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Abstract

ron oxides present potent candidates for replacement of unecological and

uneconomical noble metal catalysts for CO oxidation in automotive applications. In the

herein described work a structure-activity-correlation of basic iron oxide catalysts
supported on y-Al,O3 was established, in which high turnover frequencies could be
correlated to a high amount of isolated and finely dispersed iron oxide species in tetrahedral
oxygen coordination. A new multistep-impregnation-calcination procedure was deduced,
in which the catalysts were impregnated and calcined in 1 wt% steps of iron successively
to hinder the formation of inactive agglomerates. The as-prepared catalysts showed
outstanding structural properties with a high amount of isolated iron oxide species in
tetrahedral coordination geometry up to 8 wt%. A second route for enhanced catalytic
activity was tested by addition of Co and Mn to the alumina supported Fe>O3 catalysts,
resulting in outstanding catalytic activity even at ambient temperature. Their high activity
was linked to Co while Mn containing catalysts featured a higher long-term stability. From
catalytic activity the optimum Co-Mn ratio was extrapolated, resulting in a catalyst with
superior catalytic properties that could possibly enter the race against noble metal catalysts.
Additionally, diffusion limitation experiments were carried out with which effects of
diffusion onto the measured catalytic activity were minimized and which emphasized the
importance of experimental parameters.
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Kurzzusammenfassung

isenoxide stellen eine Alternative zu teuren, unokologischen Edelmetall-

Katalysatoren fiir die CO-Oxidation in Autoabgasen dar. In der vorliegenden Arbeit

wurde eine Struktur-Aktivitits-Korrelation getridgerter Fe,Os-Katalysatoren auf
v-AlOs3 erzielt. Hohere Wechselzahlen konnten einer hoheren Anzahl isolierter, fein
dispergierter Fe>Os-Spezies in tetraedrischer Koordinationsgeometrie zugeschrieben
werden. Hieraus wurde eine neue Préaparationsmethode entwickelt, in der die Eisen(III)-
Vorstufe in Schritten von 1 Gew% sukzessive auf den Triger impréagniert und kalziniert
wird, um Agglomeration vorzubeugen. Die so hergestellten Katalysatoren zeigten
einzigartige strukturelle Eigenschaften mit einer hohen Zahl isolierter Eisenoxid-Spezies
in tetraedrischer Koordinationsgeometrie bis zu 8 Gew%. Zusitzlich wurde diese
Préaparationsmethode mit der Addition von Co und Mn kombiniert. Hierbei konnten
Katalysatoren mit herausragender katalytischer Aktivitit erhalten werden. Co fiihrte zu
einer deutlichen Steigerung der Aktivitdt, wihrend Mn die Langzeitstabilitit erhohte.
Durch Extrapolation der Aktivitidt konnte zudem ein ideales Co-Mn Verhiltnis ermittelt
werden. Der entsprechende Katalysator zeigte eine erhohte katalytische Aktivitdt und
Stabilitdt und konnte einen potenziellen Ersatz fiir Edelmetall-Katalysatoren darstellen.
Zusitzlich wurden Experimente zur Untersuchung von Diffusionseffekten durchgefiihrt,
um deren Einfluss auf die gemessene katalytische Aktivitdt zu minimieren und durch
welche die immense Bedeutung der Reaktionsparameter gezeigt werden konnte.
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Introduction

1 INTRODUCTION

1.1 Environmental Pollution

s one lets the eyes wander around over the aquascape of a well operating aquarium,

the nicely growing plants and the delightful inhabitants, the thing that comes to

one’s mind besides the beauty is the fact, that it is basically a self-preserving
ecosystem, that just needs minor help from outside. This ecosystem is so fragile, that, by
the slightest change of one parameter, the well-being of all organisms in it can be
endangered. When maltreated, eutrophication with pollutants such as nitrates or phosphates
can take place, lowering the amount of oxygen that can be stored in the water, threatening
life in it. The earth is a similar ecosystem, just bigger and by far much more complex, but
just as sensitive to mistreatment. The lives of humankind and of all organisms such as plants
and other animals depend on the well-being of this single ecosystem.

Since mankind is steadily evolving and continuously trying to improve its situation
while outgrowing the capacities of earth, such as raw materials or food supply, there is an
ever-growing demand for industrial applications and the generation of energy. These lead
to an increase in emission of pollutants into the above-mentioned ecosystem!!!. Growth of
agricultural industry leads to contamination of soils and groundwater with fertilizers,
pesticides or other harmful substances!>”), clearing of woodlands leads to less conversion
of carbon dioxide to oxygen by plants and trees, hence contributing to climate change!®!.
Expansion of industry, especially automotive, causes vast amounts of gaseous and volatile
organic compounds as well as particulate matter to be emitted into the air. A major effect
of this, that can be observed, is climate change!!%!?!, Normally, high amounts of energy-
rich radiation from the sun are either absorbed by the ozone layer in the stratosphere or
backscattered from the surface of the earth, while air is almost totally transparent for them.
Vast amounts of so-called greenhouse gases, including carbon dioxide, nitrous oxide and
methane, lead to a high absorption of this radiation and thus to an increase in temperature
of the earth and its atmosphere!'*!>!. Besides primary effects on organisms sensitive to
temperature fluctuation or for example lowered amounts of oxygen that can be stored in a
body of water, this can also lead to cascading consequences, like melting of glaciers and
polar ice, resulting in an elevated sea level, threatening coastal ecosystems all over the
world. These are just minor examples, while the overall number of consequences seems to
be endless.

In 2015, emission of greenhouse gases was as high as 4.3 gigatons (CO2 equivalent)
just for fuel combustion in the European Union and even higher for the USA and Chinal'®!,
In the EU actual carbon dioxide took in roughly 80 percent of this, methane about 10 and
nitrous oxide followed by hydrofluorocarbons the remaining part. The effects of these
numbers on climate change are tremendous, as there has already been a global warming of
approximately 1 °C since the industrial revolution, and it is expected to lead to further
global warming of 0.5 °C within the next 30 years!!”!. The, without any doubt, needed
countermeasures have already been defined in arrangements like the Kyoto Protocol!'®! or
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the Paris Agreement!!”! and already show positive trends in decreasing greenhouse gas
emissions, but due their slow depletion in the atmosphere, positive effects on climate
change will take their time.

Environmental pollution also has direct impacts on living organisms, such as
allergic effects, chronic diseases or even death, depending on the kind and amount of
pollutants the organisms are exposed and over which period of time. Especially in highly
populated areas emissions by industries or traffic are tremendous. In Germany 55.6 million
vehicles were registered in the year 2017 (see Figure 1.1)!?", a number that increased by
almost 2 million until 20191211, Although strict regulations for automotive industry and the
biannual inspections led to a decline in the resulting emission of pollutants, the quantities
were still tremendous. In 2017 besides 160 million tons of carbon dioxide, 704 thousand
tons of carbon monoxide were set free by street traffic, as well as 402 thousand tons of
nitrous gases (NOx) and 94 thousand tons of non-methane volatile organic compounds
(VOC), just to mention some. Needless to say that most of them, in some way, are known
to have adverse impacts on human health. These include effects on the cardiovascular?%23!
and pulmonary system'?*! while some pollutants can even be linked to pregnancy loss!>!
and a higher risk of malignant tumors, especially in brain!*®! and lung!®”!.

Oth
Trucks e

Motorcycles CH,
: 5kt
! co
i 704 kt
! NH,
! 12kt
30715k | — SO,
! Cu
:
i PME——— _Zn__JSR
| VOC 94kt Cu 25k Pb 235t
! PM 41 kt Zn 2.1kt Cr 84t

SO, 1 kt

Figure 1.1: German road traffic 2017; numbers of registered vehicles by categories (left) and emissions resulting from
road traffic (right) per year!?!.

To regulate these emissions in order to protect people and the environment,
especially in highly populated and thus highly polluted urban areas, restrictions were put
in place for automotive industry. First in the USA in the sixties, including the establishment
of the California Air Resources Board (CARB) and then in 1970 by the European
Community (EC). The initial thresholds for automotive exhaust gases were only set for
hydrocarbons and carbon monoxide. In the EC a strictly predefined test protocol had to be
passed by every new car, enduring 13 minutes with several intervals of acceleration, change
of gears, constant speed and deceleration. For passenger cars the amount of pollutants
emitted during this test was not allowed to exceed 100 to 265 g for CO, respectively 8 to
16.6 g for hydrocarbons (HC), depending on the vehicle weight!®®!. In 1977 the EC included
nitrogen oxides in their directives with a maximum of 10 to 19.2 g®! and from 1988 also
particulate matter (PM), which were regulated to a maximum of 1.4 g per measurement!®"],
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Throughout the next decades these limits as well as the test protocol were successively
adjusted to the steadily increasing number of vehicles on the streets and the consequential
raised levels of air pollution. Regarding the newest European norm “Euro 6d” emissions
within the worldwide harmonized light vehicles test procedure (WLTP) protocol have to
be kept below 1 g/km of CO, 100 mg/km of hydrocarbons of which a maximum of
68 mg/km can be non-methane hydrocarbons (NMHC), 60 mg/km NOx and for vehicles
with direct fuel injection 4.5 mg/km of PM with a total particle number (PN) below 6-10'!.
For diesel engines the CO emission is limited by 500 mg/km, NOx by 80 mg/km while HC
and NOx together must not exceed a total of 170 mg/km. Here again PM are limited by
4.5 mg/km and the total particle number by 6-10''"3. To stay within these limits,
tremendous amounts of optimization had to be conducted and are still going on. In this
regard, approaches include alteration'®?**! or even exchange of the fuels®®>3*¢! commonly
used for combustion as well as an efficiency improvement of the combustion engines
themselves®".,

1.2 Catalytic Emission Reduction

mentioned. This commonly used principle utilizes derivatization of unwanted
substances to less harmful or non-toxic alternatives. As such a reaction usually
does not proceed on its own, a catalyst is required.

Removal of pollutants out of the exhaust gas is an approach contrary to the above

1.2.1 Catalysis

The term catalysis was first used by Berzelius in 1835 in a progress report for the
Royal Swedish Academy of Science based on his own findings and of scientists like
Thénard, Humphry and Edmund Davy, Débereiner, Dulong and especially Mitscherlich®®!,
It was at this time, the 19" century, when scientists started to realize what the mysterious
force was, although it had already been utilized in many ways without knowing. For
example fermentation is a concept that can be dated back to as early as 7000 b. c. and has
been used in countless variations over time!*”). The modern definition of catalysis was
coined by Ostwald, who said:

“Katalyse ist die Beschleunigung eines langsam verlaufenden chemischen
Vorganges durch die Gegenwart eines fremden Stoffes !

This can be translated to “catalysis is the acceleration of a slow proceeding chemical
process by the presence of another substance” with which he commented on a definition by
Strohmann who said, catalysis was a process of motion of the atoms in molecules of labile
bodies, that occurs by transmission of force from another body and that, under loss of
energy, leads to the formation of more stable bodies.

From then on, catalysis was not just an obscure phenomenon, it evolved into a
powerful tool in the toolbox of natural scientists. It became a whole field of research on its
own and within the next decades processes such as the Haber-Bosch process for ammonia
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synthesis!*!! and its further processing into nitric acid by Wilhelm Ostwald!**!, which both
revolutionized agricultural industry by means of a new and efficient way for the production
of fertilizers. Without these achievements it would be almost impossible to feed over 7.7
billion people on earth.

No. 858,904. PATENTED JULY 2, 1907.
W. OSTWALD.
PROCESS OF MANUFACTURING NITRIC ACID.

APPLIOATION PILED JUNE 26, 1003,

Figure 1.2: Extract of the patent W. Ostwald obtained for his process of nitric acid synthesis in 19071%?),

There are many other catalytic applications that changed the world we live in
substantially and are now indispensable. May it be the production of bulk chemicals via
catalytic cracking!****, Fischer-Tropsch!**"! or Bergius-Pier!***’!, or the processing of
these to even more valuable materials such as fine chemicals respectively pharmaceuticals
(e. g. Wacker®3! or the hydroformylation discovered by Roelen®*>)), the catalytic
reforming to fuels®®>% or the Ziegler-Natta polymerization®®®, Latter leads to polymers,
also known as plastics, which nowadays are a huge part of our lives. Over 90 % of products
from chemical industry are estimated to undergo at least one catalytic transformation®!,
However, the mentioned processes are just a few of the most noticeable to outline the
impact of catalysis on humankind.

1.2.2 Applications

The steady growth of the human population is accompanied with an ongoing
increase in pollution of water, soil and air due to increasing numbers of traffic and industrial
processes. To minimize the risk of adverse health effects, as mentioned before, pollutants
have to be removed from exhaust gases or at least kept below certain thresholds. To do so,
the catalytic conversion of harmful substances to less or non-harmful derivatives is a well-
established method, for example in the treatment of wastewater.

Water is essential for life but despite the tremendous amounts of water on earth,
only a few percent of it can be considered clean enough to be consumable. Especially in
developing countries, clean water is often distributed insufficiently. This is due to the low
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standards for wastewater treatment of industry and agriculture and the resulting expenses
that must be put into water purification. Pollutants like heavy metals and toxic organic
compounds are removed by adsorption on substrates or coagulation, which is inefficient.
Catalysis, again, offers a promising alternative for removal of contaminants, namely
photocatalytic degradation of such!®*%3!. After absorption of sunlight, transition metal
oxides, mostly variations of titanium dioxide, can generate hydroxyl radicals which are able
to degrade any organic compound by oxidation and mineralization, the so-called advanced
oxidation processes (AOP)!%2],

April 17, 1956 E. J. HOUDRY 2,742,437
CATALYTIC STRUCTURE AND COMPOSITION
Filed Sept. 29, 1952

AT ,
iy
Eji

IR pomonyy

FlG 2 FlG. 4.

Figure 1.3: Extract from the original patent for a catalytic converter, patented from Eugene J. Houdry in 195654,

While photocatalytic wastewater treatment still is in its early stage of development,
removal of pollutants from exhaust gases already is a well-established process since
decades. First catalytic converters for usage in automobiles were invented as early as the
1950s, when the production of vehicles with combustion engines increased drastically and
first connections between extremely polluted air and road traffic were drawn!%>%®!, The first
patent for a catalytic converter for automotive application was obtained as early as 1956 by
Eugene Houdry (Figure 1.3)!%. However, due to low stability against fuel additives the
first commercial application of such systems was not before the 1970s following the clean
air act from 19637, By then, more advanced and versatile systems were invented!®3. The
main reactions in a modern catalytic converter are the reduction of nitrogen oxides to
elemental nitrogen and the simultaneous oxidation of carbon monoxide and hydrocarbons
to carbon dioxide (see Figure 1.4)[%!,

2NO + 2CO —>» N, + 2CO,

2C0 + O, —>» 2CO,

2C,H, + 70, —> 4CO, + 6H,0
Figure 1.4: Model reactions taking place in a modern three-way-catalyst.

To achieve adequate yields in these reactions, respectively to lower the emission of
the pollutants matching the regulations discussed in chapter 1.1, utilization of a catalyst is
crucial. While a catalyst solely for the oxidation reaction or the reduction in a model reactor
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can be easily found among transition metals, the demands in this particular case exacerbate
the search!®%1. Application in vehicles requires high activity of the catalytic converter in
a broad range of temperatures, preferably from cold start up to 1000 °C. At low
temperatures the activity is the factor that limits the scope of possible candidates, whereas
high temperatures often cause sintering of the catalyst or much worse, oxidation of the
catalyst to metal oxides that are volatile at elevated temperatures leading to a loss of
precious material’!7%!, Since fuels often contain additives to increase their knock resistance
or to alter their properties in other ways, the stability of the catalyst against these additional
substances is also crucial. In fact, tetraethyl lead (TEL) in fuels for higher knock resistance
was the main cause, why the oxidation catalyst invented by Houdry did not see commercial
application!’®!. The substance caused poisoning of the catalyst by deposition of lead on its
surface, respectively the formation of an inactive metal alloy. Since the 1970s most
countries regulated the use of TEL both due to possible health risks and for the successful
introduction of catalytic converters into the automotive market!’*!. Furthermore, the exhaust
gas composition is not exactly the same for every vehicle and even within the drive cycle
of one car, it changes substantially, depending on many parameters such as the temperature
of the engine or the driving habits of the operator. Therefore such a catalyst must be even
more resilient.

Since abundant metals like cobalt, nickel or copper, despite promising activity in
oxidation reactions, were too sensitive to catalyst poisoning and sintering!’*’®! research
focused on platinum group metals (PGM). Here, as stated before, formation of oxidic
species that are volatile at elevated temperatures can cause loss of the catalyst metal, which
is the case for ruthenium!’!!. Palladium and platinum were then chosen for the oxidative
part, while a mixture of rhodium and platinum was selected for the reduction of nitrogen
oxides. Since activity of the catalysts for both processes is strongly dependent on whether
the conditions are oxidizing or reducing, the ratio of air to fuel (A) introduced into the
system plays a key role. A stoichiometric ratio of air to fuel means the point of total
combustion, at least in theory, without any excess air or fuel. This ratio is defined as A = 1.
Excess air leads to oxidizing conditions in the exhaust gas stream and is often referred to
as a lean mixture (A > 1), whereas excess fuel is called fat or rich and results in more
unburned fuel, hence reducing conditions (A < 1). Because of the need for either a fat or a
lean mixture (Figure 1.5), first both processes were kept separated!’®). The emissions from
the combustion engine first entered the converter with ruthenium/platinum for selective
catalytic reduction (SCR), then air was added to the gas mixture before entering the second
part of the converter for the oxidation of CO and hydrocarbons. Later it was found, that,
when running the engine close to the stoichiometric point of fuel to air (A = 1), all three
main reactions can take place simultaneously in one chamber, which is now known as the
three-way-catalyst!’%. Introduction of the TWC to commercial automotive market was in
the 1980s, first in the US and Canada, then in the EU and other parts of the world!®!,
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Figure 1.5: Experimental and modelled conversion curves of CO (left), hydrocarbons (middle) and NO (right) vs.
temperature and redox ratio, respectively reciprocal lambda value, reprinted from Wurzenberger et al.!8!,

As if all these considerations were not complex enough, they only apply for petrol
engines, which can operate at the said stoichiometric lambda value. The also widely used
diesel engine, however, operates mostly under lean conditions exacerbating the reduction
of nitrogen oxides. Due to the lean air to diesel mixture emissions of hydrocarbons and
carbon monoxide are usually lower than for petrol engines. Commonly a diesel oxidation
catalyst (DOC) is deployed to further decrease them, usually by platinum as catalytically
active species. Besides that, high amounts of PM and NOx require special treatment.
Modern cars with diesel engines are equipped with particulate filters (DPF)!32#3! to reduce
PM emissions. To reduce nitrogen oxides, either NOx storage/reduction catalysts (NSR)!34
or converters for SCRI®88! are used. The latter works by addition of a reductant which
promotes selective degeneration of the harmful nitrogen compounds. AdBlue® is the
commonly used mixture, with which the required additive, urea, is introduced into the
exhaust gas'®’. There urea is hydrolyzed to ammonia, which then works as the said

reductant (Figure 1.6)°).
1 (NH»,CO + H,0O —> 2NH; + CO,
2) ANO + 4NH; ——> 4N, + 6H0
3) 6NO, + 8NH;, ——> 7N, +12H,0
4) NO, + NO + 2NH; —> 2N, + 3H,0

Figure 1.6: Main reactions correlated to selective catalytic reduction: 1) hydrolysis of urea to form ammonia;
2) reduction of NO with ammonia; 3) reduction of NO2 with ammonia; 4) reduction of NO and NO: together!*’!.

While the SCR process requires the redesign of the infrastructure with a reservoir
and an injector for the additive, sensors to control the amounts needed and a whole new
compartment for the SCR catalyst, NSR can be applied in the standard converter. Therefore
materials are introduced, that can store NO; in form of nitrates. Under lean conditions with
excess air, NO is oxidized to NO>, which is then incorporated into the storage material. In
distinct time intervals the conditions are changed to a fat mixture. This promotes the release
of NO» followed by its reduction by CO or HCs, just like in a three-way-catalyst®®!. Both
of these strategies can also be applied in vehicles with modern petrol engines, as they are
often operated under lean conditions (A > 1) where a standard TWC does not work. Another
approach is the direct reduction of NOx by soot, which has been studied extensively by
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Kagawa and co-workers on catalysts like manganese containing perovskites!®!! or Co-Fe
spinels®?! and by Kureti and co-workers on iron oxide catalysts such as Fe1.9Ko.103°*! and
Fe»03°Y. The commonly used catalysts in SCR are V20s5-WO3/TiOz in which the vanadium
oxide is the catalytically active species, tungsten trioxide a promoter and stabilizer and both
are supported on titanium dioxide!®*>%! or zeolites doped with iron!®’**! or copper!!?-101],
The latter have the advantage of a higher temperature stability compared to the vanadium
catalyst, which is beneficial for a possible coupling of SCR with DPF. Here the selective
reduction could be accomplished by unburned hydrocarbons trapped in the DPF instead of
an external reducing agent (urea) but the high temperatures needed for regeneration of the
particulate filter lead to deactivation of vanadium oxide catalysts®®],

All of these countermeasures already show small positive effects with partly
lowered emissions of pollutants from combustion engines[16]. However, there is still the
need for enormous improvement to fulfill the thresholds set in the Kyoto protocol or the
Paris agreement and even more if we want to fight global warming and save our ecosystem.

1.2.3 Carbon Monoxide Oxidation

The human body is an elegantly designed and yet complex construct. Bones,
muscles, tendons, organs, cross-linked and working together in countless ways. Numerous
chemical reactions and physical processes taking place at the same time, even while writing
or reading this. Yet it is so delicate that when one small molecule, such as oxygen, is
withheld, the balance of all processes is disrupted. Oxygen is essential for every cell of our
body. It enters the circulatory system via the alveoli of our lung, it is then bound reversibly
by hemoglobin of the erythrocytes responsible for its distribution in our body. Derogations
in this cycle can lead to severe consequences, even death!!%?],

Despite the entirety of negative effects of pollutants from combustion engines,
carbon monoxide still stands out due to its acute toxicity. CO is a colorless gas without any
odor or taste and thus an insidious threat. Just like oxygen it can pass the blood-air-barrier
via the alveoli of our lung. Dissolved in the blood it binds onto hemoglobin with a 210
times higher affinity than oxygen, hence inhibiting distribution of the latter!!%!. The fast
binding of CO by hemoglobin (Hb) and a very slow dissociation lead to a steadily
increasing blood concentration of COHb and a simultaneously decreasing amount of HbO»,
when exposed to CO over a long period of time. Elevated amounts of COHb can lead to
severe damages and even death through several mechanisms!'%*!%4! In the myocardium, the
heart muscle, CO is transferred from hemoglobin to myoglobin, which is responsible for
intramuscular oxygen transport. This way distribution of oxygen to the mitochondria is
impaired, hence oxidative phosphorylation of adenosine monophosphate (AMP) or
adenosine diphosphate (ADP) is blocked and no adenosine triphosphate (ATP) is being
generated. Absence of the energy carrier ATP leads to a non-functioning heart muscle and
thus a lack of blood circulation, without which all other tissue stays without oxygen supply.
Consequences are malfunction of organs - including the brain - unconsciousness, coma,
death, depending on the severity of the CO intoxication. But CO also poses a threat when
the blood circulation with oxygen-containing blood is brought back. A lack of oxygen
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distribution leads to tissue hypoxia, thus to a degradation of ATP under the formation of
hypoxanthine. Without ATP cellular ion pumps cannot work. Potassium ions are set free
while calcium enters the cell followed by the degradation of xanthine dehydrogenase to
xanthine oxidase, which, when the oxygen supply is restored, oxidizes hypoxanthine to
xanthine and radical oxygen species. These radicals attack the cell membranes, causing
visible damage to tissue such as myocardial fiber necrosis or damages on the central
nervous system. This can lead to life-threatening malfunction of organs hereafter.
Additionally, the direct damage to pulmonary tissue without prior transport of CO by
hemoglobin is being discussed, again through reoxygenation injury.

The main source of carbon monoxide is incomplete combustion of fossil resources,
which leads to vast emissions of CO. As mentioned in chapter 1.1 over 704 thousand tons
were set free by road traffic in Germany (2017), although countermeasures such as TWC
or DOC have already been optimized to keep emissions below the thresholds set by the EU.
Obviously, the efficiency of the catalytic CO oxidation still has to be increased towards the
point of “zero emissions”.

To improve catalytic activity a basic understanding of the oxidation of CO by
elemental oxygen is crucial. Catalysis in general can be divided into heterogeneous and
homogeneous catalysis. The latter describes processes, where the catalyst is present in the
same physical state as the reactants. Such a process is often considered to be more efficient
because it is not dependent on as much parameters as a heterogeneous catalyst, which, in
contrast, is present in another phase than the reactants. For instance, a solid-state catalyst
for a liquid or gas phase reaction. The benefits here are that the catalyst can easily be
regained from the application (i. e. by simple filtration of a solid catalyst from a liquid
phase reaction) or that the catalyst can be totally immobilized on a support surface, so that
even the filtration step can be avoided. The handling of a heterogeneous catalyst often is
more convenient, especially for automotive application, which will be discussed further in
the following chapters.

Gas phase
1) Boundary layer diffusion
to the particle surface
2) Pore diffusion
3) Adsorption of the reactants
on the active site
4) Reaction on the active site
5) Desorption of the products
6) Reverse pore diffusion
7) Diffusion through the boundary
layer into the liquid or gas

Catalyst particle

Figure 1.7: Conceptual scheme of the steps required from educts and products in heterogeneous catalysis.

The concept of heterogeneous catalysis often is described in 7 steps (Figure 1.7)1%%]
In a reaction of gaseous reactants on a solid catalyst, like in a catalytic converter of a
vehicle, the gas stream containing the educts surrounds the catalyst particles. In order to
react, first the educts have to diffuse through the boundary layer to the particle surface (1),
then through the pore to the actual active site (2), if the catalyst, respectively the catalyst
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support, is a porous material. Adsorption (3) is then required before the reaction of the
reactants on the catalyst surface (4) after which the products desorb from the active site (5)
and diffuse back through the pore (6) and the film diffusion layer back into the surrounding
gas stream (7). Every heterogeneously catalyzed reaction, oxidation of CO included, can
be described with these simple steps. It is desirable to minimize the effects of boundary
layer and pore diffusion to prevent the overall process from being diffusion limited. Then
CO oxidation can be described by adsorption on the active site, reaction of CO with oxygen
and desorption of CO.. The energetic scheme of this reaction, exemplary on a palladium
catalyst, is shown in Figure 1.8[196-107]
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Figure 1.8: Energetic diagram of the oxidation of carbon monoxide on a platinum catalyst'''%71; adsorbed species are
marked with “*” and the transition state with “*”; numbers give the energy value of the respective step.

The reaction of adsorbed CO and O on the catalyst surface is the rate determining
step (RDS). The energy needed for dissociation of O; on the active site is neglectable, thus
not shown here. However, in the gas phase without the interaction with a catalyst, the
dissociation energy of Oz is approx. 500 kJ/mol!'%”! hence this is the RDS for the gas phase
reaction and at the same time the reason why the reaction does not take place spontaneously.
A catalyst is indispensable to lower the energy demand of this reaction.

First publications of CO oxidation date back to over a century ago. In their
Handbuch der Anorganischen Chemie, published in 1909, Abegg and Auerbach describe
experiments of Colson!!'%®! Nicloux!"!, Gautier!!®! and Phillips!!'!! about oxidation of
carbon monoxide to CO> by noble metal halides of palladium, platinum and gold or by
other compounds containing silver, osmium, ruthenium, manganese, chromium or
cobalt!!!?], In the early 20" century CO oxidation was subject of many investigations, even
by military laboratories due to the ubiquitous problem of high emissions by fires in
enclosed spaces in ships by or machine gun fire in tanks etc., but also due to the fear of CO
being used as a warfare agent!' '3, The number of different compounds tested in this regards
shows the impact of this reaction over the whole century, be it because of fire as the main
energy supply and indoor heater back in these days, because of the potential thread of CO
as warfare agent or because of the tremendous emissions from traffic, as it is today. Figure
1.9 shows the periodic table of elements with an overview of the elements occurring in
compounds tested in CO oxidation over the decades. And it also illustrates the sheer amount
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of possibilities when it comes to the preparation of such a catalytic material, from the choice
of active species, to the support material or even the usage of promoters.

