attribution 4.0 International License
(CC BY, see https://creativecommons.org/licenses/by/4.0/), which allows unrestricted reuse of

the work in any medium or format, as long as appropriate credit is given to the original work.
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4.1 Introduction

4.1.1 Catalytic reduction of nitrous oxide (N.O) by hydrogen

In addition to producing value-added chemicals, heterogeneous catalysts play a crucial role in
removing undesirable compounds from exhaust streams. In this context, catalytic hydrogen
activation can also be a relevant approach as described in section 1.3. One compound of
growing concern is nitrous oxide (N2O), which is a strong greenhouse gas with an estimated
global warming potential of about 300 times greater than that of CO..'™ In addition, N.O
exhibits potent ozone-depleting properties and is now even the leading cause of this
atmospheric degradation." Anthropogenic N2O emissions could nearly double between 2005
and 2050 under business-as-usual scenarios.!'*® While the large majority of anthropogenic
N2O emissions come from agriculture, technical processes are also important sources for N.O
emissions.” This includes industrial plants such as for the production of nitric acid or adipic
acid (the main intermediate in nylon 6,6 production), as well as combustion processes of
energy sources.?202203 |n these cases, exhaust gas catalysis plays a crucial role in lowering
N2O emissions. Furthermore, it is expected that the use of ammonia will play an increasingly
important role in the coming decades as an alternative energy carrier to fossil fuels in maritime
shipping.”®! This further underscores the continued relevance of exhaust gas catalysis as a
key technology, as ammonia combustion also generates N,O as a by-product, along with other
nitrogen oxides.”*M?% The use of hydrogen for the selective catalytic reduction (SCR) of
nitrogen oxides is a promising approach in this regard, offering high catalytic performance and
environmentally friendly products in the form of water and nitrogen.®"! While the selective
catalytic reduction of NO with hydrogen has been extensively studied in the literature,®"! the
corresponding reduction of N.O has received much less attention. Roy et al. investigated H.-
SCR of N,O over noble metal substituted TiO; catalysts and reported high N.O conversion in
the 50-120 °C temperature range for TigPdo010x, TigsRho.010x, and TiggPto010x with a GHSV of
43,000 h™'.P"|n the case of Ru substituted TiO,, on the other hand, temperatures of more than
250 °C were necessary for full N.O conversion. The authors proposed a bi-functional reaction
mechanism with N,O adsorption and dissociation on oxide vacancies, while hydrogen
activation takes place at the noble metal sites. While this mechanism is plausible for the special
case of solid-solution type catalysts, a different kind of mechanism can be assumed for the
more typical case of supported metal catalysts. Studies on H2-SCR of N,O over the Ir(110)
surface by Carabineiro and Nieuwenhuys revealed a reaction pathway involving catalytic
decomposition of N2O into N2 and adsorbed oxygen, followed by hydrogen dissociation and a
subsequent surface reaction forming water (more details in 4.5.1).2°® Burch et al. suggested
that thermally non-equilibrated oxygen, so-called “hot-oxygen”, plays a role in the reaction

mechanism of H.-SCR of N0, see also 4.5.1.2%9
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Itis generally assumed that the energy resulting from a bond scission is dissipated immediately
over the catalyst surface and therefore does not influence the kinetics of subsequent reaction
steps.?'” This model has been increasingly questioned in the literature, especially theoretical
works predict a more complex situation.?'%21"212 The extremely high exothermicity of H-SCR
of N2O with a AH of -323.3 kJ/mol (at 298 K) makes this reaction, therefore, a highly interesting
model reaction for further investigation of this fundamental research interest.

Also, due to the high cost and rarity of noble metals, it is crucial to better understand how the
catalytic efficiency can be maximized for potential industrial applications of H.-SCR of NO.
This chapter, therefore, intends to provide further insight into structure-activity relationships of

the catalysts, as described in the next section (4.1.2).

4.1.2 Aim and Motivation

This chapter explores the use of hydrogen for the selective catalytic reduction of N2O. Given
the limited research to date on the catalytic reaction between N,O and Hz, an improved
understanding of general and fundamental aspects is intended. Quasi in situ X-ray
Photoelectron Spectroscopy (XPS) measurements are performed in order to gain insight into
the catalyst behavior during catalytic reduction of N.O by H,. In order to evaluate the
effectiveness of different hydrogen activating noble metals, Rh, Pd, and Ru catalysts supported
on AlLO; and CeO; are compared. Moreover, the influence of various relevant structural
properties of the catalyst on the catalytic performance in the reduction of N.O by H. shall be
systematically analyzed. This includes the effects of noble metal dispersion, synthesis method,
type of noble metal precursor, promoter addition, and choice of catalyst support. For this
purpose, Pd catalysts are prepared using different synthesis specifications. These catalysts
and others are characterized by elemental analysis, BET measurements, temperature
programmed reduction, Hz-chemisorption measurements, and transmission electron
microscopy. Catalytic tests are conducted in a continuous flow fixed-bed reactor.

The heat transfer aspect of the highly exothermic H2-SCR of N2O shall be examined by

investigating the influence of the support’s thermal conductivity.
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4.2 Synthesis and characterization of the catalysts

4.2.1 Catalyst synthesis

Supported palladium catalysts were synthesized using two different methods: incipient
wetness impregnation and precipitation deposition. For all catalysts, a palladium content of 1
wt.-% was intended. For incipient-wetness impregnation, the support materials were
impregnated with a defined volume of aqueous solution containing a palladium precursor,
followed by drying and calcination, leading to PdO on the supports. Precipitation deposition
was carried out using a modified protocol adapted from Pearlman.®?'®2'¥ By controlled increase
of the pH of an acidic palladium solution, palladium hydroxide was precipitated onto the support
(see Scheme 18). The products were dried and calcined under the same conditions as used in

the incipient-wetness synthesis.

Calcination

RT, pH 10 450 °C, Air
Pd2* + 2 OH" + Support Pd(OH),/Support PdO/Support

Scheme 18: Reaction sequence for the controlled precipitation synthesis of supported palladium catalysts.

Different types of catalyst supports were used in order to study the influence of the support on
the catalytic activity, including AlF;, Al.Os;, CeO,, SiC, SiO,, TiO,, ZnS, and sulfonated ZrO..
These materials were selected due to their distinct physicochemical properties. SiO; served as
a relatively neutral and inert reference support, whereas Al;Os; and sulfonated ZrO,
represented supports with weak and strong acidity, respectively. The effect of support
reducibility was studied using TiOz and CeOj, which provide weak and strong redox
characteristics, respectively. To examine non-oxidic supports, AlFs3 was included, as it can
serve as a reference material for comparison with oxygen-containing supports (see also
section 4.3.4).2"9121% ZnS was selected as another non-oxidic support, enabling evaluation of
the impact of sulfide presence on catalytic performance. Finally, SiC was chosen for its high
thermal conductivity, allowing investigation of heat-transfer effects during catalysis (see also
4.3.6 and 4.5.1).12"1

Moreover, palladium nitrate, palladium chloride, and palladium acetyl acetonate were used as
different precursors for both synthesis methods. Catalysts containing promoters were prepared
by incipient-wetness impregnation of Pd/Al.Os with aqueous alkali metal nitrate solutions.

For investigation of other noble metals in the catalytic N2O reduction by Hz, Rh and Ru catalysts

supported on Al,Os; and CeO, were synthesized by precipitation deposition. In order to ensure
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high comparability, the same synthesis conditions as described for Pd were applied. Elemental
analysis confirmed noble metal loadings of around 1 wt.-%.

Moreover, Rh catalysts supported on SiC and nanodiamond as supports with high thermal
conductivity were synthesized by precipitation deposition. Pure, unsupported rhodium oxide
was synthesized using a modified Pechini-type sol-gel approach similar to Santos et al.*®
Citric acid was implemented for coordinating to the Rh centers. Subsequently, polymerization
of free and coordinated citric acid with ethylene glycol led to the formation of a polymeric resin.
Calcination resulted in the removal of the polymeric resin, and pure rhodium oxide with a rather

high surface area (roughly 20 m?/g) was obtained.

4.2.2 Catalyst characterization

H. chemisorption measurements were carried out for the evaluation of the palladium dispersion
on the catalysts. It is important to note that the absolute values of the palladium dispersion are
not completely reliable, since the exact stoichiometry of hydrogen adsorption on Pd can vary
depending on several complex factors. Typically, a ratio of one hydrogen atom per Pd surface
atom is assumed.”'¥ However, hydrogen spillover and hydrogen uptake into Pd bulk can result
in different ratios.®?'912201221 |t was also shown that the stoichiometry of hydrogen adsorption on
Pd can depend on the Pd dispersion itself.*??! Despite these limitations, the data are valuable
for comparing the relative palladium dispersion across different catalyst samples. As
determined by H, chemisorption, the palladium dispersions varied significantly between the
catalysts.

As expected, deposition—precipitation synthesis by controlled precipitation of palladium
hydroxide led to a higher Pd dispersion compared to incipient wetness impregnation (Table
10). This is a general, well-known observation for these catalyst synthesis methods. It is
commonly assumed that the interaction between the Pd species and the support is stronger
during precipitation, preventing sintering and enabling small particle sizes.???2?! |ncipient-
wetness impregnation typically leads to lower dispersion due to weaker interaction between the
precursor and the support, which favors mobility of the precursor during the thermal treatment
after impregnation.®®® However, in the case of Pd(acac). as precursor in the catalyst synthesis,
precipitation actually resulted in a lower Pd dispersion than impregnation, with 64% compared
to 91%. This behavior may be attributed to the deposition mechanism. During impregnation,
the intact Pd(acac), complex adsorbs onto the support, whereas in precipitation, Pd is
deposited as a hydroxide precipitate. Unlike palladium nitrate and chloride, Pd(acac), must first
dissociate, but the high stability of the metal complex due to chelating effects of the ligand
slows this process. Therefore, the precipitation likely proceeds much more slowly than in the

case of unbound Pd?*, possibly resulting in more nucleation and particle agglomeration.
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In contrast, in the case of the impregnation synthesis, the organic ligand might be favorable, as
it may help to prevent agglomeration during the impregnation process.

The influence of the Pd precursor can also be seen for Pd(NOs), and PdCl,. Using PdCl, as a
precursor for precipitation deposition led to significantly higher Pd dispersion than using
Pd(NOs), with 80% compared to 70%. Similarly, impregnation with PdCl; led to a dispersion of
43% compared to 23% with Pd(NO3)s.

The Pd dispersion was also affected by the choice of the catalyst support for otherwise identical
synthesis conditions (palladium nitrate, precipitation deposition). Rather comparable
dispersions were determined for Pd/Al.Os;, Pd/ZrO,, and Pd/SiO. with 70%, 71% and 60%
respectively. On the other hand, the Pd dispersions of Pd/TiO, and Pd/SiC were significantly
lower, with 33% and 26%. This may be attributed to the low BET surface areas of the support
materials with 57 m?/g and 25 m?g (Table 10), offering less available space for deposition.
Very low Pd dispersion was measured for AlF; and ZnS, with 14% for Pd/AlF; and only 1% for
ZnS. In this case, it is likely that the Pd particles were partially covered by fluoride and sulfide,
or even formed palladium fluoride and sulfide, leading to fewer hydrogen chemisorption sites.
The addition of alkali metal promoters should, in principle, not significantly change the Pd
particle sizes, as they were added by impregnation of synthesized Pd/Al.O; after calcination.
However, a strong decline in the Ho-uptake was determined for the promoted catalysts. This
indicates that the Pd surface was partially covered by the alkali metals. Loading of Pd/Al,Os;
with K decreased the measured Pd dispersion from 70% to 49% for 1 wt.-% K and down to 36
% for 2 wt.-% K.
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Table 10: Overview of the characteristics of the Pd based catalysts.