1.2.3.1 CO Oxidation Catalysts
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Figure 1.9: Periodic table of elements according to IUPAC!"'¥; common elements in the active species of CO oxidation
catalysts are marked in cyan; common elements in support materials are marked in orange; other elements tested as
active species, promoter or dopant are colored pale cyan; here “common” is defined as “commonly tested in CO
oxidation experiment” or even “used in actual applications”; the colored markings of materials for CO oxidation were
made during the research work for this thesis and were not included in the original periodic table of elements by IUPAC.

When referring to a “catalyst” in heterogeneous catalysis, this term does not solely
denote the catalytically active species, but the whole construct that entails it. Numerous
catalysts, especially in CO oxidation, comprise a support material on which the actual
active site is immobilized. This support commonly makes up most of the catalyst weight
and does feature no or only minor catalytic activity. The active species, as said, is
immobilized on the support, either by adsorption or via chemical bond. To elevate certain
properties of the catalyst, additional materials can be introduced, the so-called promoters.
Their main purpose is to increase catalytic activity and/or the stability of the active sites.
These three parts of a catalyst are not limited to solely one material, for example usage of
two or more active species, like in a three-way-catalyst, is rather common. To connect the
three parts to form a usable catalyst, the preparation technique plays an important role. By
choice of the technique itself and its conditions, the final structure of the catalyst can be
controlled and thus its activity, stability and selectivity. However, the selection of active
species, support material, promoter and the numerous preparation techniques lead to a sheer
endless number of possibilities. Therefore, these topics will be discussed in more detail in
the next paragraphs.
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1.2.3.2  Preparation Method

Almost as important as the choice of active site or the support material is the
preparation method. It decides whether or not the final catalyst shows good activity in
catalytic experiments. A few of the most relevant techniques for preparation of catalysts
containing more than one species are briefly described in the following:

Mechanic Mixture: the simplest method of catalyst preparation is a mechanic mixture of
the particular parts, either in their preliminary or their final form. Such mixtures can for
example be achieved by pestle and mortar or, more advanced, with a ball mill''!>!!®!_ This
can be done with dry precursors as well as from solutions and is often followed by thermal
treatment like annealing!!!").

Precipitation/Co-Precipitation: the precursors are dissolved in an organic or aqueous
solvent prior to addition of a precipitating agent. An excellent example is the synthesis of
magnetite from iron(II) and iron(III) chloride'!®!°!. Ammonia solution is added to a
solution of both in water, forming Fe3O4 which instantaneously precipitates due to its
insolubility in water. It can be removed by filtration or in this case with a magnet, making
this method very convenient for upscaling!!2%-12!],

Sol-Gel-Process: the sol-gel-process is a more complex method of catalyst preparation, in
which a precursor solution is converted into a colloidal solution, the sol. Here the precursors
form so-called micelles, for example by condensation reactions. These micelles can now
polymerize to form a gel, which then, depending on the removal of the solvent, yields either
a xero- or aerogel, whose main difference is that the xerogel loses volume by shrinkage
while the aerogel retains its shape. By this, porous and light materials can be produced with
various compositions and shapes. For example, the sol could consist of a precursor for the
support material. The active material can now be added to the sol resulting in an excellent
distribution over the final catalyst. The sol containing the support and active site precursor
could even be impregnated on a honeycomb structure, as in a modern three-way-catalyst,
by dip-coating. Also, the precursor of the active species itself could be turned into the sol
to yield an unsupported catalyst with high porosity. Typically, metal alkoxides are used as
precursors for metal oxide catalysts and their condensation controlled by the pH of the
solution!'2%122],

Flame Spray Pyrolysis: a precursor solution of either the active material or even both the
active material and the support are sprayed through a nozzle into a compartment, where the
aerosol is pyrolyzed to form the final oxidic nanopowder which is then caught or is directly
applied on a surface as a coating. Through this method high quantities of metal oxides can
be produced in only one step. It is possible to add multiple precursors in one solution or via
separated nozzles simultaneously, depending on the setup. The flame of the ignited oxygen-
solvent-mixture reaches temperatures up to over 2000 °C combusting the precursor
solution. The vaporized oxides form nanoparticles or nanopowders upon cooling before
being caught!!23:124],
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Grafting: the active species and the support material are attached to each other via chemical
bond. Usually, the active part is introduced as a transition metal complex, that can undergo
a chemical reaction with a respective functional group on the support surface. The term
grafting is often used synonymously with anchoring, albeit the latter means a simple bond
formation between metal complex and support while grafting describes a further alteration
of the ligands or bond situation after the anchoring!!!”!.

Incipient Wetness Impregnation: a facile and yet very potent method in which one part,
usually the precursor of the active species, is dissolved in water or an organic solvent and
introduced to a solid part, which is usually the support. Commonly drops of the dissolved
material are added to the dry support, the mixture is then dried and annealed, if needed. For
a good distribution of the solution, the drops can be added systematically to the flattened-
out support material to cover as many particles as possible and then mixed well by stirring.
To yield catalysts with the active species mostly located in the pores of the support, the
total pore volume of the latter can be determined via N> physisorption. If the exact same
volume of precursor solution is added, this solution should ideally be absorbed by the pores
of the support material through capillary forces. A disadvantage is the relatively low
volume of solvent used, limiting the amount of active material that can be added. An
alteration of this method is the suspension of the solid support, usually in the solvent in
which the active species or precursor of the active species is dissolved, and then mixing of
both. A benefit of this technique is the better distribution of the precursor solution with the
solid part. Major drawback of this technique are the rather high amounts of solvent that
have to be removed. Here, high amounts of active species can be introduced while they are
distributed both in the pores of the support material as well as on its outer surface. This
method will be referred to as wetness impregnation in the following!!!7-121],

Each one of the above-mentioned techniques is described in hundreds and
thousands of publications illustrating their complexity. Basic choices that must be made
are whether or not a support material is used, and if so, which one out of the thousands of
possibilities. The active material and its chemical and physical structure. Also, additional
substances can be introduced to act as a promoter during catalysis. Many catalysts, for
example transition metal oxides, have to undergo some kind of thermal treatment such as
annealing, which comprises numerous variables itself. It can be done prior or after merging
of the support and the active species, a constant gas stream can be applied, for example
with reducing or oxidizing properties, the temperature has to be chosen and the heating
ramp. These are just some of the endless choices that can be made upon catalyst
preparation.

1.2.3.3 Support Material

A support material commonly is a solid on which the active sites can be
immobilized. Its functions are to secure the catalytically active species against their
emission from the system, to facilitate removal of a catalyst (e. g. solid catalysts from liquid
phases) but also a promoting effect on the active sites during preparation and the actual
catalysis. By use of a support material preparation of small active sites or even single site
catalysts is possible and they can also prevent sintering of the active sites at elevated
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temperatures. Beneficial effects include the adsorption of reactants on the support surface
or even storage, like the oxygen storage of ceria, prior to reaction on the catalytically active
species!>128] Some of the most used support materials, besides CeOz, include TiO2, SiO2
and Al>,Os. While titania has more relevance in photocatalysis, silica and especially alumina
are omnipresent in CO oxidation, mostly as support for 3d metal oxides!!?*!*%, Due to their
high thermal stability and their ability to form high surface mesoporous materials they are
prerequisite for the preparation of catalysts with finely dispersed isolated active sites!!3!].
This can lead to higher activities and better long-term stability of catalysts with rather low
amounts of active material compared to pure active material. In modern TWCs metallic
PGMs are immobilized on a cordierite support, a magnesium, aluminum and silicon
containing oxidic material that combines thermal and chemical stability!®®!. Zirconia is
another support material often used!!*>!3*! while also 3d metal oxides can be used, mainly
when the active component is a noble metal('*+!3],

1.2.34 Promoters

Besides the active site and, if one is used, the support material, also the introduction
of a promoter can be decided on.

“Promoters are materials that enhance the effect of the catalyst’1%"]

Many different materials have been tested as a promoter for CO oxidation catalysts,
mostly lanthanoids or transition metals in form of their oxides, but also alkaline earth metals
have been used. Promoters can work in various ways. For example by affecting structural
parameters of the active sites like facilitation of a high dispersion and stabilization against
sintering or by electronical interactions of the promoters with the active sites or the
reactants!!%!, Ceria is a commonly used promoter to reduce sintering of the catalytically
active species as well as for oxygen storage, as said above, but with no or only minor
activity itselfl!*®!. Several 3d metal oxides have been tested as promoters, both for PGMs
and for other 3d metal oxides and also the usage of noble metals as promoters for 3d metal
oxides has been discussed. However, often there is no differentiation between promoting
the catalytic reaction on another active site and of the so-called promoters being active
themselves.

1.2.3.5  Catalytically Active Species

Two groups of metals are mainly used for CO oxidation: non-noble 3d metals,
especially the ones from chromium to copper, and noble metals such as gold and the PGMs
ruthenium, rhodium, palladium and platinum. The latter can be used as catalytically active
species in their metallic form or as oxides. Activity could even be shown for pure metallic
wires, while their position in the electrochemical series displays their stability against
oxidation under oxidative conditions. Only under elevated temperatures oxidation of these
metals can take place, which in case of ruthenium and iridium leads to volatile compounds
and thus a loss of active species when used in a catalytic converter. A good overview about
CO oxidation experiments on transition metals was given by Royer and Duprez in 20111371,
Palladium, platinum and sometimes rhodium are commonly used as the active part in
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oxidative catalysts, either pure in their metallic form or immobilized on a support
material!!3-152! Gold also attracted many research groups and has been tested in numerous
experiments for CO oxidation, with promising activity as well1>>153-158] Tn contrast to these
noble metals, base metals predominantly are used in their oxidic form such as Cr2O3, MnO,
Mn;03, Mn304, FexO3, FezO4, Co304, NiO, CuO or Cu0, which are their stable forms
under oxidizing conditions. Especially manganese, cobalt and copper show extraordinarily
high activity in catalytic tests, similar to PGMs, but with a higher tendency for deactivation
by poisoning!">®!. A broad screening of catalysts was carried out by Yu Yao et al. in the
1970s and 1980s in which they tested noble metals! 410! ag well as numerous non-noble
metals in oxidation of CO and hydrocarbons. Amongst the tested catalysts were 3d metal
oxides such as Cr203>7¢1 MnO,!"'1 Fe 0511 Co304781, NiO"3771 CuQ7>1%11  and
mixed metal oxides like CuCr2047>1%!1 or perovskite-like structures!’*. Especially CuO
and CuCr204 were mentioned as promising candidates due to a higher stability against
poisoning and thermal sintering compared to Co304, which showed higher activities when
no poisoning agents were present'%!). Heck and Farrauto as well as Kummer et al. also
attributed excellent activity to copper and cobalt containing catalysts but with the drawback
of high susceptibility to deactivation by water and sulfurous compounds!'?%15%1621 " Ag
mentioned before, this high predisposition for catalyst poisoning and at the same time high
amounts of potential poisoning agents in fossil fuels were the main reasons why more
groups concentrated on precious metals for automotive purposes since the 1970s.
Palladium, platinum and rhodium are the metals that were chosen for the oxidative part of
TWCs and DOCs. A good review was given recently by Rood et al.!l!®!. Benchmarks of
light-off temperatures, from now on defined as the temperature of 50 % conversion of CO
(Tso), of modern catalysts lie between 100 and 110 °C for Pd containing catalysts!!%+1%6] at
160 °C for mixed Pt-Rh catalysts!'%”! and between 210 and 230 °C for Pt or Rh containing
TWCs!1%8161 However, for a comparison with non-noble metal catalysts described in this
work it is noticeable that these Pd, Pt and Rh systems were investigated in catalytic
experiments under rather realistic conditions in true three-way-catalysis with HC, CO and
NO present in the gas stream. Boubnov et al. described Pt catalysts with a Tso of approx.
50 °C after activation by reduction prior to the actual CO oxidation experiment under model
conditions with 1000 ppm CO, 10 vol% Oz and no further reactant besides 5 % of water,
which was denoted as a promoter on these catalysts. They showed even higher conversions
of CO from start at 40 °C when NO was present!! 7%/,

Combination of two or more metals presents also a promising approach to combine
catalytic and structural properties of different materials. Some of the most prominent
examples are hopcalites, which are usually CuO and MnO: containing mixed oxide
catalysts that are known for their activity in CO oxidation since almost a century!'’!. Gao
et al. tested hopcalite against various other mixed metal oxides with combinations such as
Fe-Mn, Co-Mn, Ni-Mn and Cu-Mn where the second metal was used as a dopant for MnO»
nanowires!!’?, The highest activity in CO oxidation with a Tso of approx. 80 °C was
obtained by the Cu-doped catalyst, while the activity of the remaining catalysts followed
the order CuQOg.1-MnO3 > Co.1MnOx > Nio.1MnOx > Feo.1MnOx > MnQO», all of them with a
Tso above 125 °C. They could also show that the combination of copper with manganese is
relatively stable against moisture with only minor decreases in activity at 70 and 120 °C. A
combination of nickel and cobalt was presented by Yi et al. in 2018 with temperatures of

15



Chapter 1 |

50 % conversion between 80 and 120 °C depending on the ratio of Ni to Col'7?!. These high
activities could be assigned to the addition of cobalt, since pure nickel oxide did feature
almost no CO conversion in their experiments. Various groups investigated the
combination of iron oxides with copper. Cao et al. in 2008 and Cui et al. in 2019 showed
significant increases in catalytic activity by addition of CuO to Fe,O3!!7#!7>!, The Tsp of the
presented catalysts with both metals was between 60 and 80 °C. A further decrease of the
Tso down below 40 °C could be obtained by doping of a Cu and Ce containing oxidic
catalyst with iron!”®, Another highly active combination is iron with cobalt. Biabani-
Ravandi et al. presented Fe-Co mixed oxides prepared by co-precipitation which featured
over 25 % CO conversion at room temperature and a Tso of 50 °C!""1, Even higher activities
were obtained by G. Li et al. with Tspo below 20 °C and an initial conversion below
-20 °C!'781 They also tested the influence of humidity in the gas stream on the catalytic
activity. Surprisingly, iron seemed to increase the catalysts stability against water, so that
almost no influence of moisture could be detected. A rather astounding full conversion of
CO below -80 °C on Co-Fe catalysts was shown by J. Li et al.!'™. They compared the iron
and cobalt containing oxidic catalysts with pure Co3O4 which also showed a surprisingly
high activity in their tests with total conversion below -45 °C. They ascribe the even better
activity of the mixed metal oxides partly to a higher ratio of Co®* to Co?* when iron was
present, which is more efficient in the adsorption of CO. A trimetallic system containing
Co, Cu and Fe was tested by Veselovskii et al. and later by Ishchenko et al.l'8%181 The
mostly copper containing system was used in its pure form by Veselovskii in PROX
experiments with a minimum Tigo of the CO oxidation of 160 °C in presence of hydrogen,
a Tso was not mentioned. Ishchenko impregnated carbon nanotubes and achieved a lower
T100 of 95 °C, but without hydrogen in the gas stream. Both ascribe the good activity of the
catalysts to the present Cu2(OH)3NOs species that is stabilized by iron and cobalt. Excellent
activities in CO as well as propane oxidation were shown by Faure et al. using the
combination of cobalt and manganese in a spinel structure!'®?. From the start at 50 °C they
featured a CO conversion over 85 % and total conversion of CO above 70 °C.

1.2.3.6 Iron in CO Oxidation

The resources of noble metals are very limited leading to high prices and due to an
increasing demand they are expected to increase even further!!*184 while their depletion
is problematic, hence their ecological impact is still not fully revealed!!83-!%%!, The examples
above show very promising results for non-noble metal catalysts in CO oxidation.
However, the most active amongst them also have drawbacks, mostly due to poor thermal
and long-term stability or, especially for cobalt, low stability against catalyst poisoning,
mostly by water. Iron presents an auspicious alternative with good biocompatibility and
high abundance, but so far rather low activities compared to the above-mentioned systems.
Iron oxides have been tested for this purpose since the 1960s by Hofer et al.!'*"! and later
during the broad screening of Yu Yao et al./”*"! which both ascribed minor activity to iron
oxides compared to other catalysts. Walker et al. were the first to try, besides others, Fe;Os
supported on y-alumina in simultaneous CO and C3Hs oxidation in which a strong tendency
to catalyst poisoning by sulfur dioxide or byproducts of the oxidation was shown!!?. The
addition of only 40 ppm SO to the gas feed increased the light-off temperature from 327 °C
up to 446 °C for CO, respectively from 292 °C up to 327 °C for propene oxidation, by
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formation of sulfite and sulfate groups at the catalyst surface, blocking the active sites.
Other inhibitors such as CO», HC or H>O were also discussed, of which the latter nowadays
still is one of the most challenging problems of iron oxide catalysts for CO oxidation. Due
to the relatively low activities and rather high susceptibility against poisoning agents, iron
oxides were not a choice for industrial applications which demanded the high performance
of noble metals, thus pushing iron catalysts almost into oblivion until the 2000s. Then,
increasing prices, respectively shrinking resources due to a high demand for PGMs fueled
the research for cheap and harmless replacements leading to more and more publications
on this topic (see Figure 1.10).
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Figure 1.10: Number of publications in scientific journals per year about iron compounds in CO oxidation.

In 2003 Li et al. published a study in which they tested commercially available iron
oxide, called NANOCAT®, featuring a high surface area of 250 m%/g and very small
particle diameters of 3 nm!!®?!. This catalyst was able to catalyze the oxidation of carbon
monoxide at relatively low temperatures with a Tso of approximately 250 °C (Figure 1.11).
It is important to note, that the conditions in which such a catalyst is tested can alter its
activity substantially. Noteworthy are the amount of the catalyst used, the flow rate of the
gas feed and its composition and also the volume of the catalyst bed (or the length of the
catalyst bed and the inner diameter of the reactor) to calculate the gas hourly space velocity
GHSYV, if not already mentioned, for a better comparison of catalysts. The GHSV is defined
as the flow rate of the gas feed divided by volume of the catalyst bed. However, many
catalytic systems from literature cannot be compared objectively due to a lack of these, like
for Li et al. 50 mg of NANOCAT® were tested with 3.44 vol% CO and 20.6 vol% oxygen
in helium balance and a total gas feed of 1000 ml/min. The inner diameter of the reactor
was 9 mm resulting in a gas velocity of 0.94 km/h, which can also be an important variable.
This catalyst was compared to nanosized iron oxide catalysts with even higher surface areas
up to 406 m?/g and particle diameters below 4 nm by Lin et al. in 2005"°%!. They measured
37 % of CO conversion at room temperature, the Tso as low as 32 °C and 60 % conversion
at 100 °C, although the gas feed contained 0.6 vol% of water which would normally be
expected to lower catalytic activity drastically. They conclude from XRD analysis that
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Fe3O4 is the present phase of the active species and attribute the high activities to
hydroxylated iron oxidic sites on the catalyst surface. Only a gas velocity of 30 km/h is
given without further information of the amount of catalyst or the GHSV. While their gas
velocity is substantially higher than the one of the compared NANOCAT® system, they
only used 0.25 vol% of CO compared to 3.44 vol% of Li et al.
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Figure 1.11: Benchmarks of iron catalysts in CO oxidation experiments from important references of the last 20 years,
black dottet line: 25 °C; black stripes: 30 °C; red dotted line: 50 % CO: yield; Li et al.: 1"%3; Lin et al.: 2" with
addition of water to the gas stream; Szegedi et al.: 31'%1; Carriazo et al.: 4/"%; Bao et al.: 5'71; Ren et al.: 6!'%!; Hnat
et al.: 71" FeSiBEA as-prepared; 7* FeSiBEA reduced prior to CO oxidation; Gao et al.: 8% a = a-Fe203 nanorods,
b = a-Fe203 nanocubes, ¢ = a-Fe203 nanotubes, Tepluchin et al.: 9°°!1 a = prepared by IWI, b = prepared by FSP, 9a*
= addition of water to gas stream; Kim et al.: 10?2l measurements at constant temperatures of 30 and 100 °C, 10 =
start, 10% = after 6 h, 10%* = after 33 h; Li et al.: 11°%3; Schoch et al.: 121°%*] Fe;03 on y-Al203, a = 1 wt%, b = 5 wt%,
¢ = 10 wt%, 12*2%1 catalysts prepared by reduction of the iron(Ill) precursor prior to impregnation of the support and
calcination.

Also in 2005, Szegedi et al. published iron based catalysts with even higher catalytic
activity!®!. Their systems showed yields over 75 % at room temperature and total
conversion at 100 °C. These extraordinarily high yields can be assigned to reduction of the
iron species with H» prior to the catalytic tests and their high surface area. By introduction
of iron to MCM-41 via sol-gel-method surface areas up to 1000 m?*/g and by hydrothermal
synthesis 1400 m?/g could be obtained. Rather ineffective CO oxidation catalysts with a
Tso higher than 400 °C were shown by Carriazo and coworkers, who deposited iron and
cerium on naturally occurring bentonite clay!!*®!. However, the tested catalysts did show
good activity in the oxidation of phenol in aqueous medium and also showed activity in the
oxidation of 2-propanol in gas phase reaction, which emphasizes their versatility. Bao et
al. carried out in-situ Raman spectroscopy on Fe>O3-CeO; composite materials with a Tso
of 227 °C and showed a linear correlation between oxygen vacancies on the catalysts and
their reaction rates, which gives strong evidence that the oxidation of CO on these systems
follows a Mars-van-Krevelen mechanism (see Figure 1.12 right)!"®”!. In this mechanism
CO diffuses to the catalyst surface and is adsorbed (1), prior to reaction with lattice oxygen
to form CO; (2) which then desorbs and diffuses back into the gas phase (3). The resulting
oxygen vacancy is refilled by oxygen from an oxygen molecule that is adsorbed (4). A
second CO is then adsorbed (5), reacts with the remaining oxygen atom (6) and desorbs as
a second CO; molecule (7). The catalyst is regained in its native form. Since by use of
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lattice oxygen said vacancies are formed throughout the reaction, their detection by Raman
spectroscopy and their proportionality to the reaction rate is a strong indicator for this
mechanism. A more common mechanism in heterogeneous catalysis is the Langmuir-
Hinshelwood mechanism (Figure 1.12 left) in which no lattice oxygen is used. Here, CO
and oxygen from the gas phase diffuse to the surface of the catalyst, where they both are
adsorbed simultaneously (1). The oxygen molecule dissociates on the catalyst surface (2)
and CO reacts with one of the adsorbed oxygen atoms to form CO- (3) which then desorbs
and diffuses back into the gas phase (4). Then again, a CO molecule is adsorbed (5), reacts
with the remaining adsorbed oxygen atom (6) and desorbs as CO> while the catalyst is
regained. This mechanism was for example proposed for CO oxidation on metallic
platinum, palladium or rhodium catalysts!!*"140] while sometimes also the Eley-Rideal
mechanism is discussed, in which one of the reactants does not adsorb on the catalyst
surface but reacts directly from the gas phase with the second educt to form CO; (Figure
1.12 1eft)12%]. In 2008 Wagloehner et al. postulated the oxidation of CO on FeOs to follow
the Eley-Rideal mechanism after kinetic studies as well as DRIFT spectroscopic
experiments and isotopic labeling®”!. They could also show that the reaction of
dissociatively adsorbed oxygen with CO from the gas phase is the rate-determining step.

CO: CO+ 0> CO,

(7) mw : j/,m o

™ \
* 7 Bley- O d Mars- ) §
! Rideal van-

: Krevelen
i a ® / 6) o \

(5) Langmuir- /3) 5) 3) A
o Hinshelwooa coO COs

@ Oxygen ° Carbon ° Catalyst Oxygen Vacancy

Figure 1.12: Schematic description of CO oxidation on a heterogenous catalyst following a Langmuir-Hinshelwood or
Eley-Rideal mechanism (left) or a Mars-van-Krevelen mechanism (right); both mechanisms are simplified and do not
show each elementary step that occurs during reaction.

In 2009 Ren et al. published their work in which they compared various
commercially available mesoporous transition metal oxides with their corresponding bulk
phasel'?8). Surprisingly, bulk Fe,Os, despite a surface area of only 9 m?/g, was found to be
slightly more active than its mesoporous form with a surface of 139 m*/g. The Tso for bulk
Fe>O3 was approx. 220 °C while the one of mesoporous FeoO3 was 10 °C higher. Catalysts
with a very astounding activity were published by Hnat et al., who also used zeolites as
support material for the immobilization of iron oxides with a total iron content of 0.6 to
10 wt%!'%!. The catalysts were prepared by impregnation of SiBEA with iron(II) nitrate
in aqueous solution with addition of nitric acid followed by removal of the solvent and
annealing of the dry solids at 500 °C in air. Additional annealing in oxygen atmosphere at
760 °C prior to catalytic tests lead to less active catalysts with a minimum Tso of 185 °C,
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whereas reduction with H> at 760 °C prior to the experiments resulted in extraordinarily
high CO conversion of over 90 % from the start at 37 °C and total conversion at 63 °C.
They concluded that with their preparation method mainly tetrahedrally coordinated and
isolated iron oxide species were formed, which promoted the formation of Brgnsted and
Lewis acidic sites, which again were ideal for the adsorption of carbon monoxide. Also,
lower iron content catalysts were found to be much more active in CO oxidation, which is
due to the higher ratio of tetrahedrally coordinated iron sites compared to octahedral ones.
a-Fe>Os; nanomaterials were investigated by Gao et al. in the form of iron oxide nanorods,
nanocubes and nanotubes. A good comparison between activity of different crystal planes
could be made. At the nanorods, mainly the (001) plane is visible, which seems to be much
more active with a Tso of 290 °C while the nanotubes mainly comprise (010) sites on the
surface exposed to the gas stream, resulting in a Tso of 400 °C. The nanocubes do not
feature one main crystal plane, thus showing activity in between at 380 °C. Tepluchin et al.
published a series of manuscripts in which they compared iron oxide and manganese oxide
catalysts immobilized on a Al2O3 support prepared by incipient wetness impregnation to
the respective catalysts made by flame spray pyrolysis?1-208201 TWT derived catalysts
featured Tso of 210, 232 and 267 °C with a respective iron content of 20, 10 and 5 wt%,
while FSP derived catalysts with the same contents converted 50 % of CO at 188, 217 and
270 °C2°1 Lower activities for the IWI derived catalysts at higher amounts of iron were
assigned to a much higher content of bulk phase iron oxide. An addition of 5 vol% water
to the gas stream lowered the activity of the 20 wt% IWI catalyst significantly to a Tso of
270 °C. Unfortunately, no other iron catalysts were tested under influence of moisture. For
the experiments 500 mg of each catalyst were tested in a gas stream of 250 ml/min
containing 500 ppm CO and 5 vol% O> in N> balance and a gas velocity of 0.3 km/h, while
for the experiments with addition of water only 100 mg of catalyst were used under the
same conditions. Hence, the substantial decrease of activity could also be the result of 80 %
less active material. They also investigated the influence hydrothermal ageing on the above-
mentioned catalysts, but now immobilized on a honeycomb carrier which is typical for
automotive applications!?*®!. Here, the 20 wt% IWI derived catalyst showed better activity
than the respective FSP catalyst, but after hydrothermal ageing at 700 °C in a gas stream
containing 10 vol% H>0O and 10 wt% O in N> balance the activity of the IWI catalyst
decreased drastically, while the FSP derived samples showed almost no differences after 2
or 4 h of ageing. This high hydrothermal stability of the FSP derived catalysts was assigned
to their much higher nanocrystallinity. Kim et al. prepared a very active iron oxide catalyst
by chemical vapor deposition of ferrocene on a mesoporous Al,Os support followed by
annealing under atmospheric airl?*?!. The catalyst with an approximated amount of 7 wt%
iron was able to convert 73 % of CO from the start at 30 °C but its activity decreased within
6 h down to 47 % and down to 39 % after 33 h. A rather stable activity could be shown at
100 °C with a starting conversion of 87 % and 85 % after 33 h. However, it is noteworthy
that the catalytic experiments in this case were conducted with 2 g of the catalyst and a gas
flow of only 10 ml/min. Since the catalyst was loaded into a glass tray in the reactor, only
vague approximations can be made, resulting in a GHSV of 54 h'! and a gas velocity of
0.0016 km/h. A very interesting route of catalyst preparation was published by Li et al. in
2018291 A reaction of iron(IIl) nitrate with sodium carbonate was carried out to form
NaNOs3 and presumably an iron carbonate intermediate which is instable and reacts to
Fe(OH)3. The mixture was then vaporized and carried into a 600 °C oven by a constant
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oxygen stream to form Fe,O3 templated by the sodium nitrate. By this, so-called sponge-
like Fe,O3 microspheres with a surface area of 216 m?/g could be prepared. These catalysts
featured 50 % CO conversion at 200 °C and total conversion at 300 °C, but under more
realistic conditions with a GHSV between 36000 and 60000 h™'. Significant publications
on this topic were also made by Schoch et al. in 2014 and 2016!242%! Initially they
presented a facile preparation technique for iron oxide catalysts on alumina support by
wetness impregnation of iron(IIl) acetylacetonate on y-Al>O3 followed by removal of the
solvent and annealing under atmospheric air at 600 °C. They carried out a structure-
activity-correlation of three catalysts with 1, 5 and 10 wt% of iron in which they correlated
a high amount of isolated tetrahedrally coordinated iron oxidic species on the support
surface of the 1 wt% catalyst with its higher activity in CO oxidation. Its Tso was 257 °C
and it could catalyze 100 % of CO conversion at approx. 278 °C. The Tso of the 5 and
10 wt% catalysts were 298 respectively 332 °C. The lower activities of the latter could be
attributed to high amounts of octahedrally coordinated iron species in small oligomers or
even bulk phase. In a second manuscript they showed a completely different approach in
which they reduced the Fe(acac)s; precursor prior to impregnation with phenyllithium,
phenylmagnesium bromide or triphenyl aluminum in inert atmosphere to form small core-
shell-nanoparticles with Fe'! core and the respective metal of the reductant as its shell>%,
They describe an integrating effect of the organoaluminum species if an Al,O3 support is
used due to the possible incorporation of the core-shell-nanoparticles into the support
lattice, resulting in isolated and predominantly tetrahedrally coordinated iron species. In
contrast to this, they ascribe an isolating effect to shells containing metals different than in
the support as they tend to stay separated from the support and form larger particles of
iron(IlT) oxide, which could also be correlated to their catalytic activity. The catalysts
prepared with AlPh; showed significantly higher conversions at lower temperatures
compared to the LiPh and PhMgBr derived samples. In contrast to the catalysts of the
previous publication, here the 10 wt% catalysts were more active with a Tso of 314 °C and
399 °C for the samples prepared with AlPh; respectively PhMgBr, while the 1 wt% catalyst
showed highest activity for the samples derived from LiPh with a Tso of 507 °C. Also, a
higher thermal stability of the AlPhs derived catalysts could be shown by comparison of
EXAFS analysis before and after usage in CO oxidation which could also be explained by
incorporation or anchoring of the core-shell-nanoparticles into the support.

Albeit all of these publications and the work done on this topic, our knowledge
about the working principles of these systems is still marginal. It is crucial to investigate
these catalysts even further to understand how potent alternatives to noble metal catalysts
can be prepared, especially for low temperature CO oxidation in the range of RT to 150 °C
and with a high stability against catalyst poisons and thermal ageing.
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2 AIM OF THIS WORK

To replace noble metal catalysts in automotive applications, iron oxides present a
potent but abundant and biocompatible alternative. However, to keep up with state-of-the-
art systems iron catalysts must be optimized by means of their catalytic activity as well as
their stability. To do so, a better knowledge about these catalysts is crucial.

The aim of the herein presented work is a thorough structure-activity-correlation of
basic iron oxide catalysts supported on y-Al.O3 to enhance the understanding of their
working principles. Therefore, a series of catalysts with varying weight-loading of iron
should be prepared and investigated by mostly spectroscopic methods to elucidate their
structural properties. Amongst the applied methods are powder X-ray diffractometry to
determine the actual phase of the iron oxide species as well as diffuse reflectance UV/Vis
spectroscopy and X-ray absorption spectroscopy for an extensive study of the coordination
geometry of the active sites. These results should then be correlated to the catalytic activity
of these catalysts to deduce a working hypothesis for the preparation of new iron oxide
catalysts with enhanced structural and catalytic properties, which could potentially keep up
with noble metal catalysts. For the preparation of these catalysts, two main routes should
be evaluated, on one hand the improvement of the alumina-supported iron oxide catalysts
themselves by an advanced preparation technique deduced from the structure-activity-
correlation made hitherto, and on the other hand the addition of a second and third 3d metal.
For the latter, manganese was chosen to elevate the stability of the catalysts against
poisoning or thermal ageing and cobalt for low temperature activity. For each route a series
of catalysts should be prepared and again investigated thoroughly regarding their structural
parameters as well as their CO oxidation activity.
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3 QUALITY OR QUANTITY?

How Structural Parameters Affect Catalytic
Activity of Iron Oxides in CO Oxidation

PGMs for catalytic CO oxidation. Economic and ecological reasons consolidate their

advocacy, but despite high activity, good stability against catalyst poisoning is
required. Hitherto no iron-based system could fulfill the requirements. To successfully
replace noble metals in catalytic converters, a better understanding of iron oxides regarding
their working principles in CO oxidation is crucial. A structure-activity-correlation of iron
oxide catalysts immobilized on y-Al2O3 was carried out with different weight-loadings of
iron to determine differences in the present iron species and how they affect catalytic
activity. Therefore, the catalysts were investigated by various spectroscopic and
microscopic methods and finally tested in CO oxidation experiments, aiming at the
improvement of the preparation technique to yield catalysts that could potentially keep up
with noble metals in the abatement of carbon monoxide from exhaust gases.

Iron oxides present a potent, abundant and biocompatible alternative to commonly used

3.1 Results

Fe(acac)s was dissolved in a mixture of NMP and THF (1:1) and added to y-Al>O3

suspended in THF to yield mixtures of 1, 2.5, 5, 10 and 20 wt% of iron respective
to alumina. The solvents were removed and the dried powders annealed under atmospheric
air at 600 °C (for further information see chapter 8.2). The as-prepared catalysts were
investigated by various spectroscopic and microscopic methods, such as PXRD, DRUVS,
MoBbauer, STEM-EDX and XAS.

ﬁ series of five catalysts was prepared according to Schoch et al.*®Y. Therefore

The catalytic activity of iron oxides strongly depends on structural parameters, such
as the phase of iron oxide, its dispersion on the support surface and especially whether it is
present in isolated species or in large clusters, respectively bulk phase. Often, basics like
the surface area give important information about catalytic systems.

Table 3.1: Specific surface areas of Fe0l to Fe20 compared to the pure y-Al20s support, obtained from Nz physisorption
via BET method.

Sample Surface [m?/g]
v-ALO; 169
FeO1 155
Fe025 164
Fe05 167
FelO 152
Fe20 121
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The pure support material has a surface area of 169 m?/g which does not change
significantly for FeO1 to Fel0 where it ranges between 152 and 167 m?/g (Table 3.1). For
Fe20 the area decreases to 121 m?/g due to a higher amount of agglomeration.
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Figure 3.1: Powder X-ray diffractograms of Fe0l to Fe20 and the y-Al2O3 support.

For determination of the phases of the support as well as the catalytic species,
powder X-ray diffraction presents a potent tool. However, the in-house diffractometer only
shows iron oxide reflexes for Fe10 and Fe20 at 20 = 36° which could be attributed to both,
the (110) plane of hematite or the (311) crystal plane of maghemite (Figure 3.1).
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Figure 3.2: Experimental high-resolution powder X-ray diffractograms of catalyst FeOl to Fe20 (orange to green) and
calculated diffractograms of hematite (a-Fe203) and maghemite (y-Fe203).

Besides that, no further signals for iron oxide can be detected. The remaining
reflexes at approx. 37, 39, 46, 61 and 67 ° can be assigned to the powder pattern of pure
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y-ALOs, respectively the (311), (222), (400), (511) and (440) crystal planes?!%2!1 To
maximize the detectability of the iron oxidic phase of these systems an increase of the
signal-to-noise ratio and resolution by exchange of the in-house diffractometer to
synchrotron X-ray radiation with a high resolution 2D detector is crucial. Hence, high
resolution powder X-ray diffraction is carried out. The obtained diffractograms clearly
show that both Fel0 and Fe20, besides the y-Al,O3 support, consist of a mixed phase of a-
and y-Fe;Os (see Figure 3.2). As an example, both samples show signals corresponding to
the (104), (202) and (024) crystal planes of hematite (a-Fe,03)?!'? as well as the (220),
(440) and (533) planes of maghemite (y-Fe>03)!?!*!. Comparison of the reflex positions in
the high resolution PXRD data shows a clear trend for all y-Al>O3 signals. With increasing
iron loading peak positions shift to lower angles. The respective plane distances and hence
the lattice parameters increase, which is a strong indicator for the incorporation of the iron
species somehow into the y-Al,Os lattice. This correlation is shown in Figure 3.3 for the
(311), (222), (400), (511) and (440) planes of the y-Al>O3 support. The (111) and (220)
planes were left out from this comparison, because their low intensity and interference with
iron oxide reflexes lowered the validity of the results.
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Figure 3.3: Lattice parameter a calculated from 20 shifts of the (311), (222), (400), (511) and (440) crystal planes of the
alumina support of catalyst FeOl to Fe20, derived from high resolution PXRD data.

To gain insights into the cluster sizes of the iron oxide species, MoBbauer
spectroscopy of the catalysts was carried out at ambient temperature (295 K) as well as at
low temperature (77 K). Due to the small iron concentration in FeO1, no MoBbauer spectra
at low temperature could be recorded for this catalyst. Isomer shifts & of FeOl to Fe20
together with their quadrupole splitting AEq verify that solely iron species in the oxidation
state +I1I are present in the investigated catalysts (Figure 3.4).
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Figure 3.4: Mdfbauer spectra (black dots) of catalysts FeOl to Fe20 with corresponding fits (red: doublet, blue: sextet,
green: cumulative fit) and the resulting parameters (bottom right).

At ambient temperature, all of them show a doublet with an isomer shift of 0.26 to
0.29 mm/s and since a sextet is missing for FeOl to Fe05 this can be assigned to particles
with sizes below 13.5 nanometres?'*, The fact, that even at 77 K no additional sextet
occurs for Fe025 and Fe05 (see Appendix: Figure SI 9.2 and Figure SI 9.3) indicates that
the particles feature superparamagnetism, meaning that they are too small to induce
magnetic splitting. In contrast, Fel0 and Fe20 show additional Zeeman lines due to
magnetic splitting even at ambient temperature, which indicate particle sizes of the iron
oxide species above 13.5 nm. Areas of the fitted spectra can directly be used to quantify
the ratio of small to big particles. The ratio of doublet to sextet changes from 3.4:1 at
catalyst FelO to 2.2:1 at Fe20, which means that the percentage of iron species present in
particles above 13.5 nm is much higher at the 20 wt% catalyst.

For elucidation of variations of the iron oxide species present in the catalysts,
meaning the ratio of tetrahedrally to octahedrally coordinated iron(Ill) and isolated vs.
agglomerated iron oxide species, UV/Vis spectroscopy is carried out. The local geometry
of Fe'! has a strong influence on the energy of the bonding and non-bonding orbitals,
leading to characteristic absorption bands in the UV/Vis region originating from charge
transfer (CT). Bands below approx. 300 nm can be assigned to isolated iron species, while
CT bands of tetrahedrally coordinated iron species tend to occur at lower wavelengths
compared to those of octahedrally coordinated metal centers>!>??!!. Oligomers and small
particles lead to additional bands at higher wavelengths up to 900 nm. The spectra of the
presented catalysts (Figure 3.5) show strong variations in these regions with FeO1l having
least contributions above 400 nm and its main feature at low wavelengths around 300 nm.
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Figure 3.5: Background-corrected diffuse reflectance UV/Vis-spectra of FeOl to Fe20.

This feature, despite growing, seems to shift to lower energies, respectively higher
wavelengths, with increasing iron loading. Additionally, there is a strong increase of
contributions above 400 nm from Fe0O1l to Fe20. These findings can be quantified to gather
detailed information about the iron oxide structure. The structure of hematite contains
solely iron oxide octahedrons while the maghemite structure consists of both octahedral
and tetrahedral oxygen coordination, which means that the ratio of tetrahedrons to
octahedrons is a good indicator for the actual iron phase.

Table 3.2: Percentual amounts of tetrahedral, octahedral, oligomeric and particulate iron species of FeOl to Fe20,
derived from peak deconvolution of the DRUV spectra.

Catalyst Fetet [%] Feoct [%] FexOy olig. [%] FexOy particles [%]

FeO1 12.0 37.3 50.3 0.44
Fe025 10.8 354 48.6 5.15
Fe05 7.30 22.7 60.5 9.52
FelO 4.87 17.6 57.7 19.8
Fe20 4.20 15.2 65.7 14.9

Deconvolution of the experimental spectra (Figure 3.6) yields the area values given
in Table 3.2. As can be seen in Figure 3.7 (left), the normalized area for tetrahedral
coordinated isolated iron(IIl) species decreases from Fe(O1l to Fe20 and so does the area of
isolated octahedrons, while the areas for small oligomers and especially for particles
increase with increasing iron loading. For FeO1l only 12 % can be assigned to tetrahedrally
with a 3.1 times higher amount of octahedrally coordinated Fe'! centers. Fe025 has a 3.3
times higher amount of octahedral iron species while this number is 3.1 again for Fe0S5. For
Fe10 and Fe20 this number increases to 3.6. Since the crystal structure of hematite does not
comprise tetrahedrally coordinated iron oxide species, this increase of the ratio of peak 2
to 1 in the 200 to 300 nm regime at higher iron loadings can be correlated to a decrease in
the amount of maghemite compared to hematite.
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Figure 3.6: Results from peak deconvolution of the DRUV spectra of FeOl to Fe20; experimental spectra after
background subtraction (black) and the corresponding cumulative peak fit (dark green); the center of each peak is given
in nanometers in the legend.

However, when the iron loading of each catalyst is taken into account (Figure 3.7
right), the overall amount of both, isolated tetrahedral and isolated octahedral species
increases from Fe(O1 to Fe20 but so does the number of oligomers and bulk species.
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Figure 3.7: Visualization of the normalized percentual areas of tetrahedral, octahedral, oligomeric and particulate iron
oxide species (left); amounts of these species relative to the overall mass of the catalysts (right).

To gain insights into the distribution of iron on the support and the iron oxide
particle size, scanning transmission electron microscopy of FeOl to Fe20 is utilized
combined with energy dispersive X-ray mapping. Figure 3.8 shows the HAADF images of
a confined domain of each observed catalyst, together with the filtered images for oxygen,
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aluminum and iron. The catalyst particles have a rough, irregular appearance with a broad
particle size distribution, which derives from the used support. The HAADF image of
catalyst Fe20 shows bright spots with diameters up to 50 nm, which correspond to bright
spots on the iron signal. These are isolated clusters of iron oxide. The signals of oxygen,
aluminum and iron on the remaining parts of the observed domain are finely distributed.
For Fel0, a smaller number of isolated iron oxide clusters is found. Fe05 displays almost
no visible clusters and at Fe025 only small dots of iron can be seen if the intensity of the
signal is increased. At FeOl almost no iron signal can be seen.

FeO1 Fe025 Fe05 FelO Fe20

Figure 3.8: HAADF images (top row) and STEM-EDX images (red: oxygen K signal; green: aluminum K signal; blue:
iron K signal) of FeOl to Fe20 (left to right); scale bar 200 nm.

All of the observed domains of FeOl, Fe025 and Fe0O5 show a very homogeneous
distribution of oxygen, aluminum and iron signal, indicating very finely dispersed iron
oxidic species with almost no detectable agglomerates.

In addition to UV/Vis spectroscopy, X-ray absorption spectroscopy (XAS) provides
an additional tool to probe the oxidation state and local geometry of the iron centers in the
catalysts. The iron K-edge X-ray absorption near edge structure (XANES) shown in Figure
3.9 can be divided into two main features, pre-peak (approx. 7110 eV to 7120 eV) and the
main edge (approx. 7120 eV to 7135 eV).
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Figure 3.9: XANES region of the X-ray absorption spectra of FeOl to Fe20 and o-Fe203 and zoomed in pre-peak of the
respective samples.

The pre-peak originates from excitation of 1s electrons to the localized 3d/4p hybrid
orbitals. It is therefore sensitive to the symmetry of the probed atom and even its oxidation
state. The pre-peak energies of the catalysts are between 7113.9 and 7114.1 eV (Table 3.3)
while their intensities are roughly the same. In comparison to that, the pre-peak of a- and
v-Fe>O3 have slightly higher energies with 7114.6 and 7114.3 eV for the first maximum
with a less broadened and more intense shape.

Table 3.3: Pre-peak and edge positions of FeOl to Fe20 and the o- and y-Fe20s references; for the references, the pre-

peak was fitted by two Gaussian-type functions; for the catalysts FeOl to Fe20 only one fit function was applied; edge
positions were obtained by halved maximum of the edge jump.

Catalyst Pre-peak [eV] Edge position [eV]

FeOl 7114.0 7126.0
Fe025 7113.9 7125.7
Fe05 7113.9 7125.4
Fel0 7114.1 7125.6
Fe20 7114.0 7125.4
a-FeoOs  7114.6 7117.5 7125.1
v-Fe:O3 71143 7117.1 7125.9

However, the spectra of catalysts FeOl to Fe20 and the references were measured
with different beamline parameters, which could contribute to a broadening in the case of
Fe(1 to Fe20. The main edge shows transitions of 1s electrons into the continuum, making
it an accurate descriptor for the oxidation state of the probed species. The edge positions of
FeOl to Fe20 range between 7125.4 and 7126 eV (Table 3.3), a- and y-Fe;O3 have edge
energies of 7125.1 respectively 7125.9 eV. While the pre-peaks of FeOl to Fe20 are slightly
shifted to lower energies, compared to the references, the edge positions are almost the
same. Differences in the positions are minor and can be neglected. All obtained energies
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are in good agreement to the literature and confirm together with the MoBbauer data the
presence of iron in the oxidation state of +III.

A more detailed view of the local short-range structure of the iron centers can be
achieved by analysis of the extended X-ray absorption fine structure, short EXAFS. By
application of a model structure!®®!, two main coordination spheres can be fitted to the
Fourier transformation of the experimental spectra (Figure 3.10). The first region, from 1.8
to 2.2 A, containing the oxygen neighbours, allows a discrimination of tetrahedral and
octahedral coordination sites. The region from 2.2 to 4 A contains the nearest iron and
aluminum backscatterers. Fitting the experimental data with the EXAFS equation yields
structural parameters summarized inTable 3.4.

FeOl Fe025 Fe05

| FT [x(k)] | /A3

R/A

Figure 3.10: Fourier transformed EXAFS spectra of Fe0Ol to Fe20 and the corresponding fits.

Comparison of the first region clearly shows a trend from a coordination of 2.5
oxygen backscatterers at 1.9 A and 3.9 at 2 A to the observed iron center of catalyst Fe20,
over 3.6 oxygen atoms at 1.9 A and 3.1 at 2.1 A at catalyst Fe0S5, towards a ratio of 4.8
oxygen atoms at 1.9 A to 1.1 atoms at 2.2 A for Fe0l. If the crystallographic data of the
presumed phases of iron>'?2!3] maghemite and hematite, are taken into consideration,
these numbers can be correlated to tetrahedral and octahedral iron oxide species. While an
octahedral coordination in maghemite as well as in hematite has Fe-O distances between
1.9and 2.2 A, tetrahedrons from maghemite also introduce Fe-O distances between 1.7 and
1.9 A. Since the averaged Fe-O distance of the octahedrons is approx. 2 A and they are
only slightly distorted, which means that the coordination is still somewhat symmetrical,
only a contribution of low R Fe-O distances from tetrahedrons could lead to a coordination
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number higher than 3 at 1.94 A. Thus, the high coordination number of 4.8 oxygen
backscatterers of FeO1 can be attributed to a high amount of tetrahedrally coordinated iron
species. Fe025 seems to be identical, while the coordination changes over 3.6:3.1 for Fe05
to 2.5:3.9 for Fe20, indicating that here the ratio of tetrahedral to octahedral iron(II)
coordination is decreased, which is in excellent agreement to the information obtained from
DRUYVS data (Figure 3.7). However, compared to the a-Fe>Os reference the Fe-O distances
of Fe20 are still smaller, ascertaining that there is still a certain amount of y-Fe>Os3 as also
shown by XRD. The second region, as stated before, contains the nearest iron and
aluminum atoms, which can be an indicator for particle size as well as the incorporation of
the active site into the support lattice. In this particular case there are no major changes or
trends detectable. All of them have a minor coordination sphere of iron at 3 A and a larger
amount of aluminum followed by iron backscatterers at around 3.4 A.

Table 3.4: Structural parameters obtained by EXAFS analysis of the catalysts FeOl to Fe20 Fe20 as well as the a- and
y-Fe20s reference; Abs = absorbing atom; Bs = backscattering atom; n(Bs) = number of backscattering atoms; r(Abs-
Bs) = distance of absorbing to backscattering atom; o = Debye-Waller-like factor; R = fit index; Ef = Fermi energy;
Afac = amplitude reducing factor.

Catalyst Abs-Bs n(Bs)  r(Abs-Bs) [A] o [A1]
Fe-O 48+024 1.944+0.019 0.089 +0.008 R =28.29 %
Fe-O 1.1+0.05 2.157+0.021 0.045+0.004 Ef=3.655¢eV
FeO1 Fe-Fe 1.0+0.10 3.059+0.030 0.112+0.011 Afac=0.9072
Fe-Al 8.1 +0.81 3.426+0.034 0.112+0.011
Fe-Fe 5.0+0.50 3.439+0.034 0.112+0.011
Fe-O 4.6+0.23 1.944+0.019 0.095+0.009 R =38.80%
Fe-O 1.6+0.08 2.169+0.021 0.087 +0.008 Er=3.137¢eV
Fe025 Fe-Fe 1.1 +0.11 3.047 £0.030 0.107 £0.010 Afac=0.9477
Fe-Al 7.9+0.79 3.455+0.034 0.112+0.011
Fe-Fe 5.6+0.56 3.463+0.034 0.112+0.011
Fe-O 3.6+0.18 1.911+0.019 0.087+0.008 R=34.13 %
Fe-O 3.1+0.15 2.076+0.020 0.112+0.011 Ef=4.013¢eV
Fe05 Fe-Fe 0.8 +0.08 3.063+0.030 0.105+0.010 Afac=0.8896
Fe-Al 7.4+0.74 3.397+0.033 0.112+0.011
Fe-Fe 4.7+047 3.414+0.034 0.112+0.011
Fe-O 3.4+0.17 1907 +£0.019 0.081 £0.008 R =33.88 %
Fe-O 3.0+0.15 2.065+0.020 0.112+0.011 Etr=2.925eV
Fel0 Fe-Fe 0.5+0.05 2.983+0.029 0.092+0.009 Afac=0.8896
Fe-Al 6.2+0.62 3.354+0.033 0.112+0.011
Fe-Fe 4.0+0.40 3.403+0.034 0.112+0.011
Fe-O 2.5+0.12 1.898+0.018 0.077+0.007 R=33.35%
Fe-O 39+0.19 2.025+0.020 0.110+0.011 Er=4.384¢eV
Fe20 Fe-Fe 0.5+0.05 2.962+0.029 0.081 +0.008 Afac=0.8217
Fe-Al 9.0+090 3.360+0.033 0.112+0.011
Fe-Fe 5.7+0.57 3.394+0.033 0.112+0.011
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Fe-O 32+0.16 1.961+0.019 0.081+0.008 R=27.77%

Fe-O 33%0.16 2.134+0.021 0.110+0.011 Ef=2.584¢V
a-Fe;Os;  Fe-Fe 63+0.31 2.983+0.029 0.112+0.011 Afac=0.9735

Fe-Fe 2.9+0.29 3.317+0.033 0.112+0.011

Fe-Fe 1.2+0.12 3.706 £0.037 0.063 £ 0.006

Fe-O 0.7+0.03 1.868+0.018 0.032+0.003 R=24.68 %

Fe-O 48+0.14 2.003+0.020 0.105+0.010 Er=3.112eV
y-Fe2Os  Fe-Fe 4.4+044 3.019+0.030 0.112+0.011 Afac=0.8219

Fe-Fe 2.1+£0.21 3.467+0.034 0.087 +0.008

Fe-Fe 3.6+0.36 5.128+0.051 0.112+0.011

The CO oxidation activity of each catalyst was both measured under a constant
heating ramp with 2 °C/min up to 600 °C (Figure 3.11 left) as well as at static temperatures
in 50 °C steps starting from 150 °C (Figure 3.11 right). In the continuous measurements
the temperatures of 10 % conversion for FeOl, Fe025, Fe05, Fel0 and Fe20 are 170, 109,
86, 88 and 94 °C, respectively 362, 211, 169, 177 and 177 °C for 50 % of CO-conversion
(Table 3.5). Here FeO1 shows the lowest activity, followed by Fe025. Fe05, Fel0 and Fe20
only show minor differences in their curves of conversion, with Fe05 being the most active.
Fel0 is slightly better than Fe20 below 177 °C which changes at higher temperatures due
to the steeper incline in the conversion curve of Fe20. The temperatures corresponding to
90 and 95 % CO-conversion for FeOl to Fe20 are 449, 307, 240, 283 and 248 °C,
respectively 467, 332, 259, 340 and 272 °C. Here Fe05 is again superior to the other
catalysts, followed by Fe20. Fe10 has a lower temperature than Fe025 for 90 % conversion
but due to a drop in activity of FelO this is inverted for 95 % CO; yield.
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Figure 3.11: Percentual CO: yield of FeOl to Fe20 in continuous CO oxidation experiments (left) and at static
temperatures (right).

FeO1 shows the lowest activity over the whole measurement, including a large drop
of activity between 300 and 400 °C. The same trends can be seen in the measurements at
static temperatures. Here also FeOl shows lowest activity, followed by Fe025, at least at
150 and 200 °C. Fe05 displays the highest conversion at all temperatures, while FelO is
less active and shows even lower activity than Fe025 at 250 °C. Fe20 features only slightly
lower activities than Fe05, as in the continuous measurements. The CO, yields of FeOl to
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Fe20 from continuous measurements at 100, 150, 200, 250 and 300 °C were converted into
the turnover frequencies shown in Figure 3.12 (left).

Table 3.5: Temperatures of Fe0l to Fe20 corresponding to 10 %, 30 %, 50 %, 90 % and 95 % CO conversion, respectively
COz yield, obtained from measurements with continuous heating.

Catalyst T10[°C] T30 [°C] Ts0[°C] Too [°C] Tos[°C]

Fe01 170 267 362 449 467
Fe025 109 169 211 307 332
Fe05 86 136 169 240 259
Fel0 88 142 177 283 340
Fe20 94 146 177 248 272

Here the catalysts with low iron loadings FeO1, Fe025 and FeOS5 are superior to Fel0
and Fe20 at 100, 150 and 200 °C. Above that the turnover frequencies of FeOl and Fe025
abscond to almost twice the TOF of Fe05, while the values for FeO5, FelO and Fe20
stagnate. Turnover frequencies obtained from CO oxidation experiments at static
temperatures show a similar trend, where at 150 °C FeOl has a slightly higher TOF than
Fe025 and Fe05 (Figure 3.12 right). FelO has a much lower value, followed by Fe20. The
turnover frequency of FeOl doubles to 200 °C and increases with the same amount up to
250 °C with Fe025 being slightly less active at both temperatures.

S| Rouanbhaay IBAoUAN |,

Figure 3.12: Turnover frequencies of FeOl to Fe20 in CO oxidation experiments with continuous heating (left) and at
static temperatures (right).