Palladium Palladium Palladium
BET surface . . . .
Catalyst Comment dispersion surface area particle size
area [m?/g]
[%]* [m*g]* [nm]*
Impregnated,
Pd/AlLOs. Nitrate 185 23 1.0 5.8
precursor
Precipitated,
Pd/AlLOs. Nitrate 70 3.1 1.9
precursor
Impregnated,
CI precursor,
Pd/AlLOs. 43 1.9 3.1
450 °C
calcination
Impregnated,
CI precursor,
Pd/Al;Os. 93 4.1 1.5
700 °C
calcination
Precipitated,
Pd/AlLOs. Chloride 79 3.6 1.7
precursor
Impregnated,
Pd/AlO; 91 1.5
acac precursor
Precipitated,
Pd/Al,Os 64 2.9
acac precursor
Not
Pd/CeO, 143
quantifiable
Pd/zrO, 136 71 3.2 1.9
Pd/TiO; 57 33 2.7 4.1
Pd/SiO, 128 60 2.7 2.3
Pd/SiC 32 26 1.2 5.2
Pd/AIF; 60 14 0.6 9.3
Pd/ZnS 1 <0.1 100
Twt.-%
n.a. n.a. n.a.
Na/Pd/Al,O3
Twt.-%
49 2.2 2.8
K/Pd/ALLO;
2wt.-%
36 1.6 3.7
K/Pd/AlO;

* as calculated from H, pulse chemisorption measurements.
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Hydrogen chemisorption measurements were also conducted for the determination of the Rh
and Ru dispersion, see Table 11. As in the case of Pd, the determined values might deviate
from the actual dispersion. Therefore, comparisons should be understood in a semi-
quantitative sense. The highest H.-uptake was measured for Rh/Al,Os, resulting in a Rh
dispersion of 95% and a Rh particle size of 1.5 nm when assuming a stoichiometric adsorption
of one hydrogen atom per Rh surface atom. This also shows that the synthesis approach of
deposition precipitation, which was originally intended for Pd, also works very well for Rh.
Similar, but lower dispersion was measured for Pd/Al,O; with 70%, corresponding to a Pd
particle size of 1.9 nm. In contrast, the Ru dispersion of Ru/Al,O; was substantially lower, with
only 6% and a noble metal particle size of 24.5 nm. This discrepancy might arise from the
synthesis, which could have produced larger particles for Ru. Determination of the noble metal

dispersion on CeO; was not feasible as CeO:; itself participated as an adsorption site for Ha.

Table 11: Overview of the characteristics of the catalysts with different active noble metals.

Noble metal
Noble metal particle
Catalyst dispersion  Noble metal surface area [m?/g]* .
size [nm]
[%]

Rh/Al,O3 95 4.1 1.5
Pd/AlO; 70 3.1 1.9
Ru/Al,O3 6 0.26 24.5
Rh/CeO;, n.a. Not quantifiable Not quantifiable
Pd/CeO, n.a Not quantifiable Not quantifiable
Ru/CeO, n.a Not quantifiable Not quantifiable

* as determined by H.-chemisorption measurements.

Transmission electron microscopy (TEM) images of selected catalysts were recorded for
further information on the catalyst dispersion. Figure 47 shows TEM images of Pd/Al.Os;
prepared by precipitation deposition using Pd(NOs), as precursor. A large number of palladium
particles were visible, which were distributed rather evenly over the Al.Os surface. Statistical
evaluation of the particle size distribution is presented in Figure 48. Most particles ranged from
2 to 8 nm in size, with only a few outliers having smaller or larger dimensions. The average
particle size was 4.8 nm, notably larger than the 1.9 nm calculated from chemisorption data.
This shows that hydrogen chemisorption led to overestimation of the Pd dispersion, likely due
to the factors described above. However, it also needs to be pointed out that Pd particles
smaller than 2 nm are significantly harder to detect in the TEM images, which might lead to
overrepresentation of larger particle dimensions to some extent.

TEM images of Pd/CeOQ. (Figure 49), on the other hand, show no visible presence of palladium

particles, potentially due to very small Pd particle sizes.
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Figure 47: TEM images of Pd/AlI203 (as synthesized).
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Figure 48: Particle size distribution for Pd/Al,Os as determined from TEM images.
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Figure 49: TEM images of Pd/CeQ; (as synthesized).

TEM images of Rh/Al,O3 show significantly smaller particles compared to Pd/Al,Os (Figure 50).
A mean particle size of 1.8 nm was determined with a very narrow particle size distribution
ranging from 1-3 nm, as depicted in Figure 51. The measured particle sizes are in good
accordance with the value of 1.5 nm calculated from H. chemisorption. It appears that the
stoichiometric ratio for hydrogen chemisorption for Rh is closer to one than for Pd, which likely

is caused by more pronounced sub-surface adsorption and hydrogen spillover in the case of
Pd.

Figure 50: TEM image of Rh/Al,Os; (as synthesized).
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Figure 51: Rh particle size distribution of Rh/Al.O; determined from TEM images.

Temperature programmed reduction (TPR) measurements were carried out in order to
investigate the reduction behavior of the catalysts. The temperature was increased from -50 °C
to 650 °C with a 10 K/min heating rate. The data was evaluated in a qualitative manner in most
cases, as quantification of hydrogen consumption typically exceeded the calculated values for
reduction of the palladium content. Figure 52 shows the TPR curves of Pd on different
supports. In general, the reduction of Pd started already at very low temperatures, even below
0 °C in the case of Pd/TiO,, Pd/ZrO,, and Pd/Al,O;. The maxima of hydrogen consumption
were mostly in the range of 0-50 °C, with a few exceptions. The reducibility of Pd/CeO. was
slightly lower with a maximum of hydrogen consumption at around 64 °C, likely due to stronger
interaction of Pd with the CeO, support and CeO, impeding the reduction of PdO.?*! Partial
reduction of CeO, at the Pd-CeO:; interfaces due to hydrogen spillover is suggested from the
quantification of the hydrogen consumption in this case. In addition, a broad peak with low
intensity between 300 °C and 450 °C indicates the reduction of surface Ce0O..**"! For the
catalyst Pd/Al,Os, a small negative peak at 66 °C can be attributed to the release of hydrogen
that had been inserted into Pd to form palladium hydride species at lower temperatures.??*!
Moreover, a small broad peak between 250 °C and 300 °C is likely linked to palladium particles
strongly interacting with the Al,O; support.? The TPR curve of Pd/ZrO. is characterized by a
variety of broad peaks. The first peak between 0-100 °C can be attributed to the reduction of
PdO, while the peaks at around 245 °C and 470 °C represent the reduction of the ZrO, support
at close proximity to Pd and the sulfate species at the ZrO, surface.®” Very high temperatures
were necessary for the reduction of PdO on ZnS, which took place between 300 °C and 400 °C.
This shows that the presence of sulfide strongly hinders the reduction of palladium, likely due to

palladium-sulfide interactions.
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Figure 52: TPR curves for Pd catalysts with different supports. The data were recorded using a heating rate of
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The TPR curves, depending on the Pd precursor used in the catalyst synthesis, are shown in
Figure 53. While the reduction peak of Pd was very sharp for the catalysts prepared by
Pd(NO:s)., the catalysts prepared by PdCl, and Pd(acac). exhibited very broad reduction peaks
stretching from slightly above 0 °C to about 220 °C. Moreover, a second peak with lower

intensity was observed for several catalysts, which was likely caused by strong interactions

with the support.
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Figure 53: TPR curves for Pd/Al,O; catalysts prepared from different Pd precursors. The data were recorded
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using a heating rate of 10 K/min and 20 mL/min total gas flow (10% H; in Ar).

The TPR profiles for Rh, Pd, and Ru on Al,O; and CeO, are presented in Figure 54. The
catalyst supported on CeO; exhibited not only reduction of the noble metal but also partial
reduction of CeQOg, likely occurring in close proximity to the noble metal particles. This can be

concluded from quantitative analysis of the peak areas and also can be seen by peak
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broadening. The peaks for the reduction of Rh and Ru were shifted to significantly lower
temperatures (around 57 °C and 25 °C, respectively) on CeO, compared to Al,O; (86 °C and
120 °C), possibly due to less interaction with the support. On the other hand, the reduction
temperature for Pd was higher on CeO. (9°C) than on Al.Os; (65 °C). Notably, Rh/Al;Os;
exhibited an extremely broad reduction peak consisting of an initial rather sharp peak at 86 °C
with an adjacent shoulder stretching to 500 °C. The latter can likely be attributed to Rh particles
with very strong support interactions, which might occur due to the small Rh particle sizes as
determined by H,-chemisorption and from TEM images (see above). It is known from literature
studies that formation of rhodium aluminates and diffusion of Rh atoms into the Al.Os lattice can

occur. 2311232

Ru/CeO,

—/L Rh/CeO,

Pd/CeO,
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Figure 54: TPR curves for Pd, Rh and Ru catalysts supported on CeO, and Al,O;. The data were recorded using
a heating rate of 10 K/min and 20 mL/min total gas flow (10% Hz in Ar).

4.3 Investigations on the catalytic reduction of N.O by H; in a fixed-

bed reactor

The catalytic activity of the catalysts was determined in a fixed-bed continuous flow reactor
using the catalysts in their calcined form. The reaction gas mixture (1100 ppm N2O, 1500 ppm
H:, N as carrier gas) was initially introduced at room temperature, but no N2O conversion was
observed under these initial conditions. The temperature of the reactor was stepwise increased
until significant N.O conversion commenced. While holding this individual temperature, the
conversion increased over time. After full conversion, the activation temperature was
maintained further for a prolonged period in order to ensure fully activated catalysts. The
performance of the catalysts was then evaluated by stepwise variation of the reactor
temperature, in order to obtain temperature-activity curves. Interestingly, when changing the
temperature, there was a long equilibration time until the N>O conversion reached a stable

value. This phenomenon will be discussed in section 4.5.1. Moreover, in order to reach a
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reactor temperature with no N,O conversion, it was necessary for many catalysts to cool the
reactor clearly below room temperature.

The focus of this investigation was to elucidate structure-activity relationships, which was
performed by variation of palladium catalysts through different synthesis methods, different
palladium precursors, the addition of promoters, and variation of the catalyst support.
Moreover, the performance of different noble metals was investigated for rhodium, palladium,
and ruthenium in order to further broaden the understanding of catalytic behavior. The focus
remained on the catalytic reaction in the low-temperature range, as this temperature range is
highly atypical for heterogeneous catalysis. The H>-SCR of N,O presents a practically unique

model reaction in this regard.