Fe05 can almost keep up at 200 °C but has a much lower TOF than Fe025 at 250 °C.
The values of Fe10 are much lower at all temperatures and Fe20 shows even worse turnover
frequencies. It is noteworthy, that for these static measurements a decay in conversion for
each step could be detected after reaching the desired temperature. This decrease in CO
conversion can be quantified as high as 10 to 15 % and derives most certainly from carbon
dioxide poisoning of the active sites. Nonetheless, at these stationary measurements the
superiority of low iron loadings can be visualized even further by comparison of turnover
frequencies (Figure 3.12). If the whole amount of iron is taken into the calculation, the TOF
of catalyst FeO1l at 250 °C is 5 times higher than Fel0 and more than 8 times higher than
Fe20. However, since the number of iron oxidic sites that take actively part in the reaction
cannot be quantified, the TOF can only be calculated for the overall amount of iron.
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3.2 Summary and Discussion

loadings of iron were prepared to perform a multidimensional structure-activity-

correlation. All of the catalysts could be ascribed to iron oxide with iron in the
oxidation state +IIT as confirmed by isomer shift and quadrupole splitting of the MoBbauer
spectra as well as the pre-peak and edge positions of the XANES analysis. The surface area
of the pure support and the catalysts FeO1 to Fe20 was obtained via the BET method, which
showed that only minor changes occur for Fe0l to Fel0 when compared to y-AlOs,
whereas the surface area drops from approx. 160 m?/g to 121 m?/g for Fe20. This can be
explained by the higher amount of agglomeration of Fe20 when compared to the other
samples, as indicated by UV/Vis, Mofbauer as well as the STEM-EDX mapping. XRD
analysis showed increasing y-Al,Os lattice parameters for increasing Fe loadings, which is
due to either incorporation of Fe ions into the support lattice or interaction with the latter.
While Fel0 and Fe20 could be ascertained to a mixture of both a- and y-Fe>Os3, respectively
hematite and maghemite, FeO1, Fe025 and Fe05 did not show any iron oxide related signals
which is either due to poor crystallinity or crystallite sizes too small to be detected by high-
resolution XRD. Latter fits to the information gained by Mofbauer spectroscopy, in which
FeOl to Fe05 were assigned to particles less than 13.5 nm, whereas Fel0 and Fe20 do also
contain particles above this value. The superparamagnetism of Fe025 and Fe05 deduced
from low temperature MoBbauer analysis underlines the conjecture of very small particle
sizes. STEM-EDX mapping of FeO1 to Fe20 also showed large variations in the iron oxide
particle sizes. For Fe20 a number of large clusters of iron oxide with diameters up to 50 nm
could be detected. The amount of these clusters decreases with decreasing iron oxide
loading. For FeOl to FeO5, none of these large clusters are visible. Besides these
agglomerates, a fine dispersion of iron oxide species with sizes below the resolution of the
microscope could be shown on all observed y-Al2O3 particles of FeOl, Fe025, Fe05, FelO
and Fe20, which is again in good agreement to the M6B8bauer data. Peak deconvolution of
diffuse reflectance UV/Vis spectra also shows an increase in the amount of oligomers
(FexOy) and bigger particles from FeOl to Fe20. Quantification of the peak areas below
330 nm led to a trend of octahedrally vs. tetrahedrally coordinated iron oxide species. This
ratio is 3.1 respectively 3.3 and 3.1 for FeOl, Fe025 and Fe05 and increases to 3.6 for both
Fel0 and Fe20. X-ray absorption spectroscopy of the catalysts was carried out at the iron
K-edge. While analysis of the near edge region did not show any differences throughout
the samples, EXAFS analysis also led to a clear trend of more tetrahedrally coordinated
iron oxide species with Fe-O distances of approx. 1.94 A for Fe01 and Fe025, to more Fe-
O contributions at distances above 2 A with increasing iron loading. This can be assigned
to a higher amount of octahedrally coordinated iron species for FelO and Fe20 as also
shown by the above-mentioned peak deconvolution of the DRUV spectra. The catalysts
showed good to excellent activity during CO oxidation experiments, dependent on the
approach taken for comparison. Fe05, Fel0 and Fe20 showed high activity at much lower
temperatures than FeOl and Fe025 in the continuous measurements and also at static
temperatures with the exception of Fel0 being less active than Fe025 at high temperatures.
Over the whole experiment Fe05 was superior to the other catalysts, followed by Fe20 and
Fel0. Fe025 and FeOl appeared to be least active when comparing the temperatures needed
for a certain amount of CO; yield. However, when converted into turnover frequencies, the
catalysts with lower weight-loadings of iron were superior to the other catalysts at distinct
temperatures, in the continuous as well as the static measurements. The much higher

Catalysts with iron oxide immobilized on a y-Al,0O3 support with varying weight-
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turnover frequencies of FeOl and Fe025 can be explained by a higher ratio of more active
tetrahedral to less active octahedral iron oxide species, as it could be proven by the
deconvolution of the DRUVS data as well as the EXAFS analysis. In addition to this, FeO1l
and Fe025 did not show any agglomerates (FexOy) in STEM-EDX mapping, while with
increasing iron loading large clusters of iron oxide up to 50 nm could be detected. This can
be emphasized by the information gathered throughout MéBbauer analysis as well as the
DRUYVS data which both showed large contributions of iron oxide oligomers and small
particles. This means that an increasing amount of iron oxide is present in bulk phase with
increasing iron loading, which is likely to be less accessible for catalytic purposes.
Nevertheless, Fe05 to Fe20 showed curves of conversion at much lower temperatures than
FeOl and Fe025. While the ratio of tetrahedral to octahedral iron oxide species of Fel0 and
Fe20 is lower than that of FeOl and Fe025, the overall amount of tetrahedrally coordinated
Fe'!! still increases with increasing iron loading (Figure 3.7). The fact of Fe05 showing the
highest activity by means of the lowest temperatures needed leads to the assumption, that
Fe05 is the best compromise between high amounts of more active tetrahedral iron oxide
species and the amount of iron oxide present in less or non-active bulk phase. The latter is
higher for Fel0 and Fe20, which is most probably the reason why they are not better than
Fe05.

Taking all of these findings into consideration, FeO5 presents an excellent starting
point for the optimization of such systems. An iron oxide catalyst with high amount of iron
present in tetrahedral coordination geometry that is finely dispersed and easily accessible
for catalysis without any agglomeration, respectively without iron oxide in bulk phase,
could exhibit outstanding catalytic activity in CO oxidation. Since the process of
agglomeration is a problem most likely occurring during the annealing process and could
probably even be linked to the formation of higher amounts of hematite, respectively solely
octahedrally coordinated iron oxide species, this is what should be addressed. Potential
solutions comprise either the alteration of the annealing process itself, by variation of the
temperature ramp applied or a stepwise temperature program, or the successive annealing
of small amounts of iron precursor impregnated on the support. Such a multi-step
impregnation-calcination process would benefit from the fact that iron oxide is less mobile
than the non-annealed Fe(acac)s precursor, potentially hindering agglomeration on the
support surface.

To conclude, the structure-activity-correlation of the presented catalysts led to crucial
insights into the dependence of catalytic activity of iron oxide catalysts for CO oxidation
from their structural parameters and the working hypothesis derived thereof aims towards
the optimization of such systems and hence the potential replacement of state-of-the-art
noble metal catalysts in industrial applications.
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4 KEEP IT SIMPLE!

A New Preparation Technique for Iron Oxide Catalysts with
Outstanding Structural Properties for CO Oxidation

ince catalysts with low iron loadings exhibit all attributes of highly dispersed,

isolated iron oxidic species with high amounts of tetrahedrally coordinated iron

species, which also show a superiority to catalysts with high amounts of iron
regarding their turnover frequencies, the obvious next step is to take advantage of this. On
the assumption, that the precursor, respectively iron(Ill) acetylacetonate, has a high
mobility on the support surface compared to the final iron oxide, a new synthetic strategy
to hinder agglomeration and obtain a high amount of finely dispersed tetrahedral iron oxide
species was developed. It was assumed, that a multi-step impregnation-calcination
procedure, where the iron species is added successively in 1 wt% steps, could inhibit
agglomeration through immobilization of the iron species in form of iron oxides on the
support surface.

4.1 Results

For proof of principle of this multi-step impregnation-calcination procedure, a range
of iron oxide catalysts immobilized on y-Al>O3 was prepared with iron loadings of 1 to
10 wt% in steps of 1 wt% (MIO1 to MI10). Therefore Fe(acac)s was impregnated on the
alumina support via wetness impregnation and annealed in atmospheric air at 600 °C after
removal of the solvent. As a reference, a single-step impregnated catalyst with 10 wt% of
iron was prepared (SI10).
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Figure 4.1: Powder X-ray diffractograms of the catalysts MIOI to M110 and the pure y-Al203 support.
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The as-prepared catalysts are investigated with various spectroscopic methods to
gain structural insights and for comparison to FeO1l - Fe20 (Chapter 1). The data obtained
by powder X-ray diffractometry for catalysts MIO1 to MI10 shows the pattern of the
y-alumina support, without further reflexes of the iron species, either due to low crystallite
sizes or amorphism (Figure 4.1). However, a comparison of the 20 values of the alumina
reflexes gives important insights into the influence of the iron loading on the support
material of the catalysts. The reflexes shift to lower 20 values with increasing iron loading,
which means that the plane distances of the support are increasing. Similar to FeO1l to Fe20
(Figure 3.3), the lattice parameter a shows a linear correlation to the iron loading (Figure
4.2). This linear correlation of the lattice parameter to the iron loading, analogous to FeOl
to Fe20, is an indicator for the incorporation of iron somehow into the lattice of the y-Al,O3
support or for the interaction of both. Due to the high signal-to-noise ratio of the obtained
diffractograms, only the two most intense signals (400) and (440) are considered for these
calculations.
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Figure 4.2: Lattice parameter a calculated from PXRD reflexes of the lattice planes (440) and (400) of catalysts
MIO0I - M110 and the pure support material and their linear fit.

Diffuse reflectance UV/Vis spectroscopy of MIO1 to MII0 and the reference
catalyst SI10 is carried out to probe the coordinative and spatial geometry of the present
iron species. With increasing iron loading the overall intensity of the background-corrected
spectra increases up to a maximum for MIO6, accompanied with an increase of
contributions above 300 nm and the growth of an additional feature above 400 nm. From
MIO7 to MI10 the maximum intensity decreases again, while the contributions above
400 nm continue to increase. These trends can be explained by an increase in the formation
of small iron oxide oligomers or particulates with increasing iron loading. For a
quantification of these effects the spectra of the investigated catalysts are processed by
manual subtraction of a Lorentzian-type function as a baseline followed by peak
deconvolution, each with 3, respectively 4, 5 or 6 peaks, depending on the shape of the
experimental spectrum (Figure 4.3).
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Figure 4.3: DRUV spectra of catalysts MIO1 - MI110 and SI10 and resulting peak deconvolution with the respective peak
centers and their convoluted fit.

The peaks below 330 nm represent contributions of isolated iron oxide species,
peak 1 from tetrahedrally coordinated iron at lower wavelengths and peak 2 from
octahedrons around 320 nm. Small oligomers, as mentioned in the previous chapter, lead
to signals between approximately 330 and 500 nm, bigger agglomerates lead to bands
above 500 nm. Figure 4.4 shows the percentages of each contribution derived from peak
areas of the deconvolution (left) respective to the normalized overall areas of the spectra
and their percentual amount respective to the as-prepared catalysts, when iron loading and
the support are taken into calculation (right). From MI01 to MI10 the percentage of isolated
tetrahedrally coordinated iron species decreases, accompanied with an increase of isolated
octahedral species from MIO1 to MIO6 and, after a drop, again from MIO7 to MI10. The
percentual number of small oligomers increases from MIO1 to MI03, then stays roughly at
the same level up to MI06. From MI0O6 to MIO7 there is a steep increase in oligomeric iron
species, which causes the drop in the percentage of octahedral species. Up to MI10 the
percentage of oligomers decreases slightly, while from MIO8 to MI10 an additional
increasing contribution of large oligomers, respectively particulates, arises.
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Figure 4.4: Visualization of the normalized percentual areas of tetrahedral, octahedral, oligomeric and particulate iron
oxide species (left) gained from peak deconvolution of the DRUV spectra of SI10 and MI01-MI110 and amounts of these
species relative to the overall mass of the respective catalyst (right).

If the whole mass of the catalysts is taken into consideration, the trends are clearer.
The amount of tetrahedrally coordinated isolated iron species increases from MIO1 up to
MIO8 and then stagnates to MI10, while the number of octahedrons increases from MIO1
to MIO6 and then, due to the inversion of the ratio of octahedrally coordinated isolated iron
species to small oligomers, drops as the amount of oligomers increases harshly.
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Figure 4.5: Comparison of the area-normalized DRUV spectra of the multi-step impregnated catalysts MI01, MI02,
MI03, MI05 and M110 with the respective single-step catalysts FeOl, Fe025, Fe05 and FelO and the reference catalyst

SI110.
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From MIO7 up to MI10 there is a huge, slightly increasing number of oligomers and
from MIO8 to MI10 an increasing contribution of particles can be seen. The reference
catalyst SI10 contains a higher number of oligomers and a much lower amount of
octahedrally coordinated isolated iron oxide species, while the number of particulates is
over four times higher than at MI10. The advantage of the multi-step impregnation-
calcination procedure comes to view if the UV/Vis spectra are compared to FeOl, Fe(025,
Fe05 and FelO with the respective iron loading (Figure 4.5). Clearly the MI catalysts
contain less agglomerates in form of oligomers or particles, leading to less broadened bands
and lower or zero contributions above 400 nm (for further information including the
summarized results of peak deconvolution see Appendix: Figure S19.11 to Figure SI9.21).

To probe the spatial geometry of the present iron species and their oxidation state,
X-ray absorption spectroscopy was carried out at the iron K-edge (7112 eV). Catalysts
MIOI to MIO3 were investigated in fluorescence mode, while higher weight-loadings of
iron were measured in transmission to minimize the influence of self-absorption. The so-
called pre-peak derives from transitions of the excited 1s electron into 3d or hybridized
3d/4p orbitals!???!, Because 1s to 3d is dipole forbidden, only quadrupole transitions can be
accounted which are far less intense but whose probability increases by 3d-4p-hybridization
resulting of a deviation from centrosymmetry, e. g. in tetrahedral systems. The pre-peak
intensities of the herein described catalysts increase from MIO1 to MIO4, then staying
roughly at the same intensity. The increase from MIO1 to MIO4 is an indicator that the
amount of non-centrosymmetric, respectively tetrahedral, iron centers increases in this
ascending order which is not in accordance with the decreasing peak areas of lower
wavelength transitions in the UV/Vis data with increasing iron loading. This indicates that
the areas obtained from peak deconvolution of the DRUV spectra could probably be too
low for isolated tetrahedral iron oxide species and the missing of information about
tetrahedrally coordinated iron species in oligomers and particles.
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Figure 4.6: XANES spectra of MIOI - M110, SI110 and the references o-Fe203 and y-Fe20s at the Fe K-edge (7112 V).

Also, the presence of distorted octahedrally coordinated iron species could be a
factor increasing the peak intensity of the pre-peak. The position of the pre-peaks as well
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as the actual edge position, shown in Table 4.1, are roughly the same for all systems as they
all can clearly be assigned to iron IIl. The centers of the pre-peaks for all investigated

samples lie at approximately 7114.5 eV without any visible trend.

Table 4.1 Pre-peak and edge positions of MIOI - M110, S110 and a-Fe203 and y-Fe203; pre-peak positions were obtained
by baseline correction of the XANES spectra followed by fit of a Gaussian-type function; edge positions obtained from

halved maximum of the edge jump.

Catalyst Pre-peak [eV]

MIO1
MIO2
MIO3
MIO4
MIOS5
MIO6
MIO7
MIOS8
MIO9
MI10

7114.46
7114.57
7114.57
7114.49
7114.48
7114.47
7114.48
7114.47
7114.49
7114.42

SI0 - 7114.21 7117.18
a-FecOs  7114.60 7117.47
v-Fe:Os  7114.34 7117.11

The edge positions of MIO1 to MI10 are between 7126.4 eV and 7126.0 eV and, as
mentioned above, fit perfectly to iron in the oxidation state +III. Although the changes in
the edge position seem to be only minor, a clear trend is visible. The edge positions shift to

lower energies from MIO1 to MI10.
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Figure 4.7: Baseline corrected pre-peaks of MIO1 - MI110 and SI10 obtained from XANES spectra at the Fe K-edge.

Since the edge energy of a-Fe>O3 is much lower than that of y-Fe>O3, this shift could
potentially be correlated to an increased amount of a-Fe>O3z with increasing iron loading of
the catalysts. The edge position of the reference sample SI10 is shifted to an even lower

T
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energy, thus showing that the single-step impregnation led to a higher amount of a-Fe,Os
compared to the MI catalysts.

A more detailed view of the coordination geometry of iron and its neighboring
atoms can be achieved by EXAFS analysis, for which the spectra are processed as described
before. The results are shown in Table 4.2. In contrast to catalysts FeO1 to Fe20, for which
two oxygen shells were fitted, here three groups of oxygen backscatterers were fitted in
close proximity to the observed iron center, as this led to the most adequate results. Since
a high amount of maghemite was expected, the first Fe-O distance was fitted at approx.
1.8 A. The second shell was fitted above 1.9 A and the third above 2 A to describe the
possible hematite phase and the Fe-O contributions of maghemite at higher distances,
according to its crystal structure. From MIO1 to MIOS5 an increase in the first coordination
sphere can be seen, which would also match the increase in pre-peak intensities, as this first
coordination is characteristic of Fe-O tetrahedrons. This coordination number stays roughly
at the same level with increasing iron loading, except for MIO8, which hast the highest
number with 1.9 oxygen backscatterers. The second coordination number does not show a
clear trend, but a shift in the Fe-O distance from 1.92 A for MIO1 to 1.99 A for MIO8 and
MI09 and 1.97 A for MI10, which could also indicate a higher amount of a-Fe,Os with a
higher averaged Fe-O distance or more iron present in bulk phase, which would mean more
iron in octahedral oxygen coordination. For the third oxygen shell no trend can be deduced,
since both maghemite and hematite contain oxygen backscatterers at Fe-O distances of
approx. 2.1 A. According to FeOl to Fe20, two Fe-Fe shells at 3 and 3.4 A were fitted,
together with a Fe-Al shell in between. While the numbers and distances do not follow any
clear trend, the ratio of iron to aluminum backscatterers shows a rather drastic increase
from MIO6 to MIO7. The ratio lies between 0.57 and 0.71 for MIO1to MI06 with a slight
decrease with increasing iron loading, then increases up to 0.80 for MIO7 and even further
at MIO8 to MI10. This can be attributed to a drastic increase of oligomers from MI06 to
MIO7, which is in good agreement to the results obtained from peak deconvolution of the
DRUYV spectra. Compared to MI10 the reference sample SI10 shows increased Fe-O
distances in the second and third shell, which is most likely due to more bulk iron oxide, in
which mostly an octahedral coordination geometry with higher distances is present. Also,
the ratio of iron to aluminum backscatterers increases to 1.05 what can be assigned to a
high amount of oligomers or small particles present. While the first two shells of the as-
prepared catalysts can be compared to the two oxygen shells of maghemite, the third
oxygen coordination of the samples seems to resemble the second Fe-O coordination of the
hematite phase at higher distances, also being a good indicator for this iron oxide phase,
especially with increasing iron loading of the catalysts.
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Table 4.2: Structural parameters obtained by EXAFS analysis of the catalysts MIOI - MI110, SI10 and the a- and
y-Fe20s reference; Abs = absorbing atom; Bs = backscattering atom; n(Bs) = number of backscattering atoms; r(Abs-
Bs) = distance of absorbing to backscattering atom; o = Debye-Waller-like factor; R = fit index; Ef = Fermi energy;

Afac = amplitude reducing factor.

Catalyst

MIO1

MIO2

MIO3

MIO4

MIOS

MIO06

Abs-Bs

Fe-O
Fe-O
Fe-O
Fe-Fe
Fe-Al
Fe-Fe

Fe-O
Fe-O
Fe-O
Fe-Fe
Fe-Al
Fe-Fe

Fe-O
Fe-O
Fe-O
Fe-Fe
Fe—-Al
Fe-Fe

Fe-O
Fe-O
Fe-O
Fe-Fe
Fe—-Al
Fe-Fe

Fe-O
Fe-O
Fe-O
Fe-Fe
Fe—-Al
Fe-Fe

Fe-O
Fe-O
Fe-O
Fe-Fe
Fe—-Al
Fe-Fe

n(Bs)

0.1 £0.01
3.0+0.15
3.1+0.15
0.4 +0.04
5.7+0.57
3.4+0.34

0.2+0.01
4.4+£0.22
2.1£0.10
0.3+0.03
4.9+0.49
3.3+0.33

0.5+0.02
3.7+0.18
1.4 £0.07
0.2+0.02
4.6 £0.46
29+0.29

0.9 +0.04
28+0.14
1.7 £0.08
0.4 £0.04
43+043
23+0.23

1.4 +0.07
32+0.16
1.5 +0.07
0.4 +0.03
4.4+0.44
24+0.24

1.3 +0.06
3.8+0.19
1.4 £0.07
0.3+£0.03
4.7 +£047
24+0.24

r(Abs-Bs) [A]

1.876 +0.018
1.923 +0.019
2.074 £0.020
3.016 £0.030
3.430 £ 0.034
3.447 £0.034

1.807 £0.018
1.954 +0.019
2.164 £ 0.021
3.039 £0.030
3.441 £ 0.034
3.457 £0.034

1.836 +0.018
1.946 +0.019
2.134 £0.021
3.053 £0.030
3.386 £ 0.033
3.407 £ 0.034

1.836 +0.018
1.946 +0.019
2.134 £ 0.021
3.053 £0.030
3.386 £ 0.033
3.407 £ 0.034

1.803 +0.018
1.959 +0.019
2.128 +£0.021
3.075 £0.030
3.345+£0.034
3.373 £0.037

1.758 +£0.017
1.944 £0.019
2.128 +£0.021
3.087 £0.030
3.318 £0.033
3.342 £ 0.033

o [A1]

0.032 £0.003
0.067 +0.006
0.107 £0.010
0.063 +0.006
0.112+£0.011
0.110 £0.011

0.032 £ 0.003
0.081 +0.008
0.110£0.011
0.032 +0.003
0.112£0.011
0.110 £0.011

0.032 £ 0.003
0.071 % 0.007
0.059 £ 0.005
0.032 £0.003
0.110 £0.011
0.112£0.011

0.045 +0.004
0.032 £0.003
0.032 +0.003
0.112+0.011
0.112 +0.011
0.102 £0.010

0.032 +0.003
0.045 £ 0.004
0.059 + 0.005
0.100 £0.010
0.112 +0.011
0.112+0.011

0.032 +0.003
0.032 £0.003
0.032 +0.003
0.050 £ 0.005
0.112 +0.011
0.110£0.011

R =24.94 %
Et=1.649 eV
Afac =0.9477
n(Fe)/n(Al) = 0.67

R =26.51 %
Et=1.160eV
Afac =0.9477
n(Fe)/n(Al) =0.71

R =22.14 %
Et=2.170eV
Afac =0.9477
n(Fe)/n(Al) = 0.67

R=22.12 %
Er=1.934eV
Afac = 0.9477
n(Fe)/n(Al) = 0.63

R =32.88 %
Er=3.491 eV
Afac =0.9477
n(Fe)/n(Al) = 0.64

R =25.88 %
Er=3917eV
Afac = 0.9477
n(Fe)/n(Al) = 0.57
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Catalyst

MIO7

MIOS8

MIO9

MI10

SI10

o-Fe>O3

v-Fe203

Abs-Bs

Fe-O
Fe-O
Fe-O
Fe-Fe
Fe-Al
Fe-Fe

Fe-O
Fe-O
Fe-O
Fe-Fe
Fe-Al
Fe-Fe

Fe-O
Fe-O
Fe-O
Fe-Fe
Fe—-Al
Fe-Fe

Fe-O
Fe-O
Fe-O
Fe-Fe
Fe-Al
Fe-Fe

Fe-O
Fe-O
Fe-O
Fe-Fe
Fe—-Al
Fe-Fe

Fe-O
Fe-O
Fe-Fe
Fe-Fe
Fe-Fe

Fe-O
Fe-O
Fe-Fe
Fe-Fe
Fe-Fe

n(Bs)

1.4 £0.07
3.5+0.17
1.7 £0.08
0.6 +0.03
4.4 +£0.44
29+0.29

1.9 £0.09
3.0+0.15
1.3 +£0.06
0.9 +0.09
5.5+0.55
3.8+0.38

1.4 +0.07
25+0.12
1.5 +0.07
0.7 £0.07
4.2+042
29+0.29

1.2 £0.06
3.0+0.15
1.9 £0.09
0.7 +£0.07
3.7+£0.37
25+0.25

1.7 £0.08
3.0+0.15
1.3 +0.06
1.7 £0.08
4.4 +0.44
29+0.29

3.2+0.16
3.3+0.16
6.3 +0.31
29+0.29
1.2+£0.12

0.7 +0.03
4.8 +£0.14
4.4+044
2.1+£0.21
3.6 £0.36

r(Abs-Bs) [A]

1.800 £0.018
1.960 + 0.019
2.153 £0.021
2.986 +0.029
3.383 £0.033
3.404 £0.034

1.825 +0.018
1.986 +0.019
2.188 £0.021
3.093 £0.030
3.359 £0.033
3.377 +£0.033

1.841 +0.018
1.986 +0.019
2.146 + 0.021
3.032 £ 0.030
3.394 +£0.033
3.405 £ 0.034

1.829 £0.018
1.968 +0.019
2.152 £ 0.021
3.014 £ 0.030
3.396 £ 0.033
3.416 £ 0.034

1.855 +0.018
2.010 £0.020
2.201 £0.022
2.983 £0.029
3.389 +£0.033
3.414 £ 0.034

1.961 +0.019
2.134 £0.021
2.983 +0.029
3.317 £0.033
3.706 = 0.037

1.868 +0.018
2.003 +0.020
3.019 £0.030
3.467 £0.034
5.128 +£0.051

o [A1]

0.032 £0.003
0.032 +0.003
0.032 £0.003
0.112 +0.011
0.100 £0.010
0.105 £ 0.010

0.032 £0.003
0.032 +0.003
0.095 £ 0.009
0.112+£0.011
0.112+£0.011
0.112+£0.011

0.032 +0.003
0.045 £ 0.004
0.089 + 0.008
0.100 £0.010
0.107 £0.010
0.112+0.011

0.032 £0.003
0.050 + 0.005
0.089 £ 0.008
0.105 £ 0.010
0.112+0.011
0.112 +0.011

0.032 £0.003
0.032 +0.003
0.032 +0.003
0.112+0.011
0.112 +0.011
0.100 £0.010

0.081 +0.008
0.110£0.011
0.112 +0.011
0.112£0.011
0.063 +0.006

0.032 +0.003
0.105 +£0.010
0.112+0.011
0.087 £0.008
0.112+0.011

R =28.83 %
Ef=2.651 eV
Afac =0.9477

n(Fe)/n(Al) = 0.80

R=2558 %
Er=3.788 eV
Afac =0.9477

n(Fe)/n(Al) = 0.85

R=2524%
Er=1.610eV
Afac =0.9477

n(Fe)/n(Al) = 0.86

R=25.64 %
Ef=1.764 ¢V
Afac =0.9477

n(Fe)/n(Al) = 0.86

R =20.64 %

Er=0.1510eV

Afac =0.9261

n(Fe)/n(Al) = 1.05

R =27.77 %
Et=2.584 eV
Afac =0.9735

R =24.68 %
Et=3.112eV
Afac =0.8219
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Carbon monoxide oxidation experiments of the presented catalysts were carried out,
according to the procedure described in chapter 8.5, with continuous heating as well as at
static temperatures to assess their catalytic activity in both scenarios. Curves of conversion
for all catalysts under continuous heating are shown in Figure 4.8 and the respective
temperatures of 10, 30, 50, 90 and 95 % CO conversion in Table 4.3.
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Figure 4.8: Graphs of conversion from CO oxidation experiments of MIO1-MI10 and SI10 under continuous heating with
2 °C/min up to 600 °C.

With a light-off temperature of 297 °C MI0O1 shows the lowest activity, followed by
MIO02 to MIOS in ascending order, respectively decreasing Tio. MIO8 shows a conversion
of 10 % at 85 °C while the respective temperature of MI09 is slightly higher. MI10 has the
lowest To of all investigated catalysts with 79 °C, while the reference catalyst SI10 needs
147 °C for the same activity. T3p and Tso follow almost the same order. Here MI08 is most
active with a T3p of 136 °C and a Tso of 172 °C, respectively 140 °C and 180 °C for MI10.

Table 4.3: Respective temperatures of 10, 30, 50, 90 and 95 % CO conversion, obtained from catalytic experiments under
continuous heating with 2 °C/min.