4.3.1 Influence of the synthesis method

The influence of the synthesis method on the catalytic activity was investigated exemplarily for
Pd supported on Al,Os;. As described in 4.2.1, incipient-wetness impregnation and precipitation
deposition were applied. The temperature-conversion curves of the catalysts are presented in
Figure 55 for a WHSV of 12,000 mLg'h™" (estimated GHSV of approximately 6000 h™). Both
catalysts were extremely active, as they exhibited full N.O conversion at room temperature and
needed to be cooled for assessment of the temperature-conversion relationships. Even around
-70 °C, some conversion of N>O could still be observed for both catalysts. The performance of
the catalyst prepared by precipitation deposition is higher than that of the catalyst prepared by
incipient-wetness impregnation. The temperature of 50% conversion, Ts, of Pd/Al.Os
precipitated, was approximately -27 °C, while the Ts, of Pd/AlO; impregnated was around -19
°C. This difference can be attributed to the Pd dispersion of Pd/Al.O; precipitated being
significantly higher than that of Pd/Al,O; impregnated, as determined by chemisorption
measurements (see 4.2.2). This demonstrates that higher Pd dispersion is favorable for
improved efficiency of the catalysts in the H,-SCR of N.O. However, this effect is surprisingly
small, considering the large discrepancy in the Pd dispersions with 70% for precipitation and

23% for impregnation.
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Figure 55: Conversion of N.O over Pd/Al,O; catalysts prepared by precipitation (red curve) and impregnation
(black curve) depending on the reaction temperature (WHSV = 12 000 mLg'h”", 1100 ppm N,O, 1500 ppm H,,
balance gas: N). Pretreatment: Activation at 50 °C under catalysis gas flow.

4.3.2 Influence of the palladium precursor

The influence of the palladium precursor on the catalytic activity was investigated for Pd
supported on Al,O;for both synthesis methods, impregnation and precipitation. Three different
Pd precursors were used: Palladium nitrate, palladium acetylacetonate, and palladium
chloride. Figure 56 shows the temperature-conversion curves of the catalysts prepared by
impregnation. The highest catalytic activity was observed for palladium nitrate as a precursor
with a Tso of around -19 °C, compared to the Ts, for Pd(acac). with -12 °C and the Ts, for PdCl,
of 78 °C. The drastically lower performance with PdCl; indicates that calcination at 450 °C did
not completely remove all the chloride present after impregnation. Instead, some remains of
chloride likely still existed in the product, which caused severe impairment of the catalyst. In
order to confirm this hypothesis, another catalyst was prepared by impregnation using
palladium chloride and a calcination temperature of 700 °C. The performance of this catalyst
was considerably increased, indicating that more chloride or possibly all chloride was removed
with this high temperature treatment. In fact, the Ts was identical to that of Pd(NOs), with
-19 °C. Interestingly, the performance of the catalyst at very low temperatures was significantly
worse compared to the catalyst prepared by Pd(NOs)., while the performance above -19 °C
was higher. As determined by chemisorption measurements, the dispersion for the catalyst
prepared by PdCIl, with a calcination temperature of 700 °C exhibited much higher Pd
dispersion (93%) than the catalyst prepared by Pd(NOs). (23%), despite the high calcination
temperature. Higher Pd dispersions with palladium chloride over nitrate were also reported in
the literature for silica supported Pd catalysts.?*® It is therefore plausible that without chloride
residues, the catalyst prepared from PdCI, would actually lead to higher performance than

Pd/Al.Os prepared from Pd(NOs),.
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The rather low performance of the catalyst prepared from Pd(acac). is surprising, as

chemisorption measurements showed a very high Pd dispersion for this catalyst with 91%.
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Figure 56: Temperature dependent conversion of N,O over Pd/Al,O; catalysts prepared by impregnation using
Pd(NO); (black), PdCl; (red) or Pd(acac), (WHSV = 12 000 mLg'h™", 1100 ppm N2O, 1500 ppm H,, balance gas: N,).

Figure 57 shows the temperature-conversion curves of the catalysts prepared by precipitation.
Similar to the catalysts prepared by impregnation, palladium nitrate resulted in the highest
catalytic performance among the three palladium precursors, with a Ts, of -27 °C. However, the
activity of the catalyst prepared with PdCl, with a Ts, of -20 °C was much closer to that of
palladium nitrate than for the case of the impregnated catalysts. This is due to a significant
amount of chloride being removed from the catalysts due to washing of the products after
precipitation, which is not possible for impregnation. According to chemisorption
measurements, the dispersion obtained with PdCl, with 79% is higher than that obtained with
Pd(NOs). (70%), which is contrary to their relative catalytic performance. This indicates that the
sensitivity of the catalysts to chloride poisoning is extremely high in the H,-reduction of N0, as
itis likely that only traces of chloride residues could be present in the catalyst after washing and
calcination.

Like in the case of impregnation, the performance of the catalyst prepared from palladium
acetylacetonate is lower than that of Pd/Al.O; prepared from Pd(NO:s).. In this case, however,
the dispersion of the catalyst prepared from Pd(acac). is slightly lower (64%) than that
prepared from Pd(NO3)s.
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Figure 57: Temperature dependent conversion of N,O over Pd/Al,O; catalysts prepared by precipitation using
Pd(NO)s (black), PdCl. (red) or Pd(acac), (WHSV = 12 000 mLg"h™", 1100 ppm N,O, 1500 ppm H,, balance gas: N.).

4.3.3 Influence of alkali metal promoters

In order to investigate the influence of alkali metal promoters, Pd/Al;O; prepared by
precipitation with Pd(NO;), was used as a starting point and modified by impregnation with
sodium or potassium nitrate solutions. Figure 58 shows the temperature-conversion curves of
the catalysts with 1 wt.-% Na, 1 wt.-% K and 2 wt.-% K as well as unpromoted Pd/Al;Os. A
clearly beneficial effect of the alkali promoters on the catalytic performance was observed as
the Tso was shifted more than 20 K lower. This effect is slightly stronger for K compared to Na,
with a Tso of -48 °C for 1 wt.-% K compared to a Ts, of -43 °C for 1 wt.-% Na. Moreover, an
increase of the promoter loading appeared not to further enhance the performance, but in fact
rather decreased it slightly, with a Tso of -43 °C for 2 wt.-% K.
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Figure 58: Conversion of N.O over palladium catalysts with different promotors depending on the reaction
temperature (WHSV = 12 000 mLg'h", 1100 ppm N.O, 1500 ppm H,, balance gas: N,

4.3.4 Influence of the catalyst support

In order to investigate the influence of the catalyst support, different types of materials were
selected. This included SiO, as a rather neutral and inert support, Al.Os as a support with acidic
properties, sulfonated ZrO, with strong acidic properties, TiO. as a support with weak redox
properties, and CeO, as a support with strong redox properties. Moreover, non-oxidic supports
were studied. High surface area (about 60 m?/g) AlF; was selected as a relevant support
without oxygen in its lattice and with high intrinsic Lewis acidity.®'® ZnS was selected to
investigate the influence of sulfide presence on catalyst performance. Moreover, SiC was
tested as a catalyst support with high thermal conductivity (see also 4.3.6 and 4.5.1).2" All
catalysts were prepared by the same precipitation deposition protocol using palladium nitrate
as a precursor. Figure 59 shows the temperature-conversion curves of the catalysts. It is
notable that the catalysts with oxidic supports all perform rather similarly and convert N,O
below room temperature. In particular for Pd/CeO,, Pd/ZrO,, Pd/TiO. and Pd/Al,Os, the Tso are
very close with -37 °C, -35 °C, -30 °C and -27 °C, respectively. High activities were also
achieved with Pd/SiO., however, with a notably higher Tso of -15 °C than for the other oxidic
supports, despite comparable Pd dispersion as determined by H, chemisorption.

Drastically lower catalytic performance was observed for Pd/SiC with a Ts, of 116 °C, which
indicates a substantial effect of the thermal conductivity of the support. The lowest activities
were observed for Pd/AIF; and Pd/ZnS with Ts, temperatures of 135 °C and 232 °C, which can
probably be attributed to the detrimental effect of halides and sulfides on the catalytic

performance. In addition, this may indicate a potential role of surface or lattice oxygen from the
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support, with a more complex scenario in which support oxygen is involved in the catalytic

process.?"?'#4 Further in-depth studies are required to clarify this aspect.
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Figure 59: Conversion of N.O over palladium catalysts on different supports depending on the reaction
temperature (WHSV = 12 000 mLg'h", 1100 ppm N.O, 1500 ppm H,, balance gas: N,

4.3.5 Catalytic performance depending on the noble metal

The effectiveness of different noble metals in the H.-SCR of N,O is presented in Figure 60, with
the temperature-conversion curves for Rh, Pd, and Ru on CeO; and Al,Os;. A summary of the
Tso values is presented in Table 12 and Figure 61. Conversion of N.O was possible at
exceptionally low temperatures, even at -80 °C over Rh/Al;Os. In addition, the temperature with
50% N2O conversion (Ts) was -66°C for this catalyst, which is remarkably low for catalytic
reactions in general. Rh/CeO, also demonstrated very high activity, however, with a Ts, of
-46 °C. Palladium supported on both Al.O; and CeO; exhibited lower activity compared to
rhodium; however, was still active at temperatures clearly below room temperature. The Tso
values were -29 °C for Pd/Al.O; and -37 °C for Pd/CeO.. On the other hand, considerably lower
performance was observed for Ru/CeQ,, with no N.O conversion at sub-zero temperatures and
a Ts of 49 °C. Even worse performance was obtained for Ru/Al,O; with a Ts, of 110 °C.
Concerning the catalyst support, it was observed that CeO; led to enhancement of the catalytic
performance at higher temperatures, which is evident for Ru with a difference of Ts, of 61 K
between CeO, and Al.Os;. Lower temperatures were less favorable for CeO,, with only a
difference of 8 K in the case of Pd. Moreover, Al,O; as support led to higher performance
compared to CeO; in the case of Rh, allowing a 20 K lower Ts.. CeO; is well known for its
beneficial effects on the performance in catalytic DeNOx reactions, including N:O
decomposition and reduction.?®® This is attributed to its pronounced redox properties and
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strong formation of oxygen vacancies, which can serve as adsorption sites for N,O. It may be

that this effect becomes less pronounced at lower temperatures due to the formation of oxygen

vacancies being less favorable under sub-ambient conditions.
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Figure 60: Conversion of N.O over CeO,and Al,O; based catalysts depending on the reaction temperature

(WHSV =12 000 mLg'h™", 1100 ppm N,O, 1500 ppm H,, balance gas: N,).

Table 12: Summarized Ts, of the catalysts.

Catalyst Tso [°C]
Rh/Al,O3 -66
Pd/Al,Os -29
Ru/Al,O3 110
Rh/CeO, -46
Pd/CeO, -37
Ru/CeO; 49
120 4
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Figure 61: Comparison of the determined Ts, for the investigated catalysts.
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4.3.6 Investigation on the role of heat conduction of the catalyst support

In order to further investigate the effect of the thermal conductivity as described in 4.3.4,
several catalysts with Rh on supports with high thermal conductivity, as well as pure,
unsupported Rh, were investigated. Nanodiamond (ND) was selected as a support material

with extremely high thermal conductivity, see also Table 13.

Table 13: Thermal conductivities and specific heat capacities of selected materials.2*H2%!

Thermal conductivity Specific heat capacity
Material
(Wm™* K" (J kg' K"
Al,O; 35.6-39 795-880
SiO; 1.38 787
a-SiC 42.5 690
B-SiC 135 1205
900 (type 1), 2400 (type
Diamond -
lla)
Rhodium 150 242

Moreover, silicon carbide with varying BET surface areas (25 and 150 m?/g) was employed to
investigate the potential influence of catalyst support primary particle size on heat transfer.