Catalyst Ti10[°C] T30 [°C] Ts0[°C] Too [°C] Tos[°C]

MIO1 297 395 436 511 525
MIO2 260 345 380 449 464
MIO3 218 286 339 404 418
MIO4 188 252 298 382 395
MIOS 181 242 284 367 380
MIO06 148 214 256 357 377
MIO7 114 177 224 340 356
MIO8 85 136 172 250 280
MIO9 98 155 190 252 265
MI10 79 140 180 304 318
SI10 147 204 237 308 327
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The respective temperatures are 155 °C and 190 °C for MIO9 and 204 °C and
237 °C for the reference catalyst. Top and Tos decrease from 511 °C and 525 °C for MIO1
with increasing iron loading to a minimum Too of 250 °C for MIO8 and a minimum Tos for
MIO09 at 265 °C. MI10 has a significant incline drop in its curve of conversion, with a Tog
of 304 °C and a Tos of 318 °C, while they are 308 °C, respectively 327 °C for SI10. To
conclude, the activity of the catalysts increases with increasing iron loading up to 8 wt% of
iron. At low temperatures, MI10 is most active. Above 100 °C up to 250 °C the activity of
MIO8 and above that MI09 is superior to the rest of the samples.
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Figure 4.9: COz yields of MI0I to M110 and S110 obtained from CO oxidation experiments at static temperatures.

In the experiments at static temperatures MIO1 also shows the lowest catalytic
activity with conversion below 20 % for temperatures up to 300 °C and even a slight drop
from 250 to 300 °C. Activity increases to MI04, all of them featuring a stagnation in activity
in the same temperature range as MIO1. MIOS shows the same conversion as MI04 at 150
and 200 °C, lower activity at 250 and 300 °C but better conversion at 350 °C. MIO06 is
slightly better than MIOS untill full conversion at 400 °C but features a lower activity than
MI04 at 250 °C. CO: yields of MIO7 and MIO8 roughly lie in the same area but with a
stagnation from 200 to 250 °C so that their activity at 250 °C is even below that of MI03.
MI10 and SI10 feature a higher activity at all investigated temperatures with SI10 being
slightly better at 250 °C. MI09 shows a much higher catalytic activity than the rest of the
samples, with full conversion at 250 °C. A CO; yield of 100 % is only achieved by MI06
to MI10 and SI10 above 350 °C and above 400 °C by MIO03 to MI0OS5, while MIO1 and M102
do not reach the point of full conversion in these experiments.

Again, the obtained numbers of conversion at distinct temperatures can be
transformed into turnover frequencies, which, in this case without knowledge of the exact
amount of active sites, display the averaged number of conversions per iron atom of the as-
prepared catalyst.
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Figure 4.10: Turnover frequencies of MIOI to MI110 and S110 (marked with *) calculated from CO oxidation experiments
under continuous heating with 2 °C/min.

At low temperatures up to 250 °C the TOFs obtained by catalytic experiments under
continuous heating can be divided into two regions. Catalysts with lower iron loadings,
respectively MIO1 to MIO6, are rather inactive and show very low turnover frequencies
with a maximum at MI04 and increasing TOFs with increasing temperature. MIO7 to MI10
have higher turnover frequencies at these temperatures with the maximum TOFs at MI0S.
They also increase with increasing temperature up to 300 °C. The reference catalyst here is
approx. at the same level as MI04. At more elevated temperatures, however, catalysts with
less iron display superior activity in terms of turnover frequencies. While at 300 °C the two
regions can still be seen with the maxima of MI104 and MIOS8, TOFs of both regions are now
similar and above that the numbers increase with decreasing iron loading. The maximum
TOF at 350 °C is reached at MI03, with a slight drop for MI02 and MI01, and at 400 °C
MIO1 shows the highest rate of conversion. Here the TOF obtained from MI01 is more than
three times higher than that of MI0O9 and MI10. The TOFs of SI10 follow the same trend
as the catalysts with higher iron loading, an increase with increasing temperatures up to
300 °C and then they stagnate because they reach the point of total conversion.

The trends in the turnover frequencies from static measurements are different. At
all temperatures an increase can be seen with decreasing iron loading. MI08 and MIO9 here
are exceptional, while the TOFs of MI08 are lower than expected from the ascending order
at low temperatures, MI09 shows numbers similar to MIOI at 150 and 200 °C and shows
still a local maximum at 250 and 300 °C. At 350 °C the trend is clearest but mostly due to
the fact that except MIO1 and MI02, all of the catalysts reached full conversion.
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Figure 4.11: TOFs of SI10 (marked with *) and MIOI - MI110, obtained from CO oxidation experiments at static
temperatures of 150, 200, 250, 300 and 350 °C.

4.2 Summary and Discussion

Based on the working hypothesis derived from FeO1 to Fe20, a new facile technique
for the preparation of iron oxide catalysts with outstanding properties was introduced and
tested. The scope of catalysts was prepared by a multi-step impregnation-calcination
procedure with iron loadings from 1 to 10 wt% in steps of 1 wt%. They were characterized
with multiple spectroscopic methods such as powder X-ray diffractometry, diffuse
reflectance UV/Vis spectroscopy or X-ray absorption spectroscopy.

In this case, powder X-ray diffractometry only showed reflexes of the y-Al,Os
support without any additional signals of iron oxide, which means that the latter forms
either amorphous structures non-visible by diffractometry or that the present iron oxide
crystallites are rather small and below the detection limit of the used diffractometer. Like
for the previous catalysts FeOl to Fe20, 20 values of the y-Al2O; reflexes decrease with
increasing iron loading, indicating that iron is somehow incorporated into the support lattice
or interferes with it in a way, that the plane distances of the support material increase. Peak
deconvolution of the DRUV spectra shows a decrease of the percentages of isolated iron
oxide species with tetrahedral coordination geometry throughout the scope of catalysts with
increasing iron loading, but an increase of octahedrally coordinated iron species from MI01
to MIO6. From MI06 to MIO7 a drop in octahedrally coordinated isolated iron species
occurs, accompanied with a drastic increase in small oligomers. The percentage of
octahedrons then increases again with increasing iron loading, while the percentual amount
of oligomers decreases. From MIO8 to MI10 an additional contribution above 500 nm
indicates an increasing number of particles. In comparison, SI10 has a slightly lower
amount of isolated tetrahedrally coordinated iron species than MI10 but a much lower
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percentage of octahedrons and at the same time a much higher amount of oligomers and
especially particulates. The trends of the total amounts of the respective species are even
clearer. The total number of isolated tetrahedral as well as octahedral iron species and those
in form of small oligomers increase with increasing iron loading from MIO1 to MI06. For
MIO1 to MIO3 most iron seems to be present in tetrahedral coordination, then octahedral
and then oligomers. For MI04 to MIO6 octahedrally coordinated iron species are the
majority while the increase in tetrahedrons recedes. Alike the percentual amounts, there is
a drastic increase in the total number of oligomers from MI06 to MI07 and consequently a
drop of octahedrally coordinated iron species. The latter then increase again up to MI10
with the number of oligomers almost staying at the same level. The total amount of particles
increases from MIO8 to MI10 but stays below 0.5 % of the total catalyst mass in contrast
to SI10, whose total number of particles makes over 2 % of the catalyst. Also, the amount
of oligomers is roughly 1 % higher than for MI10 but with a much lower content of isolated
octahedrally coordinated iron species. To summarize the data obtained by DRUVS, the
maximum total number of isolated tetrahedrally coordinated iron oxide centers is reached
at MIO8, a local maximum for isolated octahedrons at MI10 and the global maximum at
MIO06 while MI10 also has the highest number of oligomers and particulates, hence bulk
iron oxide, if SI10 is not taken into consideration. Comparison of the DRUYV spectra of the
MI samples with the respective catalysts from FeO1 to Fel0 shows that through multi-step
impregnation-calcination procedure a scope of iron oxide catalysts can be prepared with
considerably less contributions of small oligomers and especially particles. XANES
analysis of MIO1 to MI10 ascertains that all iron species are present in the oxidation state
+III with minor variations in shape and energy of the pre-peak or the absorption edge. A
small increase in pre-peak intensity from MIO1 to MI0O4 can be seen, which is not in
accordance with the decreasing percentual amounts of non-centrosymmetric tetrahedrally
coordinated iron species. However, the oligomers and particles of y-Fe>O3 do also contain
tetrahedrons and their octahedrons can be distorted, which would also result in an increase
of pre-peak intensity. A slight shift in the edge positions to lower energies could be
observed with increasing iron loading, which could indicate an increasing ratio of a-Fe2Os
to y-Fe>03. EXAFS analysis showed an increase of small distance oxygen backscatterers,
which can be translated into an increase of tetrahedral oxygen coordination of the observed
iron centers for MIO1 to MI0S. This number stays roughly at the same level from MIOS to
MI10, except for an increase at MIO8 which also matches the highest pre-peak intensity of
MIOS. A shift in the Fe-O distance of the second coordination sphere shows an increase in
octahedrons or oligomeric iron oxide species, which matches the increasing amounts of
bulk iron oxide in form of oligomers and particles from DRUVS analysis. In addition, a
drastic increase in the ratio of iron to aluminum backscatterers can be seen from MIO6 to
MIO7 which also ascertains the steep increase of oligomeric iron oxide species obtained
from peak deconvolution of the DRUV spectra. The reference catalyst showed enhanced
Fe-O distances as well as a further increase of the Fe-Al ratio, which is due to a higher
amount of a-Fe>O3 in bulk phase, respectively oligomers and particles. Catalytic tests of
the presented samples can be correlated to their structural properties in terms of their
amount of isolated tetrahedrally coordinated iron oxide species, of which MIO8 contains
the most. The CO oxidation experiments with continuous heating followed this trend. The
catalysts show increasing activity, respectively decreasing values of Tio, T30, Ts0, Too and
Tos with only few exceptions. Over a wide temperature range, MIOS8 is the most active
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catalyst of the tested. At low temperatures MI10 is slightly more active, at higher
temperatures MI09, which both have only minor deficits in tetrahedrally coordinated
isolated iron species but a higher number of isolated octahedral ones. The reference catalyst
SI10, whose overall amounts of isolated species are similar to MIO7 but with additional
oligomers and particles, lies between MI06 and MIO7 from low to medium temperatures
but is more active than MIO7 at high temperatures because it features no recede in activity
as MIO7 does. The turnover frequencies show similar results that, at lower temperatures
from 100 to 250 °C, can also be correlated to the amount of isolated tetrahedral iron species
with an increase from MIO1 to MIO8. TOFs then decrease to MI10 because of the stagnation
in the amount of tetrahedrons but a further increase in less or non-active oligomers and
particles. The TOFs of SI10 are similar to MIOS up to 250 °C. From 300 °C on catalysts
with low iron loadings show further increasing TOFs while MIO8 to MI10 already reached
the point of total conversion and hence their maximum turnover frequency. The catalytic
experiments at static temperatures show different trends. While there is also an increase in
activity from MIO1 to M104 the catalysts MI04 to MI08 all display a roughly equal activity.
MI10 shows higher numbers of conversion while the activity of the reference catalyst is
even higher from 200 to 300 °C. In these experiments MI09 clearly is superior with full
conversion at 250 °C and over 80 % CO> yield at 200 °C. The turnover frequencies
calculated from these measurements show roughly a decrease with increasing iron loading
up to MIOS at lower temperatures up to 250 °C, a drastic increase to MI09 and then MI10
and SI10 at approx. the same level as MIOS. At 300 °C MI01, MIO3 and MIO4 have the
highest TOFs and again, at 350 °C, MIO1 has the highest TOF slightly higher than MI02,
since all other samples have reached their points of total conversion.

To conclude, the amount of isolated tetrahedrally coordinated iron oxide is highest
for MIO8, which also showed the highest catalytic activity over the largest temperature
range of the CO oxidation experiments with continuous heating. However, in static
measurements MIO9 displays a superior activity that cannot be explained by the herein
presented results. Therefore, additional information is required, hence MoBbauer
spectroscopy as well as STEM-EDX mapping should be conducted to investigate these
systems even further. Also, the rather high activity of SI10, respectively the low activities
of MIO1 to MI10 cannot be explained. Since tetrahedrally coordinated and isolated iron
oxide species are known to be more active than oligomers and particles with iron in bulk
phase, the herein presented catalysts should be superior to FeOl - Fe20 since their structural
parameters display all the required properties for a highly active CO oxidation catalyst.

Nevertheless, a facile preparation technique was presented which leads to catalysts
with outstanding structural properties. With the multi-step impregnation-calcination
procedure catalysts with very fine dispersion of a high amount of isolated iron oxide species
could be prepared, especially in tetrahedral coordination geometry. The successive
impregnation of iron precursor onto the y-Al,Os; support in 1 wt% steps followed by
calcination steps seems to hinder agglomeration, hence much less oligomers and
particulates were detected, compared to FeO1l to Fe10. From MIO1 to MIO7 no particles are
formed and until MI06 even the number of small oligomers is low compared to the isolated
iron oxide species. Although the presented catalysts did not display outstanding catalytic
activity, the multi-step impregnation-calcination technique enables the preparation of new
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heterogeneous catalysts with finely dispersed isolated active sites, potentially also with
other 3d metals, that could lead to the replacement of noble metal catalysts, may it be in
CO oxidation for the automotive industry or in other heterogeneously catalyzed reactions.
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5 BI- AND TRIMETALLIC 3D-METAL
CATALYSTS FOR CO OXIDATION

keep up with state-of-the-art noble metal catalysts. Although the investigation of

such systems continues with an enormous effort, other possible solutions should
not be left out. As mentioned before, other 3d metals such as manganese, cobalt, nickel and
copper show very promising CO oxidation properties, but with drawbacks such as bad
stability against catalyst poisoning. By addition of highly active cobalt oxide to the
previously presented iron oxide catalysts, their minor activity at low temperatures should
be elevated and through addition of manganese oxide, long term stability, especially against
water, should be achieved, latter being an enormous problem for iron oxide catalysts.

Catalytic activity of iron oxide catalysts for CO oxidation is still not on a level to

5.1 Results

Herein a scope of bi- and trimetallic catalysts containing iron, cobalt and manganese
immobilized on y-Al,O3 are presented. Their structural properties are investigated by
various analytic methods such as N> physisorption, PXRD, DRUVS and XAS. Since the
focus should remain on iron oxide, the Fe content is held constant while the weight loadings
of manganese are decreased from 6 to 0 wt%, respectively increased for cobalt in the same
steps (Table 5.1). This way two bimetallic and three trimetallic 3d metal catalysts were
prepared via multi-step impregnation-calcination procedure.

Table 5.1: Composition of the multi metal (MM) catalysts containing iron, manganese and cobalt; average pore diameter
dpore; total pore volume Vpores; BET surface area.

Catalyst Fe Mn Co dpore Vpores Surface
[Wt%] [Wt%] [Wt%] [nm] [ce/g) [m?/g]
MMO1 6 6 0 10.1 0.37 106
MMO02 6 4 2 10.1 0.39 109
MMO3 6 3 3 10.3 0.38 107
MMO04 6 2 4 10.2 0.39 111
MMO5 6 0 6 10.1 0.38 106
Support 0 0 0 11.3 0.49 132

To gain basic knowledge about structural parameters of the presented catalysts,
nitrogen physisorption was conducted. The average pore diameter obtained via BJH
method is 11.3 nm for the pure support and between 10.1 and 10.3 nm for MMO1 to MMOS5.
These values, together with a decrease of the total pore volume of 0.1 cc/g from support to
the as-prepared catalysts indicates, that the metal oxides are not only immobilized on the
support surface, but also in the pores. The surface area obtained by BET method is 132 m?/g
for the pure support and decreases to 106 to 111 m?/g for the catalysts, showing that the
surface area stays relatively high although a total of 12 wt% of mixed metal oxides was
immobilized on the surface of the support material for each catalyst.
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Powder X-ray diffractograms of MMO1 to MMOS5 only show reflexes that can be
assigned to the y-Al,O3 support. No additional signals of the 3d metal oxides can be seen,
either because they form amorphous structures that cannot be detected by X-ray
diffractometry, or because their crystallite sizes are below the detection limit of the used
diffractometer. However, a small shift in the alumina reflexes can be seen. This shift is
quantified for the (440) crystal plane, because its signal at 66.7 ° is the most intense, hence
leading to the lowest error. The intensity of the residual reflexes is too low to ascertain that
no additional signals of the 3d metal oxides are beneath them and cause unwanted shifts of
the alumina reflexes.
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Figure 5.1: PXRD of MMO1 to MMOS and the respective support material.

The reflex of the (440) lattice plane shifts from a 20 value of 66.93 ° for the pure
support material to lower values between 66.61 and 66.76 ° for MMO1 to MMO5 (Table
5.2). The resulting lattice parameter a is 0.79 nm for the support and increases through
addition of the iron, cobalt and manganese oxides.

Table 5.2: 20 values of the (440) crystal plane and the resulting plane distances d and lattice parametes a obtained for
pure y-Al203 and MMOI - MMO5.

Catalyst 20440 [°] da40 [nm] @ [nm]

MMO1 66.74 0.1400  0.792
MMO2 66.65 0.1402  0.793
MMO3 66.70 0.1401 0.793
MMO04 66.76 0.1400  0.792
MMO5 66.61 0.1403  0.794
Support  66.93 0.1397  0.790

The lattice parameter is 0.792 nm for MMO1 and MMO04, 0.793 nm for MMO02 and
MMO3 and 0.794 nm for MMOS. The increase in a is a strong indicator of interaction of
the active sites with the support lattice or even incorporation of the 3d metals into it. This
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interaction or incorporation is lowest for MMO1, which only contains iron and manganese
and MMO04, and highest for MMOS5 which only contains iron and cobalt, but without any
visible trend. For further structural investigation of MMO1 to MMO0S5 DRUYV spectroscopy
is carried out since it is a potent tool for qualitative and quantitative analysis of the present
metal species. However, due to the presence of multiple 3d metals with absorption bands
in the same energy range, no peak deconvolution can be carried out in a reliable manner.
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Figure 5.2: DRUV spectra of MMOI to MMO5.

All catalysts show a broad band with high intensity and a maximum between 300
and 400 nm and additional contributions at higher wavelengths. The main feature of MMO1
is very broadened and a second large band can be seen above 400 nm. As for all of the
catalysts, a narrow feature between 480 and 500 nm can be observed, hence it is assigned
to the iron species indicating some form of oligomers. To higher wavelengths the spectrum
decreases in absorbance. The spectrum of MMO2 shows increased absorbance with two
distinct shoulders at 575 and 625 nm respectively. Interestingly, MMO03 and MMO04 show
almost the identical spectrum, with an additional shoulder at 540 nm which, as the bands
at 575 and 625 nm, is much more distinct at MMOS5. Hence, these three shoulders are
attributed to the cobalt species, since they are not present for MMO1 and most distinct for
MMO5 which has the highest amount of Co.

To probe the oxidation state of the active sites and gain information about their
coordination geometry, hence their actual phase, X-ray absorption spectroscopy at the
respective K-edges is carried out. The XANES spectra of MMOI to MMO04 at the
manganese K-edge are shown in Figure 5.3 compared to a LiMn2Os reference, in which
Mn is present in the oxidation states +III and +1V. The pre-peak is fitted by two Gaussian
functions after subtraction of a Lorentzian-type function as a background. The centers of
both functions are at 6541 and 6543 eV for MMO1 to MMO04, while the energies are 6540
and 6542 eV for the Mn*"*!V reference (Table 5.3).
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Figure 5.3: XANES spectra of MMOI to MMO04 at the Mn K-edge and of LiMn204 as a reference (left) and zoomed pre-
peak region (right); pre-peak (a), first maximum of the edge (b), Eo by halved whiteline intensity (c) and maximum of the
whiteline (d) are highlighted with dotted lines.

Depending on how Eo is defined, either by the first maximum in the derivative of
the jump (second maximum if the pre-peak is included), or as center of the jump, Eo of
MMO1 to MMO04 is between 6547.9 and 6549.1 eV, respectively 6551.8 and 6552.3 eV. Eo
of LiMn2Oy4 is 6548.8 or 6549.0 eV. Thus, it is proposed that the manganese species in
MMOI1 to MMO04 are present in the same oxidation state as in LiMn2O4 or even solely in
+IV as in MnO,. Interestingly, the shape of the spectra resembles the spectrum of the
LiMn,0Os4 reference, hence Mn could also be present in a spinel structure analogous to the
reference sample.

Table 5.3: Mn K-edge pre-peak positions of MMO1 to MM04 and LiMn204 as a reference, obtained by fit of two Gaussian
Sfunctions a and b; Eo of MMO1 to MMO4 and the reference obtained from the first maximum of the absorption edge (*)
and at half maximum of the whiteline (**).

Catalyst Pre-peaka[eV] Pre-peakb[eV] Eo[eV] Eo™ [eV]

MMO1 6540.94 6543.28 6547.88 6552.23
MMO2 6540.84 6543.17 6548.48 6551.84
MMO3 6540.95 6543.26 6548.82  6551.92
MMO04 6541.09 6543.31 6549.14  6552.28
LiMn20O4 6540.06 6542.09 6548.82  6549.02

The XANES spectra at the Fe K-edge of the five catalysts as well as a- and y-Fe2Os
as references are shown in Figure 5.4. The pre-peak positions, again obtained by subtraction
of a Lorentzian-type function as background and fit of two Gaussian-type functions, lie at
approx. 7114.3 and 7117.3 eV for MMO1 to MMOS5 (Table 5.4). For hematite and
maghemite the pre-peak energies are 7114.6 and 7117.5 eV, respectively 7114.3 and
7117.1 eV. Ey of the investigated catalysts is approx. 7123 eV or 7126 eV with only minor
differences, again depending on the method used to obtain Eo. They are 7123.4 eV and
7122.6 eV for a- and y-Fe;03, respectively 7125.5 eV and 7125.9 eV. This, in addition to
the shape, indicates that the present iron oxide species are a mixture of maghemite and
hematite, and thus, in the oxidation state +I11.
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Figure 5.4: XANES spectra of MMOI to MMOS at the Fe K-edge and of a-Fe20s and y-Fe203 as references (left) and
zoomed pre-peak region (right); pre-peak (a), first maximum of the edge (b), Eo by halved whiteline intensity (c) and
maximum of the whiteline (d) are highlighted with dotted lines.

Table 5.4: Fe K-edge pre-peak positions of MMOI to MMO5 and o- and y-Fe20s as references, obtained by fit of two

Gaussian functions a and b; Eo of MMOI to MMOS and the references obtained from the first maximum of the absorption
edge (*) and at half maximum of the whiteline (**).

Catalyst Pre-peaka[eV] Pre-peakb[eV] Eo[eV] Eo*[eV]

MMO1 7114.29 7117.25 7123.00 7125.80
MMO02 7114.31 7117.26 712291 7125.88
MMO3 7114.40 7117.41 712295 7125.96
MMO04 7114.28 7117.23 712291 7125.93
MMO5 7114.27 7117.23 7122.85 7126.01
a-Fe;03 7114.60 7117.47 7123.37 7125.11
v-Fe203 7114.34 7117.11 7122.59 7125.86

At the Co K-edge the catalysts do not show any differences (Figure 5.5). The shape
of the spectra, as well as the pre-peak and edge positions are almost identical (Table 5.5).
Their pre-peak energy is approx. 7709 eV and their Eo obtained from the first maximum of
the jump lies at 7717 eV. Only Eo from half maximum of the whiteline differs slightly,
from 7718.15 eV for MMO2 to 7718.79 eV for MMOS. Nevertheless, these are only minor
differences that can be neglected. In comparison, Eo of CoBr; is 7714.2 eV, respectively
7718.5 eV, indicating that in MMO02 to MMOS5 Co is present in the oxidation state +II and/or
+I1L

Table 5.5: Co K-edge pre-peak positions of MMO1 to MMO4 and CoBr: as a reference, obtained by fit of a Gaussian
Sunction; Eo of MMO2 to MMO5 and the reference obtained from the first maximum of the absorption edge (*) and at half
maximum of the whiteline (**).

Catalyst Pre-peaka[eV] Eo[eV] Eo™ [eV]

MMO02 7709.06 7717.15  7718.15
MMO3 7709.00 7717.08 7718.16
MMO04 7708.96 7717.06 7718.43
MMO5 7709.08 7717.17  7718.70
CoBr2 7708.29 7714.03  7718.50
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Figure 5.5: XANES spectra of MMO2 to MMOS5 at the Co K-edge and of CoBr2 as a reference (left) and zoomed pre-peak
region (right); pre-peak (a), first maximum of the edge (b), Eo by halved whiteline intensity (c) and maximum of the
whiteline (d) are highlighted with dotted lines.

Analysis of the extended X-ray absorption fine structure of the manganese K-edge
spectra is carried out under the conjecture of Mn being present in an oxidation state of +III
or higher, as deduced from XANES analysis and comparison to a LiMn2O4 reference. All
of the investigated samples show a Mn-O shell at small distances around 1.9 A and Mn
backscatterers at 2.85 A (Table 5.6).

Table 5.6: Structural parameters obtained by EXAFS analysis of the catalysts MMOI — MMO4 at the Mn K-edge; Abs =
absorbing atom; Bs = backscattering atom; n(Bs) = number of backscattering atoms; r(Abs-Bs) = distance of absorbing
to backscattering atom; o = Debye-Waller-like factor; R = fit index; Ef = Fermi energy, Afac = amplitude reducing
Jactor.

Catalyst Abs-Bs n(Bs) r(Abs-Bs) [A] 6 [A1]
Mn-O 5.8+0.29 1.900+0.019 0.089 +0.008 R =38.96%
MMO1 Mn—-Mn 04+0.02 2.845+0.028 0.067 £0.006 Ef=10.24 eV
Mn-Mn 7.1+0.07 3.400+0.034 0.112+0.011 Afac=0.5080
Mn-O 16.6+1.66 3.541+0.035 0.095 +0.009
Mn-O 5.6+0.28 1.897+0.018 0.092+0.009 R=40.13 %
MMO02 Mn—-Mn 0.6+0.03 2.851+0.029 0.097 +0.009 Ef=10.36¢eV
Mn-Mn 4.6+046 3.390+0.033 0.112+0.011 Afac=0.5226
Mn-O 13.8+1.38 3.529+0.035 0.105+0.010
Mn-O 6.0+£030 1.897+0.018 0.089 +0.008 R =43.04 %
MMO3 Mn-Mn 0.5+0.02 2.849+0.028 0.097 £0.009 Ef=10.63eV
Mn—-Mn 5.1+0.51 3.380+0.033 0.112+0.011 Afac=0.4348
Mn-O 16.7+1.67 3.526+0.035 0.112+0.011
Mn-O 53+026 1.903+0.019 0.084 +0.008 R =38.88%
MMO4 Mn-Mn 0.3+0.01 2.843+0.028 0.039+0.003 Ef=9.766¢eV
Mn—-Mn 7.9+0.79 3.405+0.034 0.112+0.011 Afac=0.4474
Mn-O 17.6+1.76 3.555+0.035 0.095+0.009
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Especially the low distance Mn-O shell and the absence of an oxygen shell at 2 A
or higher indicates, that the present manganese oxide cannot be Mn2O3 or Mn3O4. Thus,
the proposed phase of Mn in MMO1 to MMO04 is MnO> with manganese in the oxidation
state +IV. Since in between the catalysts only minor changes can be seen, the same structure
can be concluded for all of them.

EXAFS analysis of the spectra obtained at the iron K-edge is carried out considering
a- and/or y-Fe>Os3 as the present species (Table 5.7). For all of the catalysts a low distance
Fe-O shell below 1.9 A can be fitted, which represents the tetrahedral oxygen coordination
only present in y-Fe>O3. However, besides the oxygen shell above 1.9 A an additional third
Fe-O shell is present above 2.05 10%, hence also a-Fe>O3 seems to be present. As for FeOl to
Fe20 as well as MIO1 to MI10, two Fe-Fe shells and a Fe-Al shell are fitted, resulting in an
iron-aluminum ratio of 0.47 to 0.67. This ratio increases from MMO1 to MMO3 and then
decreases again to MMOS5. This ratio can be an indicator for the size of the particles, as a
smaller ratio of iron to aluminum means that less iron backscatterers are present compared
to aluminum backscatterers of the alumina support, hence the iron oxide species seems to
contain less iron atoms as in smaller particles. Therefore it can be concluded, that the
particle size of the iron oxidic species increases from MMO1 to MMO3 and decreases again
to MMOS.

Table 5.7: Structural parameters obtained by EXAFS analysis of the catalysts MMOI - MMO5 and the o- and y-Fe203
references at the Fe K-edge; Abs = absorbing atom; Bs = backscattering atom; n(Bs) = number of backscattering atoms;
r(Abs-Bs) = distance of absorbing to backscattering atom; o = Debye-Waller-like factor; R = fit index; Er = Fermi
energy; Afac = amplitude reducing factor.