The catalysts supported on high thermal conductivity materials as well as unsupported Rh
exhibited distinct behavior compared to those supported on materials with lower thermal
conductivity. It was therefore not possible to perform temperature dependent conversion
investigations, as the time for equilibrium was substantially longer than in the case of e.g.
Ce0; and Al,O; as catalyst supports. Instead, the change in N2O conversion at room
temperature was monitored over time. All catalysts were first reduced under reaction
conditions at 100 °C. After that, the catalysts were cooled down under flowing inert gas before
introducing the gas mixture for H.-N.O SCR again. In all cases, there was an initiation period
(around 40 min) at the start, when the catalysts became increasingly more active (Figure 62-
Figure 65). This time period was significantly shorter in the case of unsupported Rh (ca. 20 min,
Figure 64). After that, the conversion very slowly, but gradually declined again. This decline
was much less pronounced for unsupported Rh, but still measurable. Rh/ND, on the other
hand, showed a very similar decline in N.O conversion at first (Figure 65). After continuing the
catalytic reaction over night, the N,O conversion increased drastically and reached almost full
conversion. This different behavior might be due to incomplete reduction of Rh under the initial
reduction, which was carried out at 50 °C instead of 100 °C in order to avoid potential
destruction of the ND support. After a prolonged time on stream, the activity of Rh/ND
increased significantly, likely due to full reduction of Rh. Notably, carbon supports have shown

certain reactivity with nitrogen oxides in the literature.”®® However, no indication of any
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stoichiometric reaction of the diamond support with N.O was observed due to the absence of

CO; bands in the FT-IR spectra of the product gas.

In any case, the catalytic behavior when using SiC or nanodiamond as support, as well as

when using unsupported Rh, is strongly different than when using CeO. or Al,Os, suggesting

that the heat transfer of the noble metal particles to the support may play an important role.
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Figure 62: Conversion of N,O over Rh/SiC (25 m?/g specific surface area SiC) at room temperature (WHSV = 12 000
mL g'h”", 1100 ppm N.O, 1500 ppm H,, balance gas: N,) after reduction at 100 °C.
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Figure 63: Conversion of N,O over Rh/SiC (150 m?g specific surface area SiC) at room temperature (WHSV =
12 000 mL g”'h”", 1100 ppm N.O, 1500 ppm H,, balance gas: N.) after reduction at 100 °C.
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Figure 64: Conversion of N,O over unsupported Rh (specific surface area about 20 m%g) at room temperature
(WHSV = 12 000 mL g'h", 1100 ppm N.O, 1500 ppm H,, balance gas: N,) after reduction at 100 °C.
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Figure 65: Conversion of N.O over Rh/Nanodiamond at room temperature (WHSV = 12 000 mL g"'h”", 1100 ppm
N20, 1500 ppm H, balance gas: N:) after reduction at 50 °C.
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4.4 XPS investigations on the catalytic reduction of N,O by H,*

For insight of the catalyst behavior during catalytic reduction of N.O by H;, quasi in situ XPS
measurements were performed. Rh/Al,O; and Rh/CeQO. were selected as representative
catalysts, as they exhibited the highest catalytic performance in the fixed-bed reactor. Due to
the high experimental effort involved, the investigation was limited to these two catalysts, but it
is plausible that the behavior is fundamentally similar for other catalyst systems. Varying the
catalyst support enables comparison of the effect of support reducibility, with Al;O3
representing a non-reducible support and CeO a reducible one.

XPS spectra of the catalysts were recorded after exposure to different conditions. The gases
were dosed directly into the XPS chamber, with the catalysts mounted on a heatable sample
holder.

4.4.1 XPS investigations on Rh/Al;Os

The change of the Rh 3d core levels of Rh/Al,O; depending on the treatment conditions is
shown in Figure 66. Directly after catalyst synthesis (marked as _0), only oxidized Rh was
present, as shown by its Rh 3d core level spectra. After exposure to H, (50 mbar) at around 200
°C (_1), significant, but not complete, formation of metallic Rh was observed, with a calculated
content of 56%. When increasing the reduction temperature to 300 °C, the fraction of Rh(0) to
the total amount of Rh increased to 76%. This behavior matches the reduction profile of
Rh/Al,O; during TPR quite well, which also showed a very broad temperature range for Rh
reduction on this catalyst (Figure 54). Oxidation of the catalyst was investigated by exposure to
plasma (_7) as well as oxygen dosing at 375 °C (_9), leading to Rh contents of 41% and 13%,
respectively. Concerning the total Rh(3d), a 10% decrease was observed after reduction at 300
°C (_4), which is likely caused by sintering effects. After this step, the total Rh(3d) intensities
remained almost constant, indicating no further significant structural changes. The binding
energies of oxidized Rh (blue curve) shifted between 309.5 eV (spectra _0, _7to _10)and 310
eV (_1to _5), with values of 308-310 eV typically reported in literature.?*?%%l The metallic Rh
component was found at 307.1-307.5 eV, which is in good agreement with the literature

reference value at 307.2 eV.?*!

* Disclaimer: This section (section 4.4) is based on XPS experiments which were performed by Tim
Kratky and Sebastian Glnther. See section 4.7 for more information.
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Figure 66: Rh 3d core levels of Rh/Al.O; depending on the treatment conditions. Assignment: _0: as synthesized.
_1: 50 mbar, H, 200 °C. _4 50 mbar H;, 300 °C. _7: plasma oxidation. _9: 50 mbar O,, 375 °C.

Catalytic reduction of N,O by H, was performed at room temperature after each pre-treatment
by introduction of 1.5 mbar H., 1.0 mbar N.O and 1.0 mbar Ar into the XPS chamber. XPS
spectra were recorded after the SCR runs (Figure 67). After reduction at 200 °C (_1), the
catalyst showed activity after a pronounced initiation period, as described in more detail below
(_3). As shown in Figure 71 the metallic Rh content remained at 55% after catalysis. Moreover,
the total Rh 3d intensity remained constant (within 5%), providing no indication of structural

changes during catalysis.
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Figure 67: Rh 3d core levels of Rh/Al,O; depending on the treatment conditions. Assignment: _0: as synthesized.
_1: 50 mbar, H, 200 °C. _2: SCR (1.5 mbar H, 1.0 mbar N,O, 1.0 mbar Ar, room temperature). _3: SCR
(1.5 mbar H,, 1.0 mbar N,O, 1.0 mbar Ar, room temperature).

Catalytic reduction of N.O by H> was carried out after reduction at 300 °C (_4), showing high
activity of the catalyst (see below). No changes in the metallic Rh content of 75% were
observed when comparing the Rh 3d spectra before (_4) and after (_5) catalysis (Figure 68,

Figure 71). The total Rh intensity also remained constant.
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Figure 68: Rh 3d core levels of Rh/Al,O; depending on the treatment conditions. Assignment: _0: as synthesized.
_4: 50 mbar H, 300 °C. _5: SCR (1.5 mbar H, 1.0 mbar N,O, 1.0 mbar Ar, room temperature).

Catalysis was also performed using the partially oxidized catalyst following plasma oxidation
(_7). The proportion of Rh® increased from 41% after plasma treatment to 57% during the
catalytic run, see Figure 69 and Figure 71. The total Rh intensity remained constant with only a

small increase (within 5%).
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Figure 69: Rh 3d core levels of Rh/Al.O; depending on the treatment conditions. Assignment: _0: as synthesized.
_7: plasma oxidation. _8: SCR (1.5 mbar H, 1.0 mbar N2O, 1.0 mbar Ar, room temperature).

After oxidation at 375 °C (_9), catalysis was carried out on the almost entirely oxidized catalyst,
which resulted in moderate activity (see below). A significant increase of the metallic Rh
fraction occurred during the catalytic run (Figure 70 and Figure 71) rising from 13% to 22%,

while the total Rh intensity remained constant.
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Figure 70: Rh 3d core levels of Rh/Al,O; depending on the treatment conditions. Assignment: _0: as synthesized.
_9: 50 mbar O, 375 °C. _10: SCR (1.5 mbar H,, 1.0 mbar N.O, 1.0 mbar Ar, room temperature).
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Figure 71: Fraction of Rh® and Rh 3d / Al 2p intensity ratios depending on the treatment conditions. Assignment:
_0: as synthesized. _1: 50 mbar, H, 200 °C. _2: SCR (1.5 mbar H,, 1.0 mbar N,O, 1.0 mbar Ar, room
temperature). _3: SCR (1.5 mbar Hz, 1.0 mbar N-O, 1.0 mbar Ar, room temperature). _4: 50 mbar H,, 300 °C. _5:
SCR (1.5 mbar Hz, 1.0 mbar N.O, 1.0 mbar Ar, room temperature). _7: plasma oxidation. _8: SCR (1.5 mbar Ha,
1.0 mbar N.O, 1.0 mbar Ar, room temperature). _9: 50 mbar O, 375 °C. _10: SCR (1.5 mbar H,, 1.0 mbar N,O,
1.0 mbar Ar, room temperature).

The evolution of the gas atmosphere in the XPS chamber during the individual catalysis runs
was monitored by online mass spectrometry. The catalytic behavior of Rh/Al.O; reduced at 200
°C (_3) and 300 °C (_5) is presented in Figure 72. There is a clear difference between the two
samples in the response time until N> and HO formation take place. Sample _5 with a larger
fraction of Rh® was active directly from the start, while sample _3 showed a delayed onset of
product formation. In addition, the reactivity of sample _3 was clearly lower than that of
sample_5, as the time until complete conversion was longer. Nonetheless, both catalysts were

active at room temperature and eventually exhibited complete conversion of N2O.
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Figure 72: Evolution of the intensities of m/z 18, m/z 28, m/z 30 and m/z 44 during SCR (1.5 mbar H,, 1.0 mbar N.O,
1.0 mbar Ar, room temperature) over Rh/Al,O; for different pretreatment as measured by a mass spectrometer
connected to the XPS chamber. Left: SCR after 200 °C reduction. Right: SCR after 300 °C reduction.

An overview of all Rh/Al,Os catalytic runs depending on the preconditioning is given in Figure
73. The catalytic performance of the samples can be compared using the maxima of the N.O
concentrations in the mass spectra. As a general trend, it was observed that a steeper slope in
N2 (M28) corresponded to an earlier and lower maximum in N.O (M44). The highest catalytic
activity was observed for sample _5, which also features the highest metallic Rh content.
Performing a consequent second catalytic run (sample _6) resulted in slightly lower activity.
Interestingly, the catalyst after plasma oxidation (_8) showed clearly lower performance than
the catalyst after thermal oxidation (_10), despite a larger Rh° fraction. In addition, both
oxidized samples showed higher catalytic performance than the catalyst reduced at 200 °C.
This shows that the catalytic performance does not strictly correlate with the Rh° fraction.

It is likely that the reduction and subsequent re-oxidation of Rh lead to a higher reducibility
compared to the oxidic Rh state in the as-synthesized catalyst. This improved reducibility may
result from the modification or disruption of strong metal-support interactions of Rh/Al,Os;
during re-oxidation, similar to the investigation of Anderson and Burch on Rh/TiO..**? This may
also explain why the Rh° fraction increased significantly upon catalysis for both oxidizing
pretreatments, while it remained unchanged for both reductive pretreatments. Nonetheless,
the results generally indicate that Rh° is the active species for catalytic N-O reduction by H,

over Rh catalysts.
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Figure 73: Comparison of the evolution of m/z 28 (left) and m/z 44 (right) during SCR (1.5 mbar H,, 1.0 mbar N;O,
1.0 mbar Ar, room temperature) over Rh/Al,O; as measured by a mass spectrometer connected to the XPS
chamber. Catalysis was performed after different pre-treatment conditions: _3 SCR after 200 °C reduction. _5:
SCR after 300 °C reduction. _6: 2" SCR after 5. 8: SCR after plasma oxidation. _10: SCR after thermal
oxidation at 375 °C.