Catalyst Abs-Bs n(Bs) r(Abs-Bs)[A] o [A1]
Fe-O 0.5+0.02 1.878+0.018 0.032+0.003 R=34.50%
Fe-O 2.9+0.14 1.934+0.019 0.063+0.006 Er=5.575¢eV
MMop  FeO 122006 2.0960.020 0.059+0.005 Afac=0.7864
Fe-Fe 0.3+0.03 3.179+0.031 0.112+0.011 n(Fe)/n(Al) = 0.47
Fe-Al 6.0+0.60 3.304+0.033 0.112+0.011
Fe-Fe 2.5+0.25 3.341+0.034 0.112+0.011
Fe-O 0.6+0.03 1.853+0.018 0.032+0.003 R=36.94 %
Fe-O 25+0.12 1.922+0.019 0.055+0.005 Er=6.229¢eV
MMy FeO 14007 2064+0.020 0.050+0.005 Afac=0.7864
Fe-Fe 0.8+0.08 3.231+0.032 0.077 £0.007 n(Fe)/n(Al) = 0.59
Fe-Al 64+0.64 3.308+0.033 0.112+0.011
Fe-Fe 3.0+0.30 3.384+0.033 0.112+0.011
Fe-O 0.5+0.02 1.877+0.018 0.032+0.003 R=34.02%
Fe-O 1.9+0.09 1.909+0.019 0.039+0.003 Er=5.650¢V
MMo3  Fe O 15007 20520020 0.032+0.003 Afac=0.7864
Fe-Fe 0.9+0.09 3.252+0.032 0.087 +0.008 n(Fe)/n(Al) = 0.67
Fe-Al 6.7+0.67 3.315+0.033 0.112+0.011
Fe-Fe 2.8+0.28 3.390+0.033 0.110+0.011
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MMO04

MMO5

o-Fe O3

v-Fe203

Co0, C0205 as well as Co304 are taken into consideration for EXAFS analysis of
the cobalt species of MMO02 to MMOS5, since an oxidation state of +II and/or +III is
concluded from XANES analysis. Interestingly, the most common cobalt oxidic structure
Co0304 can be excluded. This structure comprises a rather high number of Co backscatterers

Fe-O
Fe-O
Fe-O
Fe-Fe
Fe—Al
Fe-Fe

Fe-O
Fe-O
Fe-O
Fe-Fe
Fe-Al
Fe-Fe

Fe-O
Fe-O
Fe-Fe
Fe-Fe
Fe-Fe

Fe-O
Fe-O
Fe-Fe
Fe-Fe
Fe-Fe

0.6 +0.03
1.9 £0.09
1.7 £0.08
1.2+£0.12
7.1+£0.71
3.3+0.33

0.5+0.02
29+0.14
1.3 +£0.06
0.4 +0.04
6.1 +0.61
2.6 +£0.26

3.2+0.16
3.3+0.16
6.3 +0.31
29+0.29
1.2£0.12

0.7 +0.03
4.8 £0.14
4.4 +£0.44
2.1+£0.21
3.6 +£0.36

1.896 +0.018
1.906 + 0.019
2.056 +=0.020
3.246 £ 0.032
3.311 £0.033
3.389 +£0.033

1.862 +0.018
1.935 +0.019
2.084 £0.021
3.161 £0.030
3.302 £ 0.034
3.348 £ 0.037

1.961 +0.019
2.134 £0.021
2.983 £0.029
3.317+£0.033
3.706 = 0.037

1.868 +0.018
2.003 £0.020
3.019 £ 0.030
3.467 £0.034
5.128 £0.051

0.032 £ 0.003
0.032 +0.003
0.032 £ 0.003
0.092 + 0.009
0.112 £0.011
0.112 +0.011

0.039 £ 0.003
0.063 +0.006
0.050 = 0.005
0.112 £0.011
0.112 £0.011
0.112 £0.011

0.081 £ 0.008
0.110 +£0.011
0.112 £0.011
0.112 £0.011
0.063 +0.006

0.032 +0.003
0.105 +0.010
0.112 £0.011
0.087 +0.008
0.112 £0.011

R=34.16 %
Ef=5.755eV
Afac =0.7864
n(Fe)/n(Al) = 0.63

R =35.87 %
Ef=6.329 eV
Afac =0.7864
n(Fe)/n(Al) = 0.49

R=2777 %
Ef=2.584 eV
Afac =0.9735

R =24.68 %
Et=3.112eV
Afac =0.8219

at 2.85 A, which cannot be found in the Fourier transformations of MMO02 to MMOS5 (Table
5.8). CoO does only contain Co-O distances above 2.1 A but since all of the catalysts show
a significant amount of oxygen backscattering atoms between 1.90 and 1.95 A also CoO

can be ruled out. Therefore cobalt in a C0203 or CoAlOs phase is proposed for the
investigated catalysts, of which the distances of all shells decrease from MMO02 to MMO5
and also a shift in the ratio of the oxygen backscatterers from 2.4 to 3.4 at MMO02 to 3.3 to
1.7 for MMOS5 can be seen. This indicates that the structure changes slightly throughout the

catalysts.

62



Bi- and Trimetallic 3d-Metal Catalysts for CO Oxidation

Table 5.8: Structural parameters obtained by EXAFS analysis of the catalysts MMO02 — MMO5 at the Co K-edge; Abs =
absorbing atom; Bs = backscattering atom; n(Bs) = number of backscattering atoms; r(Abs-Bs) = distance of absorbing
to backscattering atom; o = Debye-Waller-like factor; R = fit index; Ef = Fermi energy; Afac = amplitude reducing
Jactor.

Catalyst Abs-Bs n(Bs) r(Abs-Bs)[A] o [A1]
Co-O 24+0.12 1.958+0.019 0.032+0.003 R=31.75%
Co-O 34+0.17 2.087+0.020 0.112+0.011 Er=0.4107 eV
MMO02 Co-Co 3.8+0.38 3.075+0.030 0.112+0.011 Afac=0.8140
Co-Co 3.8+0.38 3.523+0.035 0.097 +0.009
Co-Co 2.8+0.28 4.050+0.040 0.112+0.011
Co-O 25+0.12 1.902+0.019 0.032+0.003 R=33.54%
Co-O 27+0.13 2.039+0.020 0.039 +0.003 Er=2.859 eV
MMO03 Co-Co 3.3+0.33 3.062+0.030 0.112+0.011 Afac=0.7961
Co-Co 5.6+0.56 3.496+0.034 0.100+0.010
Co-Co 2.0%0.20 4.000+0.040 0.095 % 0.009
Co-O 25+0.12 1.909+0.019 0.032+0.003 R=31.32%
Co-O 24+0.12 2.039+0.020 0.039+0.003 Er=3.384¢cV
MMO04 Co-Co 2.5+0.25 3.027+0.030 0.112+0.011 Afac=0.7893
Co-Co 3.7+037 3.483+0.034 0.092 +0.009
Co-Co 2.6+026 4.005+0.040 0.105+0.010
Co-O 33+0.16 1.898+0.018 0.059+0.005 R=34.15%
Co-O 1.7+0.08 2.018+0.020 0.032+0.003 Er=6.000eV
MMO5 Co-Co 1.9+0.09 2.994+0.029 0.112+0.011 Afac=0.7961
Co-Co 4.1+041 3.459+0.034 0.095%0.009
Co-Co 3.3+033 3.968+0.039 0.112+0.011

CO oxidation experiments of MMOI to MMOS were carried out according to the
procedure described for MIO1 to MI10, both under continuous heating (Figure 5.6) as well
as at static temperatures of 150, 200, 250 and 300 °C (Figure 5.7). In the experiments with
a constant heating ramp MMO1 starts with 6.5 % CO conversion below 30 °C and increases
up to 27 % at 115 °C, followed by a drop in activity down to 23 % at 145 °C (Table 5.9).
The temperatures of 30 % and 50 % CO conversion are 166 °C, respectively 190 °C, Tqo is
234 °C and Tos 245 °C. When cobalt is added to the catalysts, full conversion at room
temperature can be reached. MMO2 shows a conversion of 98 % at 30 °C but drops down
to a minimum of 62 % at 176 °C. After that, 90 % are reached again at 234 °C and the Tos
is 245 °C alike MMO1. MMO03 and MMO04 both feature total conversion of CO at 30 °C but
also accompanied with a drop in activity. Conversion decreases to 92 % at a temperature
of 200 °C for MMO3 and to 81 % at 206 °C for MMO04. Tos of MMO3 is 249 °C, while Too
and Tos of MMO04 are 232 and 243 °C. MMOS5 displays 99 % CO> yield at 30 °C but a
decrease down to a minimum of 57 % at 190 °C. Too and Tos are the highest for MMO5 with
293 °C, respectively 308 °C.
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Figure 5.6: CO oxidation experiments of MMOI to MMO5 under continuous heating.

As Figure 5.6 shows, MMOI is the only catalyst that does not feature CO, yields
close to 100 % from the start at 30 °C. For all catalysts a drop in activity is detected, which
decreases in intensity from MMO1 to MMO3 and then increases again to MMOS. The latter
shows the broadest activity drop in a temperature range from 50 °C up to over 300 °C. The
minimum of this drop also shifts from 145 °C at MMOI to 200 and 206 °C for MMO03 and
MMO04 and then decreases to 190 °C for MMOS.

Table 5.9: Resulting values of CO oxidation experiments under continuous heating of MMOI to MMOS5; Y30 = CO2 yield
at 30 °C; Ymin = CO2 yield at the minimum of the activity drop; Tmin = corresponding temperature of the minimum; Tio =
temperature of 10 % CO: yield; Tso, Tso, Too, Tos: temperatures of 30, 50, 90 and 95 % CO: yield.

Catalyst Y30 (CO2) Ymin Tmin T1o T30 Ts0 Too Tos

[%] [%] [°Cl [°C] [°Cl  [°Cl  [°C] [°C]
MMO1 6.5 23 145 46 166 190 234 245
MMO02 98 62 176 - - - 234 245
MMO03 100 92 200 - - - - 249
MMO04 100 81 206 - - - 232 243
MMO05 99 57 190 - - - 293 308

Similar trends can be observed in the measurements at static temperatures. While
MMO1 shows approx. 40 % CO conversion at 150 °C, CO; yield is over 70 % for MMO2.
MMO03 to MMOS show 95 - 96 % CO,. Except MMO1, all catalysts display less activity at
200 °C, analogous to the drop in activity in continuous measurements. At 200 °C MMO1
and MMO?2 both show roughly 60 % activity, MM04 70 % and then MMO5 and MMO3
with 88 and 90 % CO conversion. From 200 °C with increasing temperature, CO> yield
increases for MMO1 to MMO4, while it decreases even more for MMO5, which is also
according to the broad drop of MMO5 in the continuous measurements, when compared to
the others.
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Figure 5.7: COz yields of MMOI - MMO5 obtained from CO oxidation experiments at static temperatures.

All of the catalysts feature conversion close to 100 % at 300 °C. In both continuous
and static measurements MMO3 is superior to the rest of the tested catalysts with a much
smaller decrease in catalytic activity in the so-called drop, 100 % conversion at 30 °C and
almost total conversion at 150 °C during the static measurements. Only at approx. 250 °C
it shows a slightly smaller activity than MMO1, MMO02 and MMO04.

To test the influence of manganese on the catalysts regarding their stability, long-
term experiments at the static temperatures of 100 and 200 °C are carried out (Figure 5.8).
Therefore MMO3, the catalyst with highest activity, is investigated as well as MMOS as a
reference without manganese content since the premise of the addition of manganese was
to enhance the catalysts stability.
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Figure 5.8: Long-term stability experiments of MMO03 and MMOS5 at 100 °C (left) and 200 °C (right).
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At 100 °C MMO3 starts with approx. 85 % yield while MMO5 shows even higher
CO conversion. The activity of MMOS5 drops relatively fast, with a conversion below 20 %
after 10 hours and close to zero activity after 20 h. The catalyst containing 3 wt% Mn shows
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a less steep decrease for the first 10 hours. Its activity falls below 20 % after 15 hours on
stream and drops to zero after 30 h. At 200 °C the initial conversion of MMOS5 is 95 %
while MMO3 starts at full conversion. Both show a steep decrease in the first 10 hours on
stream, that flattens below 50 % for MMO3 and below 30 % conversion for MMOS5. The
decrease continues linearly to 34 % for MMO03 and 21 % for MMOS5 after 80 hours. In both
experiments MMO3 shows a higher long-term stability compared to the catalyst without
manganese. However, the activity still decreases drastically within the first 10 to 20 hours.

From the catalytic experiments with continuous heating it can be approximated, that
the perfect cobalt to manganese ratio lies between those of MMO03 and MMO04. For a more
precise assertion, the molar amount of unoxidized CO, respectively the area under the
negated curves of conversion, is plotted against the Co loading of the catalysts (Figure 5.9).
The minimum of the respective cubic fit function is obtained at 3.67 wt% (for fit parameters
see Table SI 9-105). Hence, a catalyst MMO06, again with 6 wt% of iron, but with 3.5 wt%
of cobalt, to simplify the parameters, and 2.5 wt% of manganese is proposed as the ideal
mixture. The catalyst was prepared analogous to MMO1 - MMOS and tested in CO oxidation
experiments to provide proof for the above-made conjecture.
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Figure 5.9: Molar amount of unoxidized CO over the whole catalytic experiment with continuous heating from 30 to
600 °C against Co loading of the catalysts MMOI - MMO5.

In experiments under continuous heating MMO06 shows a drop in activity
shifted to lower temperatures, which means that it does not feature full conversion of CO
at room temperature (Figure 5.10). It starts at approximately 86 % of CO; yield at 30 °C
and displays a total conversion of CO at 150 °C. The superiority of MMO06 comes to display
when the experiments at static temperatures are compared (Figure 5.11). Here the
optimized catalyst shows higher activity at 150 °C and at 200 °C with almost full
conversion at both temperatures. All other investigated catalysts show a bigger drop in
activity at 200 °C.
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Figure 5.10: CO oxidation experiments of MMOI to MMOG6 under continuous heating.
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Figure 5.11: CO: yields of MMO1 - MMO06 at static temperatures.

MMO6 was also tested in long-term studies both at 100 °C and 200 °C. In contrast
to MMO3 and MMOS, it starts at almost full conversion at the lower of both temperatures.
Although it also features drastic decreases in activity directly from the start, its incline is
not as steep as for MMOS. The activity of MMO6 decreases analogous to the one of MMO3
but due to its higher starting conversion its curve is shifted to the right. At 200 °C MMO06
starts with constant full conversion for approx. 7.5 hours, then decreasing steeply down to
below 60 % conversion after 12.5 hours. After that the curve flattens, just like for MMO3
and MMOS5, with a rather constant decrease of approx. 5 % per 10 hours. Despite these
decreases in CO oxidation activity MMO06 does feature a better long-term stability
compared to MMO3 and MMOS. Especially the constant total conversion at the beginning
of the measurement at 200 °C is outstanding and very promising.
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Figure 5.12: Long-term stability experiments of MMO03, MMOS5 and MMOG6 at 100 °C (left) and 200 °C (right).

5.2 Summary and Discussion

Since iron oxide catalysts could not be optimized to a level comparable to state-of-
the-art noble metal catalysts, the addition of other 3d metals was proposed to elevate their
catalytic properties. To increase catalytic activity, especially at low temperatures close to
room temperature, cobalt was introduced and to enhance their long-term stability
manganese was chosen. For first tests a series of catalysts with a total of 12 wt% of the 3d
metals immobilized on a y-Al,O3 support was prepared by the multi-step impregnation-
calcination procedure described in chapter 3. The as-prepared catalysts MMO1 to MMO5
were investigated by various characterization techniques and finally tested in CO oxidation
experiments.

By N: physisorption it could be shown, that for all of the catalysts the BET surface
area as well as the average pore volume and diameter of the particles decrease, compared
to the pure y-Al>O3 support. This indicates that the 3d metal oxides are present on the outer
surface of the support as well as in its actual pores. Powder X-ray diffraction did not feature
any additional reflexes other than the expected signals of the support. This again indicates
that all 3d metal species are X-ray amorphous or too small to be detected. For the reflex
corresponding to the (440) crystal plane a shift to lower values could be shown, resulting
in higher plane distances, which means that the 3d metals somehow interact with the
support lattice and/or are even incorporated into it somehow. The signals in the DRUV
spectra unfortunately are mostly superimposed by all two or three metals, so that only minor
results could be derived. All of the catalysts show a broad band from 220 up to 500 nm and
an additional sharp signal at 500 nm that can be assigned to iron oxide oligomers. From
500 to 700 nm three relatively sharp signals can be seen for the Co containing catalysts
MMO02 to MMOS, indicating that these bands can be attributed to cobalt oxidic species.
More detailed insights could be obtained by X-ray absorption spectroscopy. XANES
spectra at the Mn K-edge showed that the manganese species of MMO1 to MMO04 are
present in oxidation state +III to +IV without any major differences between the catalysts.
From the iron K-edge spectra, an oxidation state of +III could be constituted for the iron
species of all of the catalysts. Also, a mixture of a- and y-Fe>Os can be presumed. The

68



Bi- and Trimetallic 3d-Metal Catalysts for CO Oxidation

spectra obtained at the K-edge of cobalt showed pre-peak and edge energies close to the
ones of a CoBr» reference, indicating cobalt in the oxidation state +II or higher. Analysis
of the EXAFS region at the Mn K-edge showed that MnO, with manganese in the oxidation
state +IV is the most presumable structure present at MMO1 to MMO04, while a mixture of
a- and y-Fe»O3 could be ascertained for the iron oxide species in all investigated samples.
Despite Co304 being the most common structure for oxidic cobalt catalysts, EXAFS led to
the conclusion that the catalysts MMO02 to MMOS all contain Co203 or CoAlO3 with cobalt
in the oxidation state +III.

The catalysts were tested in CO oxidation experiments and featured extraordinarily
high activities both during continuous heating and at static temperatures. While the catalyst
without cobalt, MMO1, only displayed 7 % CO conversion at 30 °C, the samples containing
cobalt showed approx. 100 % CO- yield at 30 °C. All of the catalysts show a more or less
distinct drop in activity at medium temperatures, that is most pronounced for MMO1 and
MMO5 and least for MMO3. These findings can also be seen in the measurements at static
temperatures and provide evidence, that cobalt increases the catalytic activity drastically.
From the continuous measurements a method for the optimization of these systems was
derived, in which the overall amount of unoxidized CO was plotted against the Co loading.
A cubic fit was applied and the x-value of the minimum derived thereof used as the ideal
parameter for an optimized catalyst. Based on this conjecture a catalyst MMO06 with
3.5 wt% of Co and 2.5 wt% of Mn was prepared and tested successfully in CO oxidation
experiments. While MMO06 did not show full conversion at room temperature due to the
shifted drop in activity to lower temperatures, it featured a total conversion of CO above
150 °C and a CO; yield close to 100 % over the whole temperature range of the static
experiments. To prove the hypothesis, that manganese increases the long-term stability of
such systems, MMO03 and MMOS5 were tested at 100 °C and 200 °C over a prolonged time.
It could be shown that at both temperatures the catalyst containing manganese displayed
higher rates of conversion for the most part of the experiments. Additionally, MMO06 was
tested in these long-term experiments featuring even higher activity than MMO3.

To conclude, a series of bi- and trimetallic catalysts containing manganese, iron and
cobalt supported on 7y-Al,O3 were prepared by multi-step impregnation-calcination
procedure and investigated regarding their structural properties. It could be shown, that by
addition of cobalt to such systems, a tremendous increase in activity can be achieved and
that addition of manganese leads to a higher long-term stability. From these catalytic
experiments the ideal Co-Mn ratio was determined, a catalyst MMO06 with this ideal
composition prepared and again tested in CO oxidation experiments. While the drop in
activity for MMO6 was shifted to lower temperatures around room temperature, it featured
full conversion of CO above 150 °C and especially high activities during the experiments
at static temperatures. Also, in long-term measurements MMO6 showed outstanding
performance compared to MMO03 and MMOS5.
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6 REACTION PARAMETER
OPTIMIZATION

For a correct evaluation of the catalytic activity of a catalyst and its comparison to
other systems, the parameters with which the experiments are carried out are of topmost
relevance. A number which is often used for such purposes is the gas hourly space velocity.
The GHSV is defined as:

V.
GHSV =171 = Vg“ Eq.5.1
cat.

It is the reciprocal value of the residence time 7 and describes the volume of gas
streaming over the volume of the catalyst bed in a certain amount of time. When V is
replaced with the volume of gas Vgus per time ¢ (Eq. 5.2) and this volume of gas is
substituted by Veus = Areacror - Xgas With the cross-section of the reactor Ayeacror and the way
Xgas the gas travels in the time ¢, the equations are as follows:

V;]as

GHSV =——— Eq.5.2
tVear.

_ Areactor * Xgas

Eq.5.3
t Vear.

The way x the gas travels in the time 7 can be replaced by the velocity v of the gas
stream multiplied by the time #:

_ Areactor *Vgas " t

GHSV
t Vear.

Eq.54

Areactor * Vgas

— _feactor "9as Eq.5.5
Vcat.
This means, that the GHSV is directly proportional to the velocity of the gas stream.
At a constant volume of the catalyst bed the GHSV increases when the velocity v of the gas
stream increases. At the same time, when the volume of the catalyst bed is increased
proportionally to the velocity, the GHSV stays the same.

The ratio of diffusion to convection in a reactor is defined by the Reynolds number:

_ Vgas” dparticle

Re Eq.5.6

Vkin
In the catalytic CO oxidation experiments described herein, the velocity of the gas
stream was between 0.166 m/s (FeO1-Fe20) and 0.236 m/s (MI01-MI10 & MMO01-MMAO5)
and the particle sizes of the granulated catalyst between 125 and 250 um. If the kinematic
viscosity vki» of the gas is approximated by the kinematic viscosity of Ar'?*}! since the gas
stream consists of 80 vol% of argon:
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mZ
va) =1.35-107° — Eq. 5.7
S
0.166 % . 125 - 10~%m
Remn = 5 =154 Eq.5.8
135 - 105 2
S
0.236 % . 250 - 10~5m
Remax = = 4.37 Eq.5.9

1.35-10-5 2
S

For the catalytic experiments a Reynolds number between 1.54 and 4.37 can be
calculated (even lower at elevated temperatures because of an increase of the viscosity),
which means that the gas stream in the catalyst bed is laminar (Re < 200012**). In a gas
stream, a boundary layer forms on the outside of a catalyst particle in which the
concentration of the educts decreases from gas phase to the particle. The educts have to
diffuse through this BL in order to get to the catalyst surface (Figure 6.1). If the thickness
of the boundary layer ¢ is above a certain threshold the reaction is faster than the diffusion,
hence not enough educts are present on the catalyst surface, the reaction is limited by

diffusion of the educts through the BL.

Catalyst

Catalyst
particle N particle

>
>
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o
Concentrationy,
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Figure 6.1: Schematic description of the boundary layer on a catalyst particle, depending on the outer gas velocity, and
the concentration gradient of the educts in the outer gas stream (a), the boundary layer (b) and the pore system of the

catalyst (c); left: low velocity; right: high velocity; concentration gradients simplified.

In a laminar gas flow the BL thickness 0 is inversely proportional to the square root

of the Reynolds number!?*¥!:
1
Eq. 5.10
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This can be transformed into:

1
S~

Ygas " dparticte Eq.5.11

Vkin

Hence, the thickness of the BL is inversely proportional to the outer gas velocity.
This means that the catalytic experiments carried out below a certain velocity threshold are
diffusion limited, while above this value they become limited by the reaction rate. Hence
the velocity has to be higher than this threshold to measure a catalysts actual activity. To
achieve this, tests were carried out with variation of the gas velocity but with a constant
GHSV. Therefore, the velocity and the catalyst volume, respectively the volumetric gas
flow and the catalyst mass, were varied proportionally to obtain a GHSV close to
60000 h'! for each experiment. As can be seen in Figure 6.2 for FelO, the curve of
conversion shifts significantly to lower temperatures when the gas feed is increased to
500 ml/min.
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Figure 6.2: Diffusion limitation experiments in CO oxidation of FelO with the following amount of catalyst used, the
applied gas feed and resulting gas velocity: 50 mg, 75 ml/min & 0.025 m/s (a); 150 mg, 225 ml/min & 0.075 m/s (b);
200 mg, 300 ml/min & 0.10 m/s (c); 267 mg, 400 ml/min & 0.13 m/s (d); 333 mg, 500 ml/min & 0.17 m/s (e); 375 mg,
560 ml/min & 0.19 m/s (f); gas composition: 1000 ppm CO (1 vol% CO in Nz2), 10 vol% Oa, Ar balance, dreactor = 8 mm.

Since the lowest Tso was achieved with 333 mg catalyst in a gas feed of 500 ml/min
for FelO in a reactor with inner diameter of 8 mm, these parameters were used in the
catalytic experiments of FeOl to Fe20, resulting in an outer gas velocity of 0.166 m/s. Since
the density of the catalysts increases by addition of iron the volume of the catalyst bed is
dependent on the iron loading. With an average bed length of 10 mm a GHSV of
59643 h! was achieved. However, MIO1 to MI10 as well as MMO1 to MMOS5 were prepared
by impregnation of SCFal40 instead of the self-prepared y-Al,O3 support of FeOl-Fe20.
Therefore, different structural parameters were expected and thus again tests carried out
regarding diffusion limitation (Figure 6.3). For MIO7 the lowest Tso was obtained at
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400 ml/min with 267 mg of catalyst, but now in a reactor with an inner diameter of 6 mm
resulting in a gas velocity of 0.236 m/s. The GHSV remains the same as for FeO1-Fe20.
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Figure 6.3: Diffusion limitation experiments in CO oxidation of MIO7 with the following amount of catalyst used and the
applied gas feed: 200 mg, 300 ml/min & 0.18 m/s (a); 267 mg, 400 ml/min & 0.24 m/s (b),; 333 mg, 500 ml/min & 0.30 m/s
(c); gas composition: 1000 ppm CO (1 vol% CO in Nz), 10 vol% O2, Ar balance, dreactor = 6 mm.

These investigations illustrate the importance of these parameters, not only for
comparison between different systems, but also for a single catalytic experiment. As shown,
a simple variation of the gas velocity can lead to the reaction being diffusion limited and
not by kinetics. By increase or decrease of the inner diameter of the reactor, the velocity
can be altered significantly, even without changing the amount of catalyst used. Therefore,
diffusion limitation experiments are crucial if a new system is tested, to ascertain that the
activities measured are limited by the kinetics of the reaction.
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7 CONCLUSION & OUTLOOK

The oxidation of CO is one of the key reactions in the removal of toxic emissions
from automotive exhaust systems. In contrast to the typical platinum, palladium and
ruthenium catalysts, iron is abundant and biocompatible. It can be considered superior on
an economical as well as on an ecological level. However, the needed activity for
automotive application still cannot be reached with iron oxide catalysts, since we lack a
basic understanding of their working principles and mechanisms. The present work aimed
at contributing to this by correlation of structural properties of simple iron oxide catalysts
immobilized on a y-alumina support to their catalytic activity in CO oxidation. The gained
insights should then be transformed into a working hypothesis for the preparation and
optimization of catalysts that could potentially compete with state-of-the-art noble metal
catalyst.

Various analytical methods such as powder X-ray diffractometry, diffuse
reflectance UV/Vis spectroscopy, MoBbauer spectroscopy and X-ray absorption
spectroscopy were applied to gain structural insights into a series of iron oxide catalysts
with different weight loadings of iron, synthesized by simple wetness impregnation of a
Fe' precursor on y-Al>O3 as a support material followed by annealing under atmospheric
air. The resulting oxidic species showed strong structural variations dependent on the iron
loading. Lower amounts of iron led to smaller clusters of iron oxide on the support surface
that are finely dispersed with less iron oxide in bulk phase. Also, lower amounts of iron
oxide seem to form y-Fe;O3 preferably, which comprises tetrahedrally coordinated iron
species that are predestined for high CO oxidation activity. In catalytic experiments higher
conversion of CO was displayed by the catalysts with 5, 10 and 20 wt% of iron due to the
amount of potentially active iron centers. The turnover frequencies, however, showed that
FeOl and Fe025 display much higher activities, which can be correlated to their higher
percentual amounts of isolated iron species in tetrahedral oxygen coordination.