In order to further confirm the role of Rh° as the species responsible for the H-SCR of N.O,
another experiment series was conducted. For this purpose, significantly higher temperatures
were used for both reducing and oxidizing pretreatment conditions.

Figure 74 presents the Rh 3d core level spectra of the Rh/Al.O; catalyst as synthesized (_1),
after H-SCR (_2), followed by oxygen treatment at 380 °C (_3) and another H-SCR thereafter
(_4). All samples exhibited only oxidized Rh without any indication of Rh°. Also, no catalytic
activity was observed for these materials. In addition, no significant structural changes of the
catalyst occurred during these treatment steps, as the Rh intensity remained identical (Figure
76). After hydrogen treatment of sample _4 at 370 °C (_5), 77% of Rh was present as Rh°. This
proportion did not change upon performing SCR on this sample (_6).
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Figure 74: Rh 3d core levels of Rh/Al.O; depending on the treatment conditions. Assignment: _1: as synthesized.
_2: after SCR (1.5 mbar Hy, 1.0 mbar N,O, 1.0 mbar Ar, room temperature). _3: After 50 mbar O,, 380 °C. _4:
After SCR (1.5 mbar Hz, 1.0 mbar N2O, 1.0 mbar Ar, room temperature). _5: After 50 mbar Hz, 370 °C. _6: After
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SCR (1.5 mbar H,, 1.0 mbar N,O, 1.0 mbar Ar, room temperature).

Sample _6 was subsequently treated at 430 °C under an oxygen atmosphere (_7), leading to
complete oxidation of Rh as shown in Figure 75. After performing a catalytic run on this

material, the appearance of a shoulder at 307.2 eV indicates that the catalyst was partially

reduced to metallic Rh during catalysis, resulting in a Rh° fraction of 23% Figure 76.
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Figure 75: Rh 3d core levels of Rh/Al.O; depending on the treatment conditions. Assignment: _4: After SCR (1.5
mbar H,, 1.0 mbar N,O, 1.0 mbar Ar, room temperature). _7: 50 mbar O,, 430 °C. _8: After SCR (1.5 mbar H,, 1.0

mbar N,O, 1.0 mbar Ar, room temperature).
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Figure 76: Fraction of Rh® and Rh 3d / Al 2p intensity ratios depending on the treatment conditions. Assignment:
_1: as synthesized. _2: after SCR (1.5 mbar H,, 1.0 mbar NO, 1.0 mbar Ar, room temperature). _3: After 50 mbar
0., 380 °C. _4: After SCR (1.5 mbar H, 1.0 mbar N,O, 1.0 mbar Ar, room temperature). _5: After 50 mbar H., 370
°C. _6: After SCR (1.5 mbar H,, 1.0 mbar N;O, 1.0 mbar Ar, room temperature). _7: 50 mbar O,, 430 °C. _8: After
SCR (1.5 mbar H,, 1.0 mbar N,O, 1.0 mbar Ar, room temperature).

Clear differences in the catalytic performance depending on the pretreatment conditions of the
catalyst can be seen Figure 77. No catalytic activity was observed for the catalyst in its
synthesized state (_2) and oxygen-treated state after this catalytic test (_4). The highest
reactivity was observed for sample _6, which was tested after hydrogen treatment at 370 °C.
Sample _8, referring to the sample after re-oxidation at 430 °C, showed catalytic activity in

contrast to the other oxidized samples, albeit lower than the pre-reduced sample.

Summarizing all investigations, it can be stated that Rh/Al;Osin its synthesized form does not
show any catalytic activity. After reduction in H, at elevated temperatures, metallic Rh appears.
The catalytic activity scales with the fraction of Rh° in most cases. Re-oxidized samples are
catalytically active after a starting period. After reaction, a significantly increased fraction of
metallic Rh is found, which clearly indicates that the presence of Rh° is required for any

catalytic activity.
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Figure 77: Comparison of the evolution of m/z 28 (left) and m/z 44 (right) during SCR (1.5 mbar H,, 1.0 mbar N;O,
1.0 mbar Ar, room temperature) over Rh/Al,O; as measured by a mass spectrometer connected to the XPS
chamber. Catalysis was performed after different pre-treatment conditions: Rct2: as synthesized. Rct4: After 50
mbar O,, 380 °C. Rct. 6: After 50 mbar H,, 370 °C. Rct. 8: After 50 mbar O, 430 °C.

4.4.2 XPS investigations on Rh/CeO,

Further XPS investigations were conducted on Rh/CeO:. in order to examine the effects of a
reducible catalyst. CeO is particularly relevant in this context, since its potential contribution as
an active component is well-known in literature, with oxygen vacancies acting as N,O
adsorption sites.?*?

Interestingly, the catalyst was highly active in its synthesized state, which is in striking contrast
to Rh/Al;O3. This can likely be attributed to the higher reducibility of Rh/CeO,, which was also
observed in the TPR measurements of the catalysts (Figure 54). Comparison of the Rh 3d core
levels before and after the catalytic run indicated a shift to lower binding energies,
corresponding to the formation of Rh°® upon catalysis (Figure 78, left side). However, the data is
rather noisy with low Rh 3d intensity, which impedes reliable interpretation. Fitting the Ce 3d
spectra before and after catalysis (Figure 78, right side) revealed a clear increase of the
Ce**/Ce** fraction from 18.8% to 23.4%, showing that the CeO, support is partially reduced
during catalysis and potentially also participates in the catalytic reaction. Two catalytic runs
were conducted at room temperature under different partial pressures of the reactive gases.
The first run was performed with 1.5 mbar Hz, 1.0 mbar N.O, and 1.0 mbar Ar (Figure 79, left
side), while the second one was performed with 15 mbar Hz, 15 mbar N.O, and 1 mbar Ar
(Figure 79, right side). The catalyst was highly active in both cases, as shown by the immediate

formation of N, and H,O and the early maximum of the N,O concentration (Figure 79).
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In addition to the catalytic performance, the heat generated from the catalytic reaction was
investigated exemplarily for Rh/CeO, as this catalyst was highly active at room temperature in
the in situ XPS chamber. Significant increases of the sample holder temperature took place
during the reaction (marked as red curve in Figure 79). For low partial pressures of the reactive
gases, a temperature increase of 7 K was observed (Figure 79, left side), while the temperature
of the sample holder even went up by 60 K under higher partial pressures (Figure 79, right
side). This is due to the high reaction enthalpy of the reaction and shows that heat release is a

highly relevant factor in this catalytic reaction.
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Figure 78: Left: Rh 3d core levels of Rh/CeO: as synthesized (Top) and after SCR (Bottom)(1.5 mbar Hz, 1.0 mbar
N.O, 1.0 mbar Ar, room temperature). Right: Ce 3d core levels of Rh/CeO, as synthesized (Top) and after SCR
(Bottom)(1.5 mbar Hz, 1.0 mbar N2O, 1.0 mbar Ar, room temperature).
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Figure 79: Evolution of the sample holder temperature (red) and the intensities of m/z 18, m/z 28, m/z 30 and m/z 44
over time during SCR over Rh/CeO, as measured by a mass spectrometer connected to the XPS chamber. Left:
SCR with 1.5 mbar H,, 1.0 mbar N,O and 1.0 mbar Ar. Right: SCR with 15 mbar H,, 10 mbar N.O and 10 mbar Ar.
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4.5 Discussion

4.5.1 Discussion on mechanistic aspects and heat dissipation in the catalytic
reduction of N,O by H,

In contrast to the N.O decomposition, the mechanism of NO reduction by H; is significantly
less studied. However, it is generally agreed that it proceeds via a similar pathway. The
decomposition of N2O involves three elementary steps (Eq. 1, 2 and 3), with * representing a

catalytically active site,?#24°12401[24711246}{2491,1250]

N,O + * N2 + Ogags (Eq. 1)
20,05 =——=—= O0,+2* (Eq. 2)
NoO + O, No+Ox+*  (Eq.3)

Scheme 19: General reaction mechanism for the catalytic decomposition of N,O.[24412451{24611247)[248] [249],(250]

The first elementary step (Eq. 1), the adsorption and dissociation of N,O to N, and O,gs, also
takes place in the reduction of N.O by H;, while the further steps are different. Instead of O,
water is formed and desorbs from the active sites. As shown by mass spectrometry in the in situ
XPS experiments (see 4.4) only H,O and no O, was the product of reduction besides N..
Carabineiro and Nieuwenhuys investigated the reduction of N.O by H; on the Ir(110) surface
under ultra-high vacuum conditions and found oscillations in the reaction rate.?® The
concentration of N.O oscillated in counterphase to that of N2, and the peaks in H,O production
appeared with a delay relative to the peaks in N2 formation. The authors attributed this
relationship to differing rates of O.¢s removal by reactive Ha.is and the impact of the surface
coverage with O.¢s on the adsorption and dissociation of N.O (Eq.1). A high surface coverage of
O.¢s results in a decline of the rate of dissociative adsorption of N,O as the adsorption sites are
blocked. When O.qs is released in the form of water, the rate of the dissociative adsorption of
N2O increases again, leading to constantly oscillating behavior. Based on these findings,
Carabineiro and Nieuwenhuys proposed the following reaction mechanism (Scheme 20, Eq. 4 -
6):
Hy+2* ————»  2Hgys (Eq. 4)

NoO + * Np + Oggs (Eq. 5)

Oads +2 Hads

HO+2*  (Eq.6)

Scheme 20: Reaction mechanism for the catalytic reduction of N.O by H; on the Ir(110) surface proposed by
Carabineiro and Nieuwenhuys.?®
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As shown by the results of this chapter, the reduction of N.O by H, can be performed at
extraordinarily low temperatures, even clearly below room temperature. This is a striking
difference to the catalytic NoO decomposition. As a comparison, Pekridis et al. reported a Tso of
around 350 °C at a GHSV of 35,000 h™* for a Pd/Al,O; catalyst (2 wt.-% Pd), and Richards et al.
reported a Ts, of even around 550 °C at a GHSV of 76,690 h™" for different Pd/Al,O; catalysts.
(2511122 |n contrast, this study observed a Tso of -27 °C for Pd/Al.Os;, demonstrating that the
presence of H is highly beneficial. There is strong evidence that this effect results from
improved removal of adsorbed oxygen from the active sites. In fact, Haq and Hodgson reported
rapid N.O dissociation on the Pd(110) surface even at 85 K.*** However, the adsorbed oxygen
remained on the surface and caused a strong decrease in the dissociation probability with
further N.O uptake, leading to only molecular N.O adsorption at some point. Similarly low
temperatures for N,O dissociation were also reported for other metal surfaces, such as
Ru(001) and Cu(110).[25412%912561 |t js generally agreed that after dissociation, N, desorbs readily
while oxygen remains adsorbed on the metal surface. The addition of a reducing agent,
therefore, helps to facilitate the removal of adsorbed oxygen. This effect has been documented
for a variety of reducing agents, including carbon monoxide and hydrocarbons such as
propane, as the N,O conversion was substantially enhanced in their presence."252{2571(258]
The role of the reducing agent was typically understood as scavenging adsorbed oxygen and
thereby increasing the accessibility for N,O dissociation on the active sites.”®"! This also
indicates that the rate determining step in N.O decomposition over metal catalysts is, in many
cases, the recombination of adsorbed oxygen to form O, and its desorption.

Hydrogen as a reducing agent received significantly less attention, with only very few studies;
however, it was shown to enable conversion of N,O at temperatures far lower than with any
other reducing agent. Gluhoi et al. reported high N.O conversion over supported gold catalysts
with the presence of H,, reaching a Ts, of 52 °C at a WHSV of 9000 mL h™'g™'.*** Roy et al. also
reported low temperature N.O conversion by H, over precious metal substituted TiO.catalysts,
with a Tso of 52 °C at a GHSV of 43,000 h™' for a TissPdo.01025 catalyst.?°"]

The fact that stable N,O conversion could be achieved even at only -70 °C in the present study
raises the question, how the reaction and also water desorption can take place at such an
extraordinarily low temperature. An important aspect concerning N.O decomposition and, in
particular, Hz-reduction of N2O is the extremely high exothermicity of these reactions, with a AH
of -82.1 kd/mol (at 298 K) for N.O decomposition and even -323.3 kJ/mol (at 298 K) for H.-SCR.
Upon splitting of the N.-O bond on the palladium surface, a high amount of energy (about 2 eV)
is released.”®® Conventionally, it is assumed that this energy is quasi-instantaneously
dissipated away and will not affect the kinetics of the following reaction steps.??'??'2 However,
a large amount of literature suggests a more complex situation. The concept of so-called “hot-
adatoms” is frequently discussed, referring to thermally non-equilibrated surface species that

result from an exothermic bond cleavage or formation.?'%26111262. For example, Wintterlin et al.
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showed for the dissociative O, adsorption on Pt(111) that adsorbed oxygen after dissociation
can travel a few lattice constants across the surface before reaching a fixed position, which
provides evidence for “hot-oxygen”.”®® Theoretical investigations of energy dissipation on
metal surfaces also predict the existence of “hot” adsorbates and question the prevalent
assumption of instant thermalization of reaction enthalpies.?'0211212]

The participation of hot-oxygen in the N.O decomposition and N:O reduction was also
proposed in several studies. Horino et al. observed inclined N, and O, desorption from Pd(110)
after N,O dissociation, which they ascribed to interactions of hot-oxygen.?® Nobukawa et al.
investigated N,O reduction by CH. over Fe-zeolite catalysts and proposed that reactive,
nascent oxygen transients play an important role in the activation of CH4.* Burch et al.
investigated pulsing of NO and H, over Pt/SiO; and reported a clearly higher catalytic activity
when N0 and H, was present simultaneously compared to a sequential pulsing of NO and H..
291 This was attributed to the formation of hot-oxygen after N.O dissociation, which could react
directly with adsorbed hydrogen. It was assumed that when the hydrogen pulses were
separated from the N,O pulses, the excess energy of hot-oxygen was already dissipated into
the system before hydrogen arrived on the active sites, leading to a lower reactivity of adsorbed
oxygen with hydrogen and, in turn, less water formation and desorption.?*!

The effect of hot-ad-atoms on the kinetics of H»-SCR of N,O may also explain the
extraordinarily low temperatures for conversion as observed in the present study. Another
indication may be regarding the related catalytic reaction of H, with O, which is also referred to
as the catalytic oxidation of hydrogen. It is likely that both reactions share a similar or even the
same mechanism for the formation of water, as both reactions involve the presence of
adsorbed hydrogen and adsorbed oxygen. In principle, the elementary reactions for water
formation from adsorbed hydrogen (Ha.ss) and adsorbed oxygen (Oaqs) can be described by the

following equations (Scheme 21, Eq. 7 — 9):%

Oads + Hags =——— OHags (Eq. 7)
OHggs + Hags =——— H2O044s (Eq. 8)

2 OHggs === Hy044s * Oags (Eq. 9)

Scheme 21: Elementary reactions for the formation of water from adsorbed hydrogen (Haqs) and adsorbed oxygen
(Ouas) in the catalytic reaction of H, with O,

However, the topic of the precise contributions of water forming reaction steps is highly
complex and, in fact, still poorly understood, see Borodin et al. for a detailed description.* In
particular, it appears that the reaction mechanism can be influenced by factors such as the
temperature and the surface coverage of Ha.ss and O.s.?® Investigations of the catalytic

hydrogen oxidation under ultrahigh vacuum showed that this reaction could be performed at
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temperatures far below room temperature.[?°¢H267128] |nterestingly, below the water desorption
temperature, which was about 170 K under these conditions, different kinetic behavior was
observed than above that temperature. This was explained by the reaction of water with O 4,

leading to an autocatalytic process (Scheme 22, Eq.10).2¢°!

Oads * H2044s 2 OHggs (Eq. 10)

Scheme 22: Reaction of adsorbed water with adsorbed oxygen. 28!

Remarkably, Borodin et al. found a drastic discrepancy between theoretical models and high
temporal resolution measurements of water formation on Pt(111), with the experimentally
observed rate exceeding DFT predictions by four orders of magnitude.”®® The authors
concluded that there must be a significant lack of understanding of the fundamentals of the
reaction mechanism.?®* While there are different possible effects that might be responsible, the
role of hot-ad-atoms could potentially be a factor.

Somewhat simplified, the hypothetical effect of hot-ad-atoms can be illustratively described as
the presence of atomic hot spots. In that sense, the actual temperature of the active sites of a
catalyst may differ from the catalyst as a whole. Unrelated to this potential scenario,
temperature differences may also be present on a slightly more macroscopic scale. This may
be relevant in the case of supported catalysts, which in principle can be regarded as an active
metal nanometer-scale crystallite with high thermal conductivity on the surface of a support
particle with typically low thermal conductivity (see Table 13). It may be that the temperature of
the metal nanoparticle is significantly higher than that of the adjacent support material due to
this barrier of heat transfer. It is plausible that a support material with higher thermal
conductivity can more effectively lower the temperature of the metal particles. Experimental
observations of this study point in this direction. Only a very small temperature increase of the
catalyst bed (<5 K) was observed under catalytic conditions as measured by a thermocouple in
contact with the catalyst powder. However, there was a significant performance gap of the
catalysts supported on oxides and on materials with higher thermal conductivity, i.e., SiC and
nanodiamond. This would be in line with a higher extent of metal-support heat transfer,
resulting in a lower effective temperature of the metal and lower N.O conversion.

Further evidence for this role of heat transfer is provided by the very long time periods (up to
several hours) required for the N,O conversion to stabilize after a change in the cooling bath

temperature.

113



Reduction of N.O by H,

4.5.2 Discussion on the influence of alkali metals and halides

The palladium catalysts were very sensitive to the presence of promoters. While the presence
of alkali metals was shown to be beneficial, even the slightest presence of chloride, fluoride,
and sulfide in the catalyst drastically impaired the performance of the catalysts. These
observations for the Hz-reduction of N.O were in good agreement with other similar catalytic
reactions. Yentekakis et al. investigated the influence of chloride residues on Pt/Al,O; catalysts
in the reduction of NO by propane.”®* The authors reported significantly worse performance for
catalysts prepared by impregnation using H.PtCls compared to catalysts prepared from a
chlorine free precursor. Similarly, Yuzaki et al. also found a severe suppression of the catalytic
activity of Rh/Al,O; prepared from RhCl; in the decomposition of N,O.?7

On the other hand, the beneficial effect of alkali metal promotion was also reported in the
literature for the catalytic NoO decomposition. This was shown for a large variety of catalyst
systems, including metal oxides™"?" and noble metals.?"227327 |n  addition, other
electropositive promoters, such as alkaline earth, also resulted in an improvement of the
catalytic activity.”* The effectiveness of alkali metal promotion was typically influenced by
factors such as the type of alkali metal, the promoter loading, the alkali metal precursor, the
synthesis procedure, and others.[*1273112761277] Besides N,O decomposition, positive effects of
alkali metal promotion were also demonstrated for N,O reduction. Pekridis et al. investigated
N-O reduction by CsHs and reported a strong enhancement of the catalytic performance for K-
promoted Pd/Al,O; compared to un-promoted Pd/Al,Qj.278H279

Both the influence of halides and alkali metals on the catalytic activity can likely be attributed to
electronic effects. The binding and activation of N.O on metal centers, which leads to
dissociation into N, and adsorbed oxygen as described earlier by Eq. 1, is well established in
the literature. NO can be bound on the metal centers in different modes, which depend in
principle on the type of metal and the surface characteristics.®” Theoretical investigations
calculated that adsorption of N.O on the Pd(110) surface takes place via its terminal N-atom in
a tilted end-on fashion or also in a horizontal fashion.?®"1?%l |t js generally assumed that N.O
dissociation then proceeds due to an electron transfer from the metal centers to the 3m*
antibonding orbitals of N,O, resulting in the destabilization of the N-O bond and its rupture.?%
(28111283 See Figure 80 for a visualization of the N.O frontier orbitals and Figure 81 for a
visualization of the bonding interactions between N,O and a metal ion.

Modifying the electronic structure of the metal, in this case Pd, therefore strongly influences
these electronic interactions. This can effectively be achieved by alkali metal promoters, which
increase the electron density of Pd.?® In turn, stronger electron transfer of Pd into the
antibonding orbitals of N.O is expected, leading to facilitated scission of N.O. On the other
hand, the introduction of electronegative species such as halides hinders the dissociation of
N2O on the Pd surface.
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The addition of alkali promoters can therefore be considered a useful tool for optimizing the
catalytic performance in the Hz-reduction of N2O, even though this effect was rather small with
only a -10 °C shift of the Ts. This is likely due to the unpromoted Pd/Al.O; being extremely
active already, which does not leave much room for improvement. Moreover, it appears that
increasing the alkali metal content also leads to increased coverage of Pd surface sites by the
promoter, which counteract the electronic effects. The Pd to alkali metal ratio, therefore, needs

to be adjusted for optimum catalytic activity.
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Figure 80: Top: The most relevant resonance structures of N.O. Bottom: Visualization of the computed N.O
frontier orbitals. Figure published by Tolman (Figure 1, page 1019).2
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Figure 81: Visualization of the bonding interactions between N.O and a metal ion (M). Figure published by Tolman
(Figure 4, page 1020).1%
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4.6 Conclusion

The selective catalytic reduction of NoO by hydrogen was shown to be an effective potential
strategy for N.O abatement. Quasi in situ XPS measurements demonstrated that the
catalytically active sites are metallic and that reduction of the noble metals is required. The
initial, as synthesized, state of Rh/Al,O; required high temperatures for effective reduction of
oxidic Rh. In the case of Rh/CeOQ,, the catalyst was active even in its as-synthesized state, due
to easier reducibility. The content of Ce*" increased after catalysis, indicating that the CeO,
support may also take part in the reaction as adsorption sites to some extent.

In the fixed-bed reactor, N.O SCR by H, proceeded even at temperatures clearly below room
temperature. Supported Rh and Pd catalysts proved to be significantly more effective than Ru
catalysts. The effect of structural properties of the catalyst on the catalytic activity was
investigated for supported Pd catalysts. Precipitation deposition as a synthesis method proved
to be more effective than incipient wetness impregnation, due to significantly higher Pd
dispersions. The choice of the Pd precursor used in the synthesis also played an important
role, mostly due to dispersion effects and poisoning of active sites in the case of palladium
chloride. The addition of Na and K as alkali metal promoters improved the catalytic
performance of Pd/Al.Os. Moreover, the catalyst support strongly affected the catalytic activity
by impacting the Pd dispersion and poisoning effects in the case of AlF; and ZnS. Furthermore,
the involvement of oxygen from the support appears to play a role in the catalytic process;
however, more in-depth investigations are necessary for improved clarification.