Based on these findings a new working hypothesis was deduced: a catalyst
comprising a high amount of iron up to 10 wt%, but with finely dispersed and isolated iron
oxide species in tetrahedral oxygen coordination could show outstanding catalytic activity.
Since FeOl showed the highest ratio of tetrahedrally to octahedrally coordinated iron with
almost no oligomers or particles, it was concluded that a multi-step impregnation-
calcination procedure with successive impregnation of 1 wt% of iron(IIl) precursor
followed by annealing could hinder agglomeration drastically, and hence the formation of
clusters or bulk iron oxide.

This technique was utilized for the preparation of a series of catalysts from 1 to
10 wt% of iron on a y-Al,Os support. It could be shown that by this facile technique an
increasing amount of isolated iron species was obtained for catalysts up to 6 wt% with
almost no oligomers or particles. The amount of tetrahedrally coordinated isolated iron
species increased even further to MIOS, which could be correlated to the high activity in
CO oxidation experiments under continuous heating. MI08 showed the lowest temperatures
of conversion in the largest temperature range. However, in experiments at static
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temperatures MI09 was superior to MI0O8, which could not be explained by any of the
analytical methods carried out and will need further investigation. Also, the overall activity
of the MI catalysts compared to a single-step prepared catalyst SI10 and to FeO1l - Fe20 did
not show any improvement, which is contrary to our expectations. The outstanding
structural parameters obtained by this new facile preparation technique should lead to
catalysts with higher activities due to the higher amounts of tetrahedrally coordinated iron
species that are finely dispersed on the support surface, which should promote higher
activities.

To increase catalytic activity, especially at low temperatures, additional 3d metals
were introduced. To obtain better long-term stability and resistance against poisoning of
the catalysts, manganese was chosen and for the enhancement of low temperature activity
cobalt was used. Five catalysts, each with 6 wt% of iron and a varying ratio of Mn to Co,
were prepared by the multi-step impregnation-calcination procedure described before and
investigated thoroughly. Hereby catalysts with outstanding performance in CO oxidation
could be obtained, with conversion close to 100 % from the start at room temperature for
the samples containing Co. All of the catalysts showed a more or less pronounced drop in
activity between 100 and 300 °C which was least intense for MMO03 with 3 wt% of Mn and
3 wt% of Co. A method for the extrapolation to an ideal Co-Mn ratio was derived thereof
resulting in a ratio of 3.5:2.5. A catalyst MMO6 with the said ratio was prepared analogous
to MMO1 - MMOS and tested in CO oxidation experiments, with superior activity compared
to the others. For this catalyst the drop in activity was shifted to lower temperatures around
room temperature. The catalyst showed full conversion of CO at 150 °C but with a
minimum yield of 85 % throughout the drop in the continuous measurements and approx.
95 % at static temperatures. Also, long-term stability tests were carried out at 100 and
200 °C. Here, the catalyst with manganese, MMO3, showed a better stability at both
temperatures compared to MMOS5, without Mn. However, MMO06 with the optimized ratio
of Co to Mn featured even increased long-term stability, especially at 200 °C where it
showed full conversion of CO constantly over the first 7.5 hours.

In the last part of the herein presented work the importance of the parameters used
in catalytic experiments was emphasized by tests in which the limitation of the measured
curves of conversion by diffusion processes could be shown. Since in heterogeneously
catalyzed processes with a constant flow of the reactant over a solid catalyst a so-called
boundary layer is formed between the catalyst surface and the constant gas or liquid feed,
the diffusion of the reactants through this layer can be the rate determining step of the
overall process, if the thickness of this layer exceeds a certain threshold. Therefore,
catalytic experiments with constant GHSV but variation of the amount of catalyst and the
flow rate of the gas feed were carried out. For FeO1l to Fe20 the optimal working conditions
were obtained for 333 mg of the catalyst with a gas feed of 500 ml/min in a reactor with an
inner diameter of 8 mm, whereas for the catalysts supported on commercial alumina
267 mg of the catalyst in a gas stream of 400 ml/min were found to show the best results in
a reactor with an inner diameter of 6 mm. For these parameters it can be expected that the
activities measured are the actual activities of the catalysts themselves and that the
influence of diffusion through the boundary layer can be neglected due to a minimum
thickness of the latter.
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Altogether a facile new preparation technique was derived from a structure-activity-
correlation and applied on a new series of catalysts, resulting in outstanding structural
parameters with finely dispersed active sites. Although this series of catalysts did not
feature noticeably better activities, the working hypothesis for the prevention of
agglomeration by multi-step impregnation-calcination procedure could be proven
successfully and then applied on a series of catalysts with additional Mn and Co. Hereby,
catalysts with outstanding catalytic activities were prepared, for which the enhancement in
activity by Co and an increase in long-term stability by Mn were established as well as a
simple method for the optimization of the Co-Mn ratio that improved the activities even
further, to a level at which a comparison to state-of-the-art noble metal catalysts is
definitely possible. Additionally, an optimization of the experimental parameters was
carried out to limit the influence of diffusion on the catalytic tests and with which the
importance of the reaction parameters could be emphasized.

Based on the herein presented work, further investigation of the MI systems should be
carried out to investigate why their structural properties prerequisite for high activities in
catalytic experiments did not fulfill these expectations. Therefore, in-situ X-ray absorption
and X-ray emission spectroscopy could be carried out. By modulation-excitation
experiments, XAS could help to identify the number of actual active sites during CO
oxidation and possibly even to distinguish between activity of tetrahedrally and
octahedrally coordinated iron species. In-situ XES could then show how CO and O; adsorb
on the catalyst surface and where. This would give important insights into the mechanism
of the reaction on iron oxide catalysts, since this is still unknown. As mentioned in the
introduction, both Eley-Rideal as well as Mars-van-Krevelen seem to be possible
mechanisms. Therefore, experiments regarding the reaction Kkinetics are crucial.
Preliminary results of such tests indicate the reaction being of first order regarding CO and
of zero order for O», which would advocate for a MvK mechanism in which oxygen from
the iron oxide lattice or even the support material is used, hence being independent of the
O2 concentration. Although these systems did not comprise better activities than the
previous catalysts, they should also be tested regarding their long-term stability as well as
their thermal stability and resistance against poisoning by water. These could potentially
be enhanced by the optimized structural properties obtained through the new preparation
technique, and if so, the catalysts could already be potential alternatives to noble metals.
Since the multi-metallic catalysts feature outstanding catalytic activities and promising
long-term stability, they should also be investigated further. With a good stability against
catalyst poisoning by water, they would even be superior to state-of-the-art noble metal
catalysts used in automotive applications nowadays. Although Co containing catalysts with
similar activity have been published, most of them are bulk catalysts without
immobilization on a support material, hence the herein described catalysts are prerequisite
to feature higher thermal stability compared to catalysts containing solely the active
material. For further improvement, the iron content should be optimized with a steady ratio
of Co to Mn of 3.5:2.5 and even the overall amount of 3d metals could be varied to find the
best parameters. A manifold of parameters can be tuned to enhance these catalysts
properties emphasizing the potential of this new system. The next step should also involve
experimental tests under realistic conditions with moisture and then also with NOx or even
HCs. Definitely, the next step towards replacement of noble metal catalysts has been made.
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8 EXPERIMENTAL

8.1 Preparation of the y-Al,O3 support

The y-Al,O3 support was synthesized by calcination of PuralBT® (Sasol Germany
GmbH) in a furnace under atmospheric air. Heating with a ramp of 5 °C/min was carried
out up to 600 °C, where the sample was further calcined for 3 hours. Phase purity was
checked by X-ray diffraction measurements in a 20 range of 15 to 80 degrees (Appendix:
Figure SI19.1).

8.2 Preparation of FeOl to Fe20

Table 8.1: Parameters for the catalyst preparation of FeOl to Fe20.

Catalyst Iron loading [wt%] m(Fe) [mg] n(Fe(acac)s) [mmol] m(y-Al203) [g]

FeOl 1 20 0.358 1.98
Fe025 2.5 50 0.895 1.95
Fe05 5 100 1.79 1.90
FelO 10 200 3.58 1.80
Fe20 20 400 7.16 1.60

A 0.25M solution of iron (III) acetylacetonate in a mixture of N-Methyl-2-
pyrrolidone and tetrahydrofuran (1:1) was prepared and added to a suspension of previously
synthesized y-Al;Os in tetrahydrofuran. Details are given in Table 8.1. After stirring for
30 minutes, the mixture was heated to 140 °C and the solvents were slowly removed under
vacuum. The dry reddish powders were then annealed in a furnace under air with a heating
ramp of 2 °C/min up to 600 °C and held at this temperature for 3 hours. The reported
weight-loadings of iron refer to the mass of iron inserted during synthesis. The amounts of
iron and y-Al,O3 were calculated to add up to 100 wt%.

8.3 Preparation of MIOI to MI10 and SI10

Commercially available SCFal40 (Sasol®) was used as y-AlOsz support and
Fe(acac)s (Sigma Aldrich) as precursor. For preparation, a 0.25 M solution of the iron
precursor in acetone was added to a suspension of SCFal40 in acetone, stirred for
10 minutes before removal of the solvent at 40 °C under reduced pressure. The obtained
reddish powder was then annealed under atmospheric air, heating with 2 °C/min up to
600 °C and keeping this temperature constant for 3 hours. This procedure was repeated for
each percent of iron loading up to a total amount of 10 wt% iron. The amounts of pure iron
and y-Al>Os, respectively pure iron and the obtained catalyst from the previous step, were
calculated to add up to 100 wt% (Table 8.2).
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Table 8.2: Total amounts used in the preparation of MIOI to MI110 and SI10.

Catalyst Iron loading [wt%] m(Fe) [mg] n(Fe(acac)3) [mmol] m(y-Al203) [g]

MIO1 1 20 0.358 1.98
MIO2 2 40 0.716 1.96
MIO3 3 60 1.07 1.94
MIO4 4 80 1.43 1.92
MIO5 5 100 1.79 1.90
MIO6 6 120 2.15 1.88
MIO7 7 140 2.51 1.86
MIO8 8 160 2.86 1.84
MIO9 9 180 3.22 1.82
MI10 10 200 3.58 1.80
SI10 10 200 3.58 1.80

8.4 Preparation of MMO1 to MMO6

MMO1 to MMO6 were prepared by Jennifer Klaucke between August 24™ and
October 26" 2020 as objective of her bachelor thesis!??!. The catalysts were prepared
analogous to the MI catalysts in 1 wt% steps, if applicable. Fe(NOs)3-9H>0,
Mn(NO3)2-4H>0O and Co(NO3)2-6H20 were used as precursors and for better solubility
ethanol was used as a solvent. The weightloadings impregnated in each step before
calcination at 600 °C in atmospheric air are shown in Table 8.3.

Table 8.3: Weightloadings of each 3d metal impregnated on the support material or the respective previous stage in each
step of the preparation of MMOI - MMO6.

Metal MMO01 MMO02 MMO03 MM04 MMOS MMO6

Step1  Mn:Fe:Co [wt%] 1:1:0 0:1:0 0:1:0 0:1:0 0:1:1 0:1:0
Step2  Mn:Fe:Co [wt%] 1:1:0 0:1:0 0:1:0 0:1:0 0:1:1 0:1:0
Step3  Mn:Fe:Co [wt%] 1:1:0 1:1:0 0:1:0 0:1:1 0:1:1 0:1:0.5
Step4  Mn:Fe:Co [wt%] 1:1:0 1:1:0 1:1:1 0:1:1 0:1:1 0.5:1:1
StepS Mn:Fe:Co [wt%] 1:1:0 1:1:1 1:1:1 1:1:1 0:1:1 :1:
Step 6 Mn:Fe:Co [wt%] 1:1:0 1:1:1 1:1:1 1:1:1 0:1:1

[

Overall Mn:Fe:Co [wt%] 6:6:0 4:6:2 3:6:3 2:6:4 0:6:6 2.5:6:3.5

8.5 Catalytic experiments

For catalytic experiments the samples were homogenized in a mortar, pressed to a
pellet and then granulated and sieved to a fraction of 125 to 250 um. In case of FeOl to
Fe20, 333 mg of the catalyst were filled in a quartz glass tube with an inner diameter of
8 mm. The filling was plugged on both sides with quartz wool and the reactor was mounted
into a clamshell oven. K-type thermocouples were inserted from both sides to log the exact
temperatures at the gas entrance and exit of the packed bed. Continuous measurements were
carried out during heating with a rate of 2 °C/min up to 600 °C with a permanent gas feed
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of 1000 ppm CO and 10 vol% O in inert gas balance to a total flow of 500 ml/min resulting
in a GHSV of 59642 h™!. For activation, the catalysts were heated under a constant argon
flow of 500 ml/min up to 600 °C with a heating rate of 5 °C/min and cooled down again to
room temperature. For static experiments the catalysts were cooled down to 150 °C in inert
gas after the continuous measurement. Then the above-mentioned gas feed was applied and
the catalytic activity measured at 150, 200 and 250 °C, each for 2 hours. The values
measured after these 2 h were used as the amount of conversion at the respective
temperature.

For the M1, ST and MM catalysts a total of 267 mg of the granulated sample were
used in a reactor with 6 mm inner diameter and a total gas flow of 400 ml/min but with the
same GHSV and same composition of CO and O: in inert gas. The activation of these
catalysts was carried out by heating with 5 °C/min up to 450 °C under a constant Ar flow
of 400 ml/min before the actual catalytic experiment.

The long-term stability tests were carried out with the same parameters, after
activation of the catalysts analogous to the measurements with continuous heating. The
experiments at 100 °C were carried out until zero conversion of CO was reached. Since at
200 °C the experiments would take up to 30 days to reach the point of zero conversion,
they were aborted after 80 h.

Catalytic experiments were conducted with 1 vol% CO (1.9 purity) in nitrogen
(5.0), oxygen (4.5) and argon (5.0). The pressures were reduced by double stage reducing
valves (GCE druva®) to a constant rate of 5 bar. The final gas mixture was set by mass
flow controllers (ANALYT-MTC Messtechnik GmbH) to yield a lean composite of
1000 ppm CO and 10 vol% oxygen in inert gas with a total flow rate of 400, respectively
500 ml/min. The packed bed plug flow reactor was heated by a clamshell furnace (HORST
GmbH, equipped with a JUMO dTron 304 controller) in a range of 200 mm (packed bed
length approx. 10 mm) to ensure a uniform heating of the gas stream and the packed bed.
The composition of the exhaust gas was analyzed by a NDIR analyzer (Infralyt 50, SAXON
Junkalor® GmbH) equipped with two separate channels, one for carbon monoxide and one
for carbon dioxide, both calibrated for a range of 0 to 1000 ppm.

8.6 Analytics

8.6.1 N> Physisorotion

The surface areas, average pore diameters and total pore volumes were obtained
from nitrogen physisorption, which was carried out at 77 K using a Quantachrome
Autosorb 6 after degassing the samples for 12 h at 120 °C. ASWin was used for processing
of the datal?®!, Surface areas were obtained via Brunauer-Emmett-Teller method and pore
diameters via Barrett-Joyner-Halenda method.
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8.6.2 PXRD

Powder X-ray diffractometry was carried out at a Bruker AXS D8 Advance with an
incident Cu K, radiation (A = 1.54 A), a step size of 20 = 0.02°, time per step of 3 s and a
wide-angle range of 10° to 80°.

8.6.3 HRPXRD

High resolution powder X-ray diffractometry was carried out at beamline P24 at
DESY (Hamburg/Germany) with an incident radiation of 20 keV (A = 0.619 10\) and a
MarCCD 165 detector. For processing of the obtained Bragg circles respectively the
transformation into a diffractogram the free software Datasqueeze!*”! was used. For
calibration of the spectra lanthanum hexaboride was used as a reference.

The plane distances resulting from PXRD as well as HRPXRD were calculated according
to Bragg’s by

y)
d=—2 (20 Eq.7.1
sin 180
These parameters can further be transformed into the lattice parameter a for each plane

using its Miller or Laue indices by the following formula:

a
CErerE fa- 72

8.6.4 MoBbauer

Fe025-Fe20 (RT) and Fe025/Fel0 (77 K): >’Fe MoBbauer spectra were obtained
in transmission geometry using a constant acceleration spectrometer (WissEl GmbH) with
a 512-channel analyzer and a >’Co source implemented in a Rh matrix. The spectrometer
was calibrated against a-iron at room temperature. A continuous flow cryostat (OptistatDN,
Oxford Instruments) was utilized to perform experiments at variable temperatures. For
further analysis, spectroscopic data were transferred from the multi-channel analyzer to a
PC. The spectra were analyzed, employing the public domain program Vinda!**®! running
on an Excel 2003® platform, by least-squares fits using Lorentzian line shapes. In addition
to the MoBbauer parameters isomer shift o, quadrupole splitting AEq and the line width at
half maximum I’, the area and area ratios of the components to each other were determined.
The spectra were measured and analyzed by A. Omlor (AK Schiinemann,
TU Kaiserslautern).

Fe01 (RT) and Fe01/Fe05/Fe20 (77 K): >’Fe MoBbauer spectra were taken on a
spectrometer (WissEl GmbH) with movable 100 mCi ’Co source implemented in a Rh
matrix and fixed sample holder. The analyses were carried out in constant acceleration
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mode in the velocity range between -10 mm/s and 10 mm/s without external magnetic field.
The temperature of the samples was controlled by an MBBC-HEO106 MoBbauer He/N»
cryostat within an accuracy of 0.3 K. Transmitted radiation was measured by a
proportional counter. The collected spectra were analysed by WinNormos!??**! software
using least-square fitting procedure assuming Lorentzian peak shapes. The obtained
correlation coefficients were always above 0.95 indicating appropriate accuracy of the
deconvolution. Isomer shift 8, quadrupole splitting AEq and hyperfine field B are reported
relative to a o-Fe reference. The spectra were measured and analysed by C. Singer (AK
Kureti, TU BA Freiberg)

8.6.5 DRUVS

Fe01-Fe20: diffuse reflectance UV/Vis spectroscopy of FeOl to Fe20 was carried
out at a Lambda 18 (Perkin Elmer) in the range of 200 to 900 nm. For background
correction a Lorentz-type function was fitted to the regions of 200 to 215 nm and 700 to
900 nm and then subtracted from the spectrum. Deconvolution was carried out with NLFit
function of Origin 2020b2*"! via manual selection of 5 (respectively 6) initial wavelengths
as starting points for the fit. Lower limits were set for peak 1 at 260 nm, peak 3 at 340 nm
and yo according to the lowest point of the spectrum to keep the fit within these boundaries.

MI01-MI10/S110/MMO01-MMO0S: diffuse reflectance UV/Vis spectroscopy of the
MI and MM catalysts was carried out in the range of 200 to 800 nm at a Lambda 850
spectrometer (Perkin Elmer) equipped with a Praying Mantis diffuse reflectance accessory
(Harric Scientific). The samples were investigated at ambient conditions with the SCFa140
support material as reference. The spectra were converted using the Kubelka-Munk
function defined as following:

Y
F(R) = a ZRR) Eq.7.3

For background correction a Lorentz-type function was fitted to the starting point
of the spectra at 200 nm and the first zero value at higher energies, and then subtracted
from the spectrum. Deconvolution was carried out with NLFit function of Origin 2020b!2*!
via manual selection of 3 to 6 initial wavelengths as starting points for the fit. The range of
the fitted area was kept between the first zero value for absorption in both lower and higher
energy direction. Lower limits were set for peak 1 at 270 nm, peak 3 at 340 nm, peak 4 at
430 nm, peak 5 at 530 nm and yo according to the lowest point of the spectrum to keep the
fit within these boundaries.

8.6.6 HAADF/STEM-EDX

Scanning transmission electron microscopy (STEM) images were obtained using a
probe-side Cs-corrected JEOL JEM-ARM200F, equipped with a cold field emission gun
and a JEOL SDD detector for the acquisition of energy dispersive x-ray spectra (EDS).
TEM specimen of all catalysts are prepared by dispersing the synthesis products in
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isopropyl alcohol and placing a droplet of the dispersion on a Lacey grid. The analysis of
all specimen is conducted with a high tension of 200 kV, a semi-convergence angle of
25 mrad and a maximum resolution of 70 pm owing to the Cs-correction. High angle
annular dark-field (HAADF) images are acquired on an annular dark-field detector with a
collection angle ranging from (51 £+ 2) mrad and (180 + 2) at a used camera length of 12
cm. At these settings the intensity contrasts in HAADF images can be explained within the
well-known Z-contrast model by Pennycook!®*!!, in which the contrast is proportional to
the atomic number Z72* (x between 0.3 and 0.7, accounting for inelastically scattered
electrons)?*?. Dwell-time and image resolution of EDS mappings are chosen to keep
specimen drift while acquisition as small as possible. Elemental maps of iron, aluminium
and oxygen are obtained using K-edges. The images were obtained and processed by J.
Biirger (AK Lindner, Paderborn University).

8.6.7 XAS

X-ray absorption spectroscopy experiments of FeOl to Fe20 at the Fe K-edge
(7112 eV) were performed at PETRAIII beamline P65 at Deutsches Elektronen-
Synchrotron DESY (Hamburg/Germany) using a Si(111) double crystal monochromator at
a maximum beam current of 100 mA. Energy calibration of the monochromator was
controlled using a Fe foil. The samples were diluted with cellulose (Sigma-Aldrich),
homogenized in a mortar and then pressed to a pellet. FeOl was measured in fluorescence
mode using a PIPS detector (passivated implanted planar silicon). Fe025 to Fe20 were
measured in transition mode using ionization chambers in front of and behind the sample.
The spectra were measured in step scan mode, which means that the spectra are divided in
regions with different step sizes (Table 8.4).

Table 8.4: Step scan parameters used in X-ray absorption spectroscopy of the presented catalysts at the iron K-edge

(7112 eV).

Energy [eV] Step size Time per point [s]
6962 - 7062 5eV 0.2
7062 - 7092 3eV 0.2
7092 - 7142 0.5eV 0.2
7142 - 8112 0.5 A’ 0.2

MI09, MI10, SI10 and MMO1 to MMOS were measured at the same beamline with
the same setup in transmission mode at the respective edges (Mn K, Fe K or Co K) but with
continuous scanning, which means that the spectra are measured with equal step sizes from
start to finish, which is usually from -200 to +1000 eV according to Eo of the reference
metal (Mn: 6539 eV, Fe: 7112 eV, Co: 7709 eV). The time per point was 0.1 s and the
overall time per spectrum 180 s. The step size results from the energy range, the time per
point and the time per spectrum.

MIO1 to MIO8 were measured at beamline P64 at DESY with a similar setup and
also with continuous mode. The spectra of MIO1 to MIO3 were obtained in fluorescence
mode while MMO04 to MMO8 were measured in transmission.
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The processing of the raw data including calibration of the spectra to the Fe
reference, deglitching, normalization and background removal the program Athena of the
Demeter software package was used®>!.

Eo was defined as the center of the jump, obtained at the halved maximum of the
maximum intensity of the jump. For EXAFS analysis the background was subtracted from
the obtained spectra as a Victoreen-type polynomial?**?3! followed by determination of
the smooth part of the spectrum by a piecewise polynomial, optimized to yield minimal
low-R components for the resulting Fourier transformation. After division by the smoothed
part, the photon energy was transformed into the photoelectron wavenumber k. x(k) was
weighted with k3 for the fitting with the program Excurve 9.26/%°%l, which utilizes the
EXAFS equation (Eq. 7.4) in the form of pseudo-radial distribution functions.

N' _ 2 2 Zi .
x(k) = zjsg (k)k—TfZITj(k)e 207 k" o A(k) 51n[2krj + (pl-j(k)] Eq.7.4
j
Here inelastic effects are represented by the amplitude reducing factor s& (k) and A,
the mean free path length, while the number of backscattering atoms Nj, their distance to
the observed atom 1j and the Debye-Waller like factor 6° take structural parameters into
account.
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A Reactor cross-section
ADBS ..o, Absorbing atom
ADP ......cccvenne. Adenosine diphosphate
Afac............... Amplitude reducing factor
AMP.............. Adenosine monophosphate
AOP............ Advanced oxidation process
ATP....ooee Adenosine triphosphate
BET........ccoc... Brunauer-Emmett-Teller
BJH......ccoo.... Barrett-Joyner-Halenda
BL o Boundary layer
BS .o Backscattering atom
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COHb........coeeeenne. Carboxyhemoglobin
DPF......cccevenn. Diesel particulate filter
DRUVS......... Diffuse reflectance UV/Vis
spectroscopy

EC..ooviiiees European Community
|21 D) GRTR Energy dispersive X-ray
spectroscopy

Bt oo Fermi energy
EU. i European Union
EXAFS.. Extended X-ray absorption fine
structure

| S = Flame spray pyrolysis
GHSV ........... Gas hourly space velocity
HAADEF... High angle annular dark-field
Hb o, Hemoglobin
HbOz v Oxyhemoglobin
HC...oo, Hydrocarbons
IWI........ Incipient wetness impregnation
MI ..o Multi-Step Impregnation
MM ..o, Multi metal
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Abbreviations

NMP ................. N-Methyl-2-pyrrolidone
NSR ..o, NOx storage-reduction
PGM .........cc....... Platinum group metals
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PM . Particulate matter
PN .o, Particle number

PROX .. Preferential oxidation (of HC or
CO when H; is present)
PXRD ........ Powder X-ray diffractometry

RDS ..o Rate-determining step
Re oo, Reynolds number
RT ..o Room temperature
SCR............. Selective catalytic reduction
N I Single-Step Impregnation
STEM ... Scanning transmission electron

microscopy
b e Time
TEL. ... Tetraethyl lead
THF ..o, Tetrahydrofuran
TWC ..o Three-way-catalyst
USA ..o United States of America
Vet e e e Velocity
AV Volumetric gas flow
VOcC............ Volatile organic compounds

WLTP........ Worldwide harmonized light
vehicles test procedure
XANES........ X-ray absorption near edge

structure
XAS ... X-ray absorption spectroscopy
O e, Boundary layer thickness
Vo e Kinematic viscosity
VKDl eeeeeennnnrrereeeeesnnnannes Kinematic viscosity
T e eeree e e Residence time
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Figure 1.11: Benchmarks of iron catalysts in CO oxidation experiments from important
references of the last 20 years; black dottet line: 25 °C; black stripes: 30 °C; red dotted line:
50 % CO yield; Li et al.: 1'3); Lin et al.: 24 with addition of water to the gas stream;
Szegedi et al.: 3'%); Carriazo et al.: 4!%); Bao et al.: 5!"7); Ren et al.: 6!'°%); Hnat et al.:
7191 FeSiBEA as-prepared; 7* FeSiBEA reduced prior to CO oxidation; Gao et al.: 829!
a = a-Fe>O3 nanorods, b = a-Fe>O3 nanocubes, ¢ = a-Fe,O3; nanotubes; Tepluchin et al.:
92011 3 = prepared by IWI, b = prepared by FSP, 9a* = addition of water to gas stream; Kim
et al.: 1012°21 measurements at constant temperatures of 30 and 100 °C, 10 = start, 10* =
after 6 h, 10%* = after 33 h; Li et al.: 1112%]; Schoch et al.: 1212 Fe;03 on y-Al,O03,a = 1
Wt%, b = 5 wt%, ¢ = 10 wt%, 12*29] catalysts prepared by reduction of the iron(III)
precursor prior to impregnation of the support and calcination.............cceecveeevieerneeennnnn. 18

Figure 1.12: Schematic description of CO oxidation on a heterogenous catalyst following
a Langmuir-Hinshelwood or Eley-Rideal mechanism (left) or a Mars-van-Krevelen
mechanism (right); both mechanisms are simplified and do not show each elementary step
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Figure 3.1: Powder X-ray diffractograms of FeOl to Fe20 and the y-Al>O3 support. ....... 26

Figure 3.2: Experimental high-resolution powder X-ray diffractograms of catalyst FeO1l to
Fe20 (orange to green) and calculated diffractograms of hematite (a-Fe2O3) and maghemite
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Figure 3.3: Lattice parameter a calculated from 20 shifts of the (311), (222), (400), (511)
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Figure 3.4: MoBbauer spectra (black dots) of catalysts FeOl to Fe20 with corresponding
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Figure 3.5: Background-corrected diffuse reflectance UV/Vis-spectra of FeO1 to Fe20. .29

Figure 3.6: Results from peak deconvolution of the DRUV spectra of FeOl to Fe20;
experimental spectra after background subtraction (black) and the corresponding

cumulative peak fit (dark green); the center of each peak is given in nanometers in the
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Figure 3.7: Visualization of the normalized percentual areas of tetrahedral, octahedral,
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Figure 3.10: Fourier transformed EXAFS spectra of FeOl to Fe20 and the corresponding
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Appendix

9.1 Phase Purity of the y-Al>O3 Support

O APPENDIX

Phase purity of the y-Al>Os support used for catalysts FeOl to Fe20 was ascertained
by powder X-ray diffractometry and comparison to a calculated diffractogram as follows.
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Figure SI 9.1: Experimental powder X-ray diffractogram of the as-prepared y-Al2Os support compared to a calculated

powder pattern, obtained via the program Mercury>?’! from a crystal structure!>'%211,
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Appendix

9.2 Low Temperature MoBbauer Spectroscopy

Fe025

Rel. Transmission / a.u.

Velocity / mm/s

Figure SI 9.2: Méfsbauer spectrum of Fe025 (black dots) obtained at 77 K and corresponding fit of the doublet (red).

Table SI 9-1: Parameters obtained by Mdfibauer spectroscopy of Fe025 at 77 K.

o [mm/s] AEq [mm/s] I' [mm/s]

0.38 0.97 0.76
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Fe05

0.99

Rel. Transmission / a.u.

0.985

Figure SI 9.3: Méfsbauer spectrum of Fe05 (black dots) obtained at 77 K and corresponding fit of the doublet (red).

Table SI 9-2: Parameters obtained by Mofibauer spectroscopy of Fe05 at 77 K.

4 0

Velocity / mm/s

4

0 [mm/s]

AEg [mm/s]

I' [mm/s]

0.38

0.89

0.66
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FelO
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Figure SI 9.4: Mdfibauer spectrum of FelO (black dots) obtained at 77 K and corresponding fit of the sextett (blue),
doublet (red) and cumulative fit (green).

Table SI 9-3: Parameters obtained by Mdf3bauer spectroscopy of FelO at 77 K.

0 [mm/s] AEq [mm/s] I' [mm/s]
d 0.44 1.06 0.77
SX 0.44 Bnr=515T
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Fe20
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Rel. Transmission / a.u.
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Figure SI 9.5: Mdfibauer spectrum of Fe20 (black dots) obtained at 77 K and corresponding fit of the sextett (blue),
doublet (red) and cumulative fit (green).

Table SI 9-4: Parameters obtained by Mdf3bauer spectroscopy of Fe20 at 77 K.

0 [mm/s] AEq [mm/s] I' [mm/s]
d 0.39 0.91 0.59
SX 0.46 Bnr=523T
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9.3 UV/Vis-Spectroscopy

9.3.1 Peak Deconvolution: FeO1 - Fe20

FeOl
035 1 Experiment
Peak 1
0.3 Peak 2
1 Peak 3
= 0.25 H Peak 4
o 1 Peak 5
o 024 Fit
Q
§ 1 Confines
‘é 0.15 A
O
<
0.1
0.05 A \
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T T T T T 1
200 300 400 500 600 700
Wavelength / nm

Figure SI 9.6: DRUYV spectrum and deconvolution of FeOl.

Table SI 9-5: Parameters of the peak deconvolution of FeOl; for peak 4 a lower limit of 435 nm was set.

Model Gaussian
Function y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
-0.003 + -0.003 + -0.003 + -0.003 + -0.003 =
yo 8.1973E-4 8.1973E-4 8.1973E-4 8.1973E-4 8.1973E-4
X 264.5944 + 297.5430 + 340 + 435 + 547.5522 +
¢ 0.4482 1.9196 13.1892 23.4728 4.1119
Area 4.9403 + 15.3148 + 15.7082 + 4.9547 + 0.1794 +
1.1736 7.6336 8.3174 2.1619 0.1520
X2oq 8.64457E-6
T2 0.99934

Table SI 9-6: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron oxide.
Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual areas
multiplied by the iron loading.

Xc[nm] | Area[a.u.] | Areanom [%] Areanorm [%] Amountporm [%]
265 4.94 12.0 Fetet 12.0 0.120
298 15.31 37.3 Feoct 37.3 0.373
340 15.71 38.2 .
135 405 2.0 FexOy olig. 50.3 0.503
548 0.18 0.438 FexOy particles | 0.44 0.00438
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Fe025
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Figure SI19.7: DRUV spectrum and deconvolution of Fe025.

Table SI 9-7: Parameters of the peak deconvolution of Fe025.

600 700

Model Gaussian
Function =y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
-0.004 + -0.004 + -0.004 + -0.004 + -0.004 +
yo 0.00123 0.00123 0.00123 0.00123 0.00123
X 267.0679 + | 303.3725 + 351.2364 + 448.3542 + 533.7167 +
¢ 0.8395 1.9892 14.8879 47.7532 475.1373
Area 6.3315 + 19.1931 + 20.7902 + 13.6395 + 3.0249 +
1.9676 11.6177 15.6331 35.6409 30.0896
XPod 1.27031E-5
T2 0.99923

Table SI 9-8: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron oxide.
Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual areas
multiplied by the iron loading.

Xc[nm] | Areala.u.] | Areanom [%] Areanorm [%] Amountnorm [%]
267 6.33 10.8 Feet 10.8 0.270
303 20.8 354 Feoct 354 0.886
351 14.9 254 .
443 136 232 FexOy olig. 48.6 1.22
534 3.02 5.15 FexOy particles | 5.15 0.129
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Fe05
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Figure SI 9.8: DRUYV spectrum and deconvolution of Fe05.
Table SI 9-9: Parameters of the peak deconvolution of Fe05.
Model Gaussian
Function y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
-0.004 £ -0.004 + -0.004 £ -0.004 + -0.004 +
yo 0.00147 0.00147 0.00147 0.00147 0.00147
X 265.5110 299.5955 + 347.4462 + 4447809 + 513.9394 +
¢ 0.7747 1.5577 8.9343 6.7279 334.2752
Area 6.9185 + 21.4682 + 35.0961 + 22.2702 £ 9.0160 +
2.2258 11.9875 14.2335 50.5516 47.9250
szed 1.85126E-5
Tczorr 0.9994

Table SI 9-10: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual

areas multiplied by the iron loading.

Xc[nm] | Areala.u.] | Areanom [%] Areanorm [%] Amountnorm [%]
266 6.92 7.30 Feer 7.30 0.365
300 21.5 22.7 Feoct 22.7 1.13
347 35.1 37.0 .
145 3 25 FexOy olig. 60.5 3.03
514 9.02 9.52 FexOy particles | 9.52 0.476
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FelO
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Figure SI19.9: DRUYV spectrum and deconvolution of FelO.
Table SI 9-11: Parameters of the peak deconvolution of Fel0.
Model Gaussian
Function y=y0 + (A/(Ww*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
-0.007 £ -0.007 £ -0.007 £ -0.007 £ -0.007 £ -0.007 £
yo 9.4064E-4 | 9.4064E-4 | 9.4064E-4 | 9.4064E-4 | 9.4064E-4 | 9.4064E-4
X 266.7093 305.0514 | 366.1235 | 456.4909 | 529.5326 | 659.4903
¢ +1.0371 +1.3806 | +£8.6004 | +7.1748 | £26.9542 | £10.0261
Area 8.7137 31.4941 £ | 62.94732 | 40.4059 £ | 32.1960 + 3.2282
+2.6543 18.3908 | £51.6049 | 182.6243 | 151.9598 | +2.9828
Y2 1.97494E-5
2., 0.99971

Table SI 9-12: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual
areas multiplied by the iron loading.

Xc [nm] Area [a.u.] Areanorm [%] Areanorm [%] Amountuorm [%]
267 8.71 4.87 Feret 4.87 0487
305 31.49 17.6 Feoct 17.6 1.76
366 62.95 35.2 )
456 40.41 22.6 FexOyolig. | 57.7 5.77
530 32.2 18.0 )
659 3.23 1.80 FexOy particles | 19.8 1.98
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Fe20
1 _
Experiment
Peak 1
0.8 1 Peak 2
Peak 3
g Peak 4
3 0.6 Peak 5
2 Peak 6
£ Fit
o -
2 0.4 Confines
<
0.2 4
0 -\,
200 3(I)0 4(|)0 ' 5(I)0 6(I)0 7(I)o
Wavelength / nm
Figure SI1 9.10: DRUV spectrum and deconvolution of Fe20.
Table SI 9-13: Parameters of the peak deconvolution of Fe20.
Model Gaussian
Function y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
-0.012 + -0.012 + -0.012 + -0.012 + -0.012 + -0.012 +
Yo 0.00103 0.00103 0.00103 0.00103 0.00103 0.00103
) 2650813 | 303.0614 | 3623565 | 459.8329 | VOB 1 6sp 5155
+0.9056 +1.1813 +6.2809 +15.1712 39 8440 +5.6990
Area 9.2129 + 33.3372+ | 75.5165+ | 68.4914 + | 26.1852+ | 6.4027 +
2.5005 15.7789 43.3858 72.7927 44.3067 1.3589
)(fed 2.15064E-5
rczorr 0.99976

Table SI 9-14: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual
areas multiplied by the iron loading.

Xc [nm] Area [a.u.] Areanorm [%] Areanorm [%] Amountporm [%]
265 9.21 4.20 Fetet 4.20 0.841
303 33.3 15.2 Feoct 152 3.04
362 75.5 34.5 .
460 68.5 313 Fe.Oyolig. | 65.7 13.1
547 26.2 12.0 )
653 6.40 292 FexOy particles | 14.9 2.97
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9.3.2 Peak Deconvolution: MIO1 - MI10 and SI10
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Figure SI 9.11: Experimental DRUV spectrum of MIO1 and the peaks and fit obtained by peak deconvolution.

Table SI 9-15: Parameters of DRUVS peak deconvolution of MI01.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peak 1 Peak 2 Peak 3
Yo -0.0372 £ 0.0037 -0.0372 + 0.0037 -0.0372 +0.0037
Xc 270 £ 16.3596 303.6551 = 8.5012 340 + 50.5060

Area 475.1875 +307.3783 188.8935 + 486.2429 80.1654 +202.8419

X2oq 0.00508

T2 0.99901

Table SI 9-16: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual
areas multiplied by the iron.

Xc[nm] | Area[a.u.] Areanorm [%] Areanom [%] Amountnorm [%]
270 475 63.9 Feer 63.9 0.638
304 189 254 Feoct 254 0.254
347 80.2 10.8 Fe.Oy olig. 10.8 0.108
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Figure SI 9.12: Experimental DRUV spectrum of MI02 and the peaks and fit obtained by peak deconvolution.

Table SI 9-17: Parameters of DRUVS peak deconvolution of MI102.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)
Plot Peak 1 Peak 2 Peak 3 Peak 4
Yo -0.04 £0.113 -0.04 £0.113 -0.04 £0.113 -0.04 £0.113
340.7059 +
Xc 270 £25.2117 |314.6213 £ 39.2455 2971.8009 430 + 448.7582
720.0898 + 586.9530 + 141.3488 +
Area 855.7440 12678.2392 13151.6093 30 +286.594
X2oq 0.02114
T2 0.99902

Table SI 9-18: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual
areas multiplied by the iron.

Xc[nm] | Area [a.u.] | Areanom [%] Areanorm [%] Amountporm [%]
270 720 46.3 Fetet 46.3 0.926
315 587 37.7 Feoct 37.7 0.755
341 141 9.08 .
430 107 6.91 FexOy olig. 16.0 0.320
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MIO3
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Figure SI 9.13: Experimental DRUV spectrum of MI03 and the peaks and fit obtained by peak deconvolution.

Table SI 9-19: Parameters of DRUVS peak deconvolution of MI103.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)
Plot Peak 1 Peak 2 Peak 3 Peak 4
Yo -0.03 +0.0679 -0.03 = 0.0679 -0.03 +0.0679 -0.03 +0.0679
Xe | 270+28.3187 3118(')5.53661; ﬁﬁ%é%%q; 430 + 145.0375
Area 737.7647 642.4903 + 335.9280 + 73.1068 +
962.9163 18661.2369 18149.3735 221.7451
XZ.q 0.02483
T2 0.99909

Table SI 9-20: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual

areas multiplied by the iron.

Xc [nm] Area [a.u.] Areanorm [%] Areanorm [%] Amountporm [%]
270 738 41.2 Fetet 41.2 1.24
317 642 35.9 Feoct 359 1.08
343 336 18.8 .
430 731 409 FexOyolig. | 22.9 0.686
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Figure SI 9.14: Experimental DRUV spectrum of MI04 and the peaks and fit obtained by peak deconvolution.

Table SI 9-21: Parameters of DRUVS peak deconvolution of MI104.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)
Plot Peak 1 Peak 2 Peak 3 Peak 4
Yo -0.05 = 0.0935 -0.05 +0.0935 -0.05 +0.0935 -0.05 +0.0935
357.6623 + 449.8710 +
Xc 270 £21.7463 |322.3730 £76.1232 12728350 167.8575
Area 787.7098 + 998.1415 + 290.8962 + 96.7359 +
934.3251 14524.6895 14092.8611 378.0704
X2oq 0.04268
T2 0.99879

Table SI 9-22: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual
areas multiplied by the iron.

Xc [nm] Area [a.u.] Areanorm [%] Areanorm [%] Amountporm [%]
270 788 36.2 Fetet 36.2 1.45
322 998 45.9 Feoct 45.9 1.84
358 291 13.4 .
450 96.7 445 FexOyolig. | 17.8 0.713

124



Appendix

MIOS5
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Figure SI 9.15: Experimental DRUV spectrum of MI05 and the peaks and fit obtained by peak deconvolution.

Table SI 9-23: Parameters of DRUVS peak deconvolution of MI105.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peak 1 Peak 2 Peak 3 Peak 4
Yo -0.0266 +0.0159 | -0.0266 +0.0159 | -0.0266 +0.0159 |-0.0266 + 0.0159
Xe 270 £29.791  |324.1526 +£215.2770 3632467 + 430 +47.2628

597.6221
Area 805.3799 + 1146.4344 + 340.4321 + 245.1838 +
1774.5549 15044.5462 13484.924 201.9851
X2oq 0.04643
T2 0.99872

Table SI 9-24: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual
areas multiplied by the iron.

Xc[nm] | Area [a.u.] Areanom [%] Areanorm [%] Amountuorm [%]
270 805 31.7 Feer 31.7 1.59
324 1146 45.2 Feoct 45.2 2.26
363 340 134 .
430 245 9.66 FexOyolig. | 23.1 1.13

125



Appendix

MIO06

20

[
i
1

Absorbance / a.u.
>
|

;

Experiment
Peak 1
Peak 2
Peak 3
Peak 4
Fit
Constraints

T
400

T T
500 600

Wavelength / nm

1
700

Figure SI 9.16: Experimental DRUV spectrum of MI06 and the peaks and fit obtained by peak deconvolution.

Table SI 9-25: Parameters of DRUVS peak deconvolution of MI106.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)
Plot Peak 1 Peak 2 Peak 3 Peak 4
Yo 0.0058 + 0.0366 0.0058 + 0.0366 0.0058 £ 0.0366 | 0.0058 + 0.0366
376.0429 +
Xc 270 £50.8728 328.0568 +49.5679 104.5992 430 £26.8617
Area 825.8000 + 1505.8197 + 288.4187 379.0693 +
3373.6043 8666.7054 5190.1680 182.9030
X2oq 0.063
T2 0.99874

Table SI 9-26: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual

areas multiplied by the iron.

Xc [nm] Area [a.u.] Areanorm [%] Areanorm [%] Amountporm [%]
270 826 27.5 Fetet 27.5 1.65
328 1506 50.2 Feoct 50.2 3.01
376 288 9.62 .
430 379 126 FexOyolig. | 22.3 1.34
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Figure SI 9.17: Experimental DRUV spectrum of MI07 and the peaks and fit obtained by peak deconvolution.

Table SI 9-27: Parameters of DRUVS peak deconvolution of MI107.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peak 1 Peak 2 Peak 3 Peak 4
Yo 0.0121 £0.0135 | 0.01208 +0.0135| 0.0121 +0.0135 0.0121 £0.0135
Xc 270 +£3.1348 306.6009 + 2.9822| 344.5069 + 2.6163 430 + 13.5454

Area 681.1547 + 107.2227 1437.5746 + 501.4843 +

81.7874 92.3639 200.3454 106.5360
XPeod 0.03161
T2 0.99904

Table SI 9-28: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual
areas multiplied by the iron.

Xc[nm] | Area [a.u.] Areanom [%] Areanorm [%] Amountuom [%]
270 681 25.0 Feet 25.0 1.75
307 107 3.93 Feoct 3.93 0.275
345 1438 52.7 .
430 501 134 FexOyolig. | 71.1 4.98
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Figure SI 9.18: Experimental DRUV spectrum of MI08 and the peaks and fit obtained by peak deconvolution.

Table SI 9-29: Parameters of DRUVS peak deconvolution of MI0S.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)
Plot Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
0.0148 + 0.0148 + 0.0148 + 0.0148+
yo 0.0179 0.0179 0.0148 +0.0179 0.0179 0.0179
314.8246 + 360.9527 + 471.4822 +
Xc 270 +7.3813 39208 23 1377 73835 530 + 63.0564
Ar 738.0563 + 343.2201 + 1793.5903 + 188.8770 80.7736 %
ca 234.7684 821.6483 995.6671 180.1028 109.1492
XZoq 0.03951
T2 0.99901

Table SI 9-30: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual
areas multiplied by the iron.

Xc[nm] | Area[a.u.] | Areanorm [%] Areanorm [%] Amountporm [%]
270 738 23.5 Fetet 23.5 1.88
315 343 10.9 Feoct 10.9 0.873
361 1794 57.0 . 63.0
471 139 6.01 FexOy olig. 5.04
530 80.8 2.57 Fe.Oy particles | 2.57 0.206
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Figure SI 9.19: Experimental DRUV spectrum of MI09 and the peaks and fit obtained by peak deconvolution.

Table SI 9-31: Parameters of DRUVS peak deconvolution of MI109.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)
Plot Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
0.0412 + 0.0412 + 0.0412 +
Yo 0.0162 0.0412 £ 0.0162/0.0412 £ 0.0162 0.0162 0.0162
318.9988 + 379.9827 + 478.5759 +

Xe 270 £12.7100 9.5170 297134 59409 530 +£31.1803
646.5139 + 612.9440 + 1715.0089 = | 204.3287 + | 133.8143 +

Area | ae00515 1446.2040 1248.1316 183.0333 88.1595
Xied 0.03287
2 0.99912

Table SI 9-32: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual
areas multiplied by the iron.

Xc[nm] | Area[a.u.] | Areanom [%] Areanorm [%] Amountporm [%]
270 647 19.5 Fetet 19.5 1.76
319 613 18.5 Feoct 18.5 1.67
380 1715 51.8 .
479 204 6.17 FexOy olig. 57.9 5.21
530 134 4.04 Fe.Oy particles | 4.04 0.364
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Figure SI 9.20: Experimental DRUV spectrum of MI110 and the peaks and fit obtained by peak deconvolution.

Table SI 9-33: Parameters of DRUVS peak deconvolution of MI110.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)
Plot Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
0.0612 + 0.0612 + 0.0612 +
Yo 0.0138 0.0612 +£0.0138/0.0612 +£0.0138 0.0138 0.0138
320.4125 + 387.0987 + 478.1473 +
Xc 270 + 19.9568 12.1153 472930 10.1158 530 + 35.8438
Ar 586.7682 + 802.5131 + 1454.3937 + 250.0871 + 145.5106 +
ca 818.1107 2534.4263 1957.2588 279.9128 107.7114
)(,z.ed 0.02143
T2 0.99937

Table SI 9-34: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual
areas multiplied by the iron.

Xc[nm] | Area[a.u.] | Areanom [%] Areanorm [%] Amountporm [%]
270 587 18.1 Fetet 18.1 1.81
320 803 24.8 Feoct 24.8 2.48
387 1454 44.9 .
473 750 779 FexOy olig. 52.6 5.26
530 146 4.49 Fe.Oy particles | 4.49 0.449
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Figure SI 9.21: Experimental DRUV spectrum of SI10 and the peaks and fit obtained by peak deconvolution.

Table SI 9-35: Parameters of DRUVS peak deconvolution of SI10.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)
Plot Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
0.06 = 0.06 = 0.06 = 0.06 = 0.06 =
Yo 0.0187 0.0187 0.0187 0.06 £0.0187 0.0187 0.0187

270 = 301.3849 +|334.83215 +| 394.62209 + 500+ 598.0647 +

Xe 7.08479 | 220721 | 7.06392 | 15.70688 | 13.92637 | 34.06944
Areg |439-63412 £/ 64.43605 + 324.12057 + 1307.74984 + 500.25388 + 77.01028 %
284.63794 | 100.46947 | 487.49222 | 1098.38842 | 455.6295 | 45.76026
Xrea 0.00918
2 0.99943

Table SI 9-36: Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated from the percentual
areas multiplied by the iron.

Xc[nm] | Area [a.u.] Areanorm [%] Areanorm [%] Amountnorm [%]
270 460 16.8 Feu 16.8 168
301 64.4 2.36 Feoct 2.36 0.236
335 324 11.9 .
395 1308 47.8 Fe.Oyolig. | 59.7 597
500 500 18.3 .
598 77.0 2.82 FexOy particles | 21.1 211
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9.4 X-Ray Absorption Spectroscopy

9.4.1 Pre-Peak Analysis: FeOl - Fe20

For pre-peak Analysis the main edge was subtracted as a Boltzmann-type function.
To obtain the precise pre-peak position an inverse polynomial function was applied for
catalysts FeOl, Fe025, Fe05, Fel0 and Fe20 while for the references a-Fe,Os and y-Fe2Os
two Lorentzian functions were applied.
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Figure SI 9.22: Pre-peak area of FeOl and the background to remove the main edge, obtained by a Boltzmann function.

Table SI 9-37: Fit parameters of the background fit for FeOl.

Model Boltzmann
Equation y =A2 + (A1-A2)/(1 + exp((x-x0)/dx))

Plot FeOl

Al 0.00386 + 5.57691E-4

A2 0.84933 £0.01596

x0 7122.92897 £ 0.07218

dx 1.671 £ 0.02862
XPed 1.2797E-5
20D 0.99952
T2 0.99949

132



Appendix

Norm. abs. / a. u.

0.1

Exp.
Fit
0.08
0.06
0.04
0.02 4
0 T T T T T T T T 1
7110 7112 7114 7116 7118

Energy / eV

Figure SI 9.2: Pre-peak area of FeOl with inverse polynomial fit after removal of the main edge.

Table SI 9-38: Fit parameters of the pre-peak fit for FeOl.

Model InvsPoly
. —yO+A/(1 + AT*(2*(x-xC)/W) 2 +
Equation A2*y(2>yk(x-xc()/w)A4 +(A3(*(2*()x—x)c)/w)’\6)

Plot FeO1

y0 0.00328 £ 0.00117

xc 7113.997 + 0.02694

w 491615 + 3842539.08757

A 0.06328 + 0.00147

Al 0.50915 + 79592044293

A2 0.56888 + 1778571.15333

A3 0.19565 + 917539.61378

2 2.96405E-6
r2, 0.99601
r2 0.99469
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Fe025

0.7 5

Exp.
Fit

0.6 1

0.5

0.4

0.3 1

Norm. abs. / a. u.

0.2 1

0.1 +

T T T T 1
7105 7110 7115 7120 7125
Energy / eV

Figure SI 9.3: Pre-peak area of Fe025 and the background to remove the main edge, obtained by a Boltzmann function.

Table SI 9-39: Fit parameters of the background fit for Fe025.

Model Boltzmann
Equation y = A2 + (A1-A2)/(1 + exp((x-x0)/dx))

Plot Fe025

Al 0.00273 + 7.69022E-4

A2 0.86027 +0.02297

x0 7122.97922 +0.10451

dx 1.72551 £ 0.03988

X2, 2.43738E-5
120D 0.99907
T2 0.99902
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Figure SI 9.4: Pre-peak area of Fe025 with inverse polynomial fit after removal of the main edge.

Table SI 9-40: Fit parameters of the pre-peak fit for Fe025.

Model InvsPoly
. —yO+A/(1 + ATH2H(x-xC)/W)™2 +
Equation A2*y(2>yk(x-xc()/w)A4 +(A3(*(2*()x—x)c)/w)’\6)
Plot Fe025
y0 20.00433 + 0.00603
xc 7113.8922 + 0.02596
w 475552 % 2515279.36997
A 0.06976 % 0.00643
Al 0.30799 + 325803.2086
A2 0.59565 = 1260203.86425
A3 20,0843 + 267540.07923
2 2.60441E-6
r2 0.99645
r2 0.99493
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Fe05
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Figure SI 9.5: Pre-peak area of Fe05 and the background to remove the main edge, obtained by a Boltzmann function.

Table SI 9-41: Fit parameters of the background fit for Fe05.

Model Boltzmann
Equation y = A2 + (A1-A2)/(1 + exp((x-x0)/dx))
Plot Fe05
Al 0.00529 + 6.10835E-4
A2 0.86658 +0.01905
x0 7123.05039 + 0.08636
dx 1.74262 +0.03219
X2, 1.5013E-5
120D 0.99942
T2 0.99939
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Figure SI 9.6: Pre-peak area of Fe05 with inverse polynomial fit after removal of the main edge.

Table SI 9-42 Fit parameters of the pre-peak fit for Fe05.

Model InvsPoly
. —yO+A/(1 + ATH2H(x-xC)/W)™2 +
Equation A2*y(2>yk(x-xc()/w)A4 +(A3(*(2*()x—x)c)/w)’\6)

Plot Fe05

y0 0.00346 = 0.00173

xc 7113.88537 + 0.02625

w 459746 + 3171995.4929

A 0.05939 £ 0.00178

Al 0.40488 + 558690.86759

A2 041616 + 114850229772

A3 0.11773 + 4873814119
u 2.45021E-6
r2 0.99636
r2 0.99491
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FelO
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Figure SI 9.7: Pre-peak area of FelO and the background to remove the main edge, obtained by a Boltzmann function.

Table SI 9-43: Fit parameters of the background fit for FelO.

Model Boltzmann
Equation y = A2 + (A1-A2)/(1 + exp((x-x0)/dx))

Plot FelO

Al 0.00496 + 6.03096E-4

A2 0.88208 +0.02301

x0 7123.22575 +0.10531

dx 1.83865 +0.03722

X2, 1.49001E-5
120D 0.9994
T2 0.99936
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Figure SI 9.8: Pre-peak area of Fe010 with inverse polynomial fit after removal of the main edge.

Table SI 9-44: Fit parameters of the pre-peak fit for FelO.

Model InvsPoly
. =y0+A/(1 + A1*(2*(x-xC)/W) 2 +
Equation A2*y(2>yk(x-xc()/w)A4 +(A3(*(2*()x—x)c)/w)’\6)

Plot Fel0

y0 Fel0

Xc 0.00648 + 0.00725

w 7114.06544 +0.017

A 4.05682 + 5774125.59664

Al 0.05577 +0.00704

A2 0.32289 +919147.83869

A3 0.30113 + 1714388.62247
X2od 0.05151 +439853.97278
0D 8.89577E-7
T2y 0.99832
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Fe20
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Figure SI 9.9: Pre-peak area of Fe20 and the background to remove the main edge, obtained by a Boltzmann function.

Table SI 9-45: Fit parameters of the background fit for Fe20.

Model Boltzmann
Equation y = A2 + (A1-A2)/(1 + exp((x-x0)/dx))

Plot Fe20

Al 0.00435 + 6.52698E-4

A2 0.93461 +0.02803

x0 7123.38387 +0.12485

dx 1.94507 +£0.04109
XPeod 1.7425E-5
Té0p 0.99931
T2 0.99927
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Figure SI 9.10: Pre-peak area of Fe20 with inverse polynomial fit after removal of the main edge.

Table SI 9-46: Fit parameters of the pre-peak fit for Fe20.

Model InvsPoly
. —y0+A/(1 + ATFQ*(xoxC)/W) 2 +
Equation AZ’Z(ZZ‘(X—XC()/W)M +(A3(*(2*()x—x)c)/w)’\6)

Plot Fe20

y0 0.0035 + 8.78886F-4

xc 7114.01046 + 0.02646

w 5.12845 + 3.9464E7

A 0.05802 + 0.00121

Al 0.5623 + 8653906.19097

A2 0.42336 + 1.30313E7

A3 0.28062 + 1.29566E7

2, 2.30855E-6
r2, 0.99634
2 0.99512
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9.4.2 Pre-Peak Analysis: MIO1 - MI