As an additional factor, the thermal conductivity of the support appears to play a role due to the
strong exothermicity of the reaction. It may be that the actual temperature of the noble metal
particles is significantly higher than that of the catalyst bed from a macroscopic perspective. In
addition, literature studies suggest a high complexity of the reaction mechanism of H-SCR of
N2O and potentially a fundamental lack of understanding, possibly due to the involvement of
thermally non-equilibrated species in the form of hot ad-atoms. This effect may be responsible
for enabling the reaction at such extraordinarily low temperatures. However, more-in-depth
experimental and theoretical research is required for improved insight and further validation of

these hypotheses.
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4.7 Disclaimer

Section 4.4 (XPS investigations on the catalytic reduction of N.O by H,) is based on XPS
experiments conducted by Tim Kratky and Sebastian Ginther. In addition to performing the
XPS experiments, Tim Kratky and Sebastian Glinther performed processing and visualization
of the data, including creation of the figures of this section (Figure 66 — 79). Tim Kratky and
Sebastian Glnther have approved the use of these data and figures for inclusion in this

dissertation.
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Summary

As a promising measure to lower CO. emissions, the transition from fossil fuels to a more
sustainable hydrogen economy is gaining increasing importance. This shift raises the need for
efficient and low-cost catalyst materials for hydrogen activation and also can open avenues for
novel processes due to increased hydrogen availability and infrastructure. In this context, the
catalytic abatement of the potent greenhouse gas nitrous oxide using hydrogen presents a
promising approach for improved efficiency. Accordingly, this dissertation pursues two main
objectives: (i) the exploration of tungsten carbide catalysts as potential substitutes for platinum
in hydrogenation reactions (Chapter 2 and Chapter 3), and (ii) the investigation of the selective
catalytic reduction (SCR) of N2O with hydrogen (Chapter 4).

Chapter 2 described the synthesis of bulk tungsten carbide catalysts from bulk tungsten oxide
using a less-investigated two-step approach with separated reduction and carburization.
Phase pure W.C and WC bulk catalysts were obtained using this literature-based method,
which was modified and optimized in this thesis. Higher hydrogenation activity was observed
for W,C compared to WC in the catalytic hydrogenation of butyraldehyde. This is in accordance
with earlier theoretical investigations as reported in the literature.

Chapter 3 extended the synthesis approach of Chapter 2 to supported catalysts. It was
observed that the synthesis conditions as well as the structure of the WO; based precursors
influence the product characteristics of both reduction and carburization. Higher dispersion of
W-species and lower temperature were found to benefit the formation of the metastable
phases B-W and W-,C, which can become thermodynamically stable through surface energy
contributions. A clear, although not simple, correlation of the W,C content and the catalytic
activity in hydrogenation reactions was found. In addition, higher tungsten carbide dispersion
generally led to higher catalytic activity. However, it has to be considered that the tungsten
carbide dispersion and W.C content are also correlated, leading to a complex overlay of
multiple effects that determine the activity of the catalysts.

Chapter 4 explored the utilization of hydrogen for the selective catalytic reduction of N2O. Quasi
in situ XPS measurements confirmed that the catalytically active sites are metallic and
reduction of the active metals is required before N,O conversion can take place. In the fixed-
bed reactor, complete N,O conversion by H,-SCR using a WHSV of 12 000 mLg'h™ could be
achieved even at temperatures far below room temperature. In the context of structure-activity
relationships, a strong influence of various aspects was found. The beneficial effect of alkali
metals and the detrimental effect of halides and sulfide can be explained by changes in the
electronic properties of the noble metal, which influences the electronic interactions with N,O.
Uncertainties regarding the role of heat dissipation on catalyst surfaces were discussed. The
extraordinarily low temperatures observed for N,O conversion might be possible due to a
certain temperature gradient within the catalyst, with “hot-ad-atoms” and/or “hot nanoparticles”

exhibiting low-scale hotspots.
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Summary

This thesis contributes to the advancement of catalytic materials for hydrogen activation, with
tungsten carbide as an alternative to noble metals, in particular platinum. Improved
understanding of the solid-state reactions in the synthesis of tungsten carbide and how they
shape the catalytic behavior was achieved. The synthesis approach using decoupled reduction
and carburization showed high potential for catalytic applications, as it allows high phase
selectivity to W2C. In addition, significantly lower synthesis temperatures can be achieved,
which increases the applicability of tungsten carbide as catalyst, as in situ synthesis inside an
industrial reactor may be possible. Moreover, lower temperatures can help to minimize
sintering of secondary active metals such as nickel, which are frequently combined with
tungsten carbide. Further research can be based on the results of this thesis and can further
optimize the synthesis conditions for improved catalytic performance.

This thesis also contributes to the exploration of Hy utilization in the context of N,O abatement,
which proved to be a highly effective way to achieve high N,O conversion, even at
temperatures clearly below room temperature. The observations of this thesis, in conjunction
with literature reports, imply a lack of understanding of the role of heat transfer in highly
exothermic reactions. The combination of more advanced experimental model systems and

theoretical investigations is required for addressing these fundamental complexities.
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6.1 Materials

Chemicals were obtained from commercial suppliers and used without further purification.
Aerosil® 90 was obtained from CSC JAKLECHEMIE GmbH & Co. KG. Gases were purchased
from Westfalen AG (Germany) with the following purities: 99.2% for N.O in He, 99.5 % for CHa,
99.996 % for He, and 99.999 % for H,, Ar, and N..

6.2 Synthesis of precursor and catalyst materials

6.2.1 Synthesis of bulk tungsten carbide catalysts

Bulk tungsten carbide catalysts were synthesized using a two-step approach. First, WO; was
reduced to metallic tungsten, which was converted to tungsten carbide in a second step. step.
A ceramic combustion boat with 65 mg of the tungsten oxide bulk precursor was introduced into
the center of a horizontal tube furnace from the company Gero. Both the reduction of WO; and
the carburization of tungsten metal were performed isothermally with heating to the reaction
temperature under inert gas before introducing hydrogen or hydrogen/methane, respectively.
The carburization was conducted immediately after the reduction, without exposure of the
formed tungsten to air.

WO; was reduced at 550 °C, 700 °C, or 800 °C at ambient pressure under constant hydrogen
flow of 100 mL/min (30 min for 700 °C and 800 °C, 60 min for 550 °C). The reaction progress
was analyzed by mass spectrometry of the effluent gas stream with a ThermoStar (Pfeiffer).
Carburization was performed using gas mixtures of methane and hydrogen (CHs to H; ratio of
2:1 for 550 °C, CH4 to H; ratio of 1:4 for 700 °C and 800 °C). The carburization duration was 2.5
h for 550 °C and 4 h for 700 °C, and 800 °C. Directly after the synthesis, the furnace tube was
flushed with inert gas for 15 min and then with hydrogen in order to remove excess carbon
deposits from the product surface (100 mL/min). The hydrogen flow was continued until the
CHas signal in the online mass spectrometry stabilized (see figure S1). Afterwards, the products
were allowed to cool with constant Ar flow and subsequently moved into a glove box. Different
aliquots of the tungsten sample created by reduction at 550 °C were carburized at 550 °C, 700
°C, or 800 °C. The sample reduced at 700 °C was carburized at 700 °C, and the sample
reduced at 800 °C was carburized at 800 °C.

6.2.2 Synthesis of WO3/SiO. precursors

SiO; supported WOs3 based precursors were synthesized by incipient-wetness impregnation.
Pyrogenic silica powders of the type Aerosil® with different specific surface areas were used:

Aerosil® 90 with 90 m?/g, Aerosil® 200 with 200 m?/g, and Aerosil® 380 with 380 m?/g. Prior to
122



impregnation, the silica powders were agglomerated. This was performed by suspension of the
powders in water, followed by calcination of this suspension at 450 °C for 6h (5 K/min heating
rate). The resulting materials were ground and sieved to a fraction of 100-300 uym, followed by
calcination at 700 °C for 8h (10 K/min heating rate). Incipient-wetness impregnation was
performed by stepwise addition of aqueous solutions of ammonium metatungstate to the silica
powders, with vigorous mixing after each addition. The resulting products were then thermally
treated for 2 h at 60 °C, for 6 h at 110 °C, and finally at 450 °C for 6 h.

6.2.3 Synthesis of supported tungsten carbide catalysts

Supported tungsten carbide based catalysts were prepared using a two-step approach. In the
first step, the tungsten oxide based precursors (prepared by incipient-wetness impregnation,
see 6.2.2) were reduced to metallic tungsten precursors, which were converted to tungsten
carbide in a second step. For each WO; based precursor, a mass corresponding to 65 mg of
pure WO; was added on a ceramic combustion boat and introduced into the center of a
horizontal tube furnace from the company Gero. The reduction of WO3 and the carburization of
tungsten metal were both performed isothermally, with heating to the reaction temperature
under an inert atmosphere prior to the introduction of hydrogen or hydrogen/methane,
respectively. The carburization was carried out directly after the reduction, without exposure of
the formed tungsten to air. The WO; precursors were reduced at 550 °C, 700 °C, or 800 °C at
ambient pressure by applying a constant hydrogen flow of 100 mL/min (approximately 30 min
for 700 °C and 800 °C, 60 min for 550 °C). The exhaust gas stream was analyzed using a
ThermoStar (Pfeiffer) mass spectrometer to monitor the reaction progress. Complete reduction
to metallic tungsten was considered complete when water formation was no longer detected.
Carburization of the tungsten metal precursors was carried out using gas mixtures of methane
and hydrogen (CH, to Hz ratios of 2:1, 1.5:1, 1:1, and pure CH, for 550 °C, CH, to H; ratio of 1:4
for 700 °C and 800 °C). Directly following synthesis, the furnace tube was flushed with inert gas
for 15 minutes, followed by hydrogen (100 mL/min) at the respective carburization temperature
to remove excess carbon deposits from the product surface. Hydrogen flow was maintained
until the CHs signal monitored by online mass spectrometry stabilized (see figure S1).
Afterwards, the product materials were cooled down under continuous argon flow and
subsequently transferred to a glove box.

The catalysts to be tested in the hydrogenation of toluene were prepared in a vertical stainless
steel reactor (1/4 inch outer diameter). Constant amounts of the WO3-SiO; precursor (50 mg)
were layered between quartz wool. The sample was heated under 100 mL/min argon flow to
550 °C with a heating rate of 10 K/min. Subsequently, the WO3-SiO, was reduced by a 100
mL/min hydrogen flow at 550 °C under isothermal conditions for 1 h, as monitored by a mass

spectrometer (Pfeiffer OMNIStar GSD 320 02) connected to the exhaust gas stream. Directly
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after the reduction, the carburization gas mixture was introduced into the reactor at 550 °C, and
carburization was continued for 1 h. This was followed by three minutes of hydrogen purge
(100 mL/min) at 550 °C in order to remove excess carbon from the catalyst surface. The
product was allowed to cool down under a 50 mL/min argon flow and subsequently tested in the

hydrogenation of toluene without prior exposure to air.

6.2.4 Synthesis of supported metal catalysts used in the H.-SCR of N,O

The supported metal catalysts used in the H.-SCR of N.O were synthesized by two methods:
Incipient-wetness impregnation and precipitation deposition.

Incipient-wetness impregnation was performed by weighing a support powder in a vial and
stepwise addition of defined volumes of solutions containing precursor metal salts with a
concentration adjusted to obtain catalysts with active metal content of 1 wt.-%. The total
volume of added liquid was intended to be equivalent to the pore volume of the catalyst
supports. Between each addition step, proper mixing was performed.

Precipitation deposition was performed using a modified synthesis approach based on
Pearlman.?"?'¥l The precipitation was carried out using a Metrohm 906 titrator with a pH-
electrode (AVS-Ecotrode), which was calibrated before use. Solutions of the precursor salts
were added to aqueous suspensions of the support materials and stirred vigorously for 1 h. The
pH of the solution was then gradually increased to pH 10 by adding an aqueous 10% NaOH
solution under continuous mixing. After reaching the end point of the titration, the mixture was
left stirring for 1 h. The product was filtered off and washed with deionized water (3-5 times 100
mL).

Unless stated otherwise, the same thermal treatment in an oven was applied for both catalyst
synthesis methods: 60 °C for 2 h, 120 °C for 6 h, and 450 °C for 6 h.

124



6.3 Characterization of the materials

6.3.1 Elemental analysis

The elemental analysis was performed by the CRC analytic core facility of TUM. The
quantification of tungsten was performed using an Agilent Cary 100 UV-Vis spectrophotometer
after alkaline digestion. The quantification of the noble metals was carried out using an Agilent
Cary 100 UV-Vis spectrophotometer or via flame atomic absorption spectrometry on an Agilent
280FS AA after acidic digestion.

6.3.2 XRD measurements

XRD measurements of the products were carried out on a Rigaku MiniFlex 600-C with Cu Ka
radiation. Data were collected in a range of 15-70°20 applying a 26 step size of 0.01° and a
scanning rate of 3°/min. The Scherrer formula was used for selected reflections to calculate the
size of crystalline domains from the XRD patterns. The quantification of the phase content was
performed by Rietveld refinement using the software Profex.”®*! The fit was optimized by
refining the parameters k71 (crystallite size), k2 (micro-strain), B1 (crystallite size), and
GEWICHT (grain-size weighting).

6.3.3 BET measurements

BET physisorption measurements for the determination of specific surface areas were
conducted on a Quantachrome NovaTouch LX* with N, at a temperature of -196 °C. Before the
measurement, the samples were degassed at 120 °C for 3 h under vacuum. He (99.999 %)
and N (99.999 %) were used as gases. Sample amounts of 50 to 200 mg, depending on the

availability, were used for the analysis.

6.3.4 SEM measurements

Scanning electron microscopy (SEM) images were acquired using a Hitachi TM-1000 tabletop

microscope.
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6.3.5 TEM measurements

Transmission electron microscopy (TEM) images of supported tungsten carbide catalysts were
acquired using a JEOL JEM-1400 plus microscope operated at 120 kV, equipped with a field
emission gun and a RUBY CCD camera. Transmission electron microscopy (TEM) images of
supported tungsten carbide catalysts were acquired using a JEOL JEM-F200microscope
operated at 200 kV, equipped with a cold-field emission gun and a Gatan Metro electron
counting detector. Powder samples were ultrasonically dispersed in ethanol, and a drop of the
suspension was added onto a carbon-coated copper grid. Particle size analysis of the TEM

micrographs was performed using the software DigitalMicrograph from Gatan.

6.3.6 Chemisorption measurements

For tungsten carbide catalysts, chemisorption of CO was performed in pulse mode on an
Autochem Il (Micromeritics) after in situ carbide synthesis with parameters replicating the
syntheses in the horizontal tube furnace with conditions as close as possible. Pure CO
(99.997%) was introduced in pulses using a 10 pL injection loop maintained at 110 °C. The
adsorption temperature was 40 °C as controlled by a thermocouple in the catalyst bed.

For supported metal catalysts, chemisorption of H, was performed in pulse mode on an

Autochem Il (Micromeritics) at an adsorption temperature of 35 °C.
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6.4 (Quasi) in situ investigations

6.4.1 In situ XRD measurements

In situ XRD measurements were performed on an Empyrean X-ray diffractometer from the
company Malvern Panalytical using Cu Ka radiation. Data were collected in a range of 15-
70°20 using a 20 step size of 0.01° and a scanning rate of 5.5°/min. The samples were
measured in Bragg-Brentano geometry with a 10 mm slit and a 2.5° Soller slit at the beam side
and a 2.5° Soller slit with a K@ filter, and a programmable antiscattering slit at the detector side.
The measurements were performed using an Anton Paar XRK 900 reaction chamber, which
was connected to the XRD instrument. A sample amount of 45 mg of the tungsten oxide bulk
precursor or 70 mg was loaded onto a stainless-steel sample holder and inserted into the
reaction chamber. Heating to the reaction temperatures was performed under inert gas flow
with a heating rate of 10 K/min. After reaching the target temperatures, the system was held for
10 min to ensure thermal stabilization before initiating the reactions. Reduction was performed
with a hydrogen flow of 100 mL/min. Carburization was carried out with methane-hydrogen
mixtures (CH4/Hz = 2:1 at 550 °C and CH4/Hz = 1:4 at 700 °C).

6.4.2 (Quasi) in situ XPS measurements

Quasi in situ XPS measurements were carried out using a Leybold-Heraeus LHS 10 equipped
with a non-monochromatized Mg Ka source photoelectron spectroscopy. The catalyst powders
were pressed into the cavities of a sample holder. Spectra were collected at a constant pass
energy of 100 eV, corresponding to an energy resolution of ~1.1 eV. All measurements were
performed under ultra-high vacuum conditions at pressures below 5 x 10-® mbar. Different
treatment conditions were applied, including heating of the catalysts, plasma oxidation, and

introduction of gases with various partial pressures.
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6.5 Catalytic tests

6.5.1 Catalytic hydrogenation of butyraldehyde

Testing of the tungsten carbide catalysts in the hydrogenation of butyraldehyde was performed
in a 300 mL Parr minireactor. The reaction was carried out with 5 mL butyraldehyde, 100 mL
ethanol as solvent, and 1.5 mL n-dodecane, serving as an internal standard. An excess of
butyraldehyde was employed to ensure an extended period of linear 1-butanol formation (zero-
order kinetics). Before adding 0.04-0.09 g of catalyst under inert conditions, the liquid reaction
mixture was flushed with argon. The autoclave reactor was sealed, pressurized with hydrogen
to 65 bar at ambient temperature, and stirring was only started after heating to the reaction
temperature (200 °C). Samples of the liquid phase during the reaction were collected via a dip
tube at the start and at subsequent intervals, with a total run time typically around 6 hours. The
samples were analyzed using gas chromatography on an Agilent 6890-N instrument equipped
with an automated injector and FID. Separation of the components was achieved with an HP-1
MS column under helium flow, applying the following temperature program: First, 50 °C was
maintained for 3 min, followed by heating to 140 °C with a heating rate of 20 K/min and a final
heating ramp to 270 °C using 30 K/min. The assignment of peaks and their retention times was
validated with an Agilent GC 7890B gas chromatograph coupled to a 5977A mass
spectrometer and automated liquid sampling. The results were evaluated using response
factors relative to n-dodecane (internal standard), which were established through calibration
with pure substances. The catalytic hydrogenation activity was determined based on the 1-

butanol formation rate.

6.5.2 Catalytic hydrogenation of toluene

Catalytic hydrogenation of toluene was performed right after the carbide synthesis in the same
reactor. Liquid toluene was introduced into the reactor head using a Legato 011 SS syringe
pump at a feed rate of 0.15 mL/h. The catalysis was run at an over pressure of 20 bar with a
hydrogen flow of 75 mL/min corresponding to a hydrogen to toluene molar ratio of 142:1, a
weight hourly space velocity (WHSV) of 2.6 h™, and a gas hourly space velocity (GHSV) of
450,000 h'. The composition of the product gas stream was determined using a gas
chromatograph (Varian CP3800). The toluene conversion was calculated by the ratio of the
peak areas of toluene at the catalysis temperature to the peak areas of toluene at 160 °C,
where no conversion of toluene took place. The reactor was then heated to 230 °C for the

isothermal investigation of the toluene conversion.
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6.5.3 Selective catalytic reduction of N.O by H,

The selective catalytic reduction of N.O by H; was investigated using a continuous flow fixed-
bed reactor. The educt gas mixture was prepared by combining pure nitrogen as the carrier gas
with 1 % N2O in helium and 5 vol.-% hydrogen in nitrogen. The individual gas flow rates were
controlled using mass flow controllers to obtain final concentrations of 1100 ppm nitrous oxide
and 1500 ppm hydrogen. The resulting feed gas was introduced into the reactor at a total flow
rate of 100 mL/min, corresponding to a weight hourly space velocity (WHSV) of 12,000
mL-g="-h="'. The catalyst powder (0.5 g, 100-300 pm sieve fraction) was placed on a small layer
of quartz wool in a U-tube glass or quartz reactor. In some cases, the reactor was equipped
with a thermocouple (Greisinger GmbH) to determine the temperature of the catalyst bed. The
effluent gas stream was analyzed online using Fourier transform infrared spectroscopy (FTIR)
with a Varian 660 spectrometer equipped with a gas cell (Axiom Analytical). Before the catalytic
investigations, the catalysts were treated with nitrogen at 50-200 °C until no more water was
detected in the effluent stream, as monitored by FT-IR. Heating was performed using a vertical
oven (HTM Reetz).

The reaction gas mixture (1100 ppm N2O, 1500 ppm Ha, with N2 as carrier gas) was first
introduced at room temperature; although no N,O conversion was detected under these initial
conditions, as described also in section 4.3. The reactor temperature was then increased in
steps until noticeable N2O conversion started. At each temperature step, the conversion
continued to rise over time. When full conversion was achieved, the activation temperature was
maintained for an extended period to ensure complete catalyst activation. The catalyst
performance was subsequently assessed by stepwise variation of the reactor temperature to
obtain temperature-activity curves. Cooling of the reactor was performed by placing the reactor
in a dewar with a cold mixture of acetone or ethanol and liquid nitrogen. The temperature was

adjusted depending on the amount of liquid nitrogen added.
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6.6 Disclaimer

The experimental descriptions of this chapter are partially based on a manuscript published in
The Journal of Physical Chemistry C, titled “Synthesis of Phase-Pure W.C and WC by
Separation of Reduction and Carburization and their Differing Performance as Hydrogenation

Catalysts” with the following citation: 2

Patrick Schlachta, Rolf E. Jentoft, Friederike C. Jentoft, Klaus Kohler, The Journal of Physical
Chemistry C, 2025, 129, 47, 20907-20921.
DOI: 10.1021/acs.jpcc.5¢c05153

The author of this dissertation (Patrick Schlachta) is also the first author of the manuscript. The
contributions of Patrick Schlachta to the manuscript in the sense of the CRediT author
statement definitions include conceptualization, investigation, methodology, validation, formal
analysis, visualization and writing (original draft and editing). The content has been edited and
restructured to some extent, to align with the format and context of this dissertation. All co-
authors, that is Rolf E. Jentoft, Friederike C. Jentoft and Klaus Kéhler have approved the use of
the manuscript in this dissertation. The article is intended to be published as open access and
is reused here for the purpose of this dissertation in accordance with the Creative Commons
Attribution 4.0 International License (CC BY, see
https://creativecommons.org/licenses/by/4.0/), which allows unrestricted reuse of the work in

any medium or format, as long as appropriate credit is given to the original work.

Moreover, certain experimental descriptions are associated with a manuscript not yet

submitted, see section 3.7.
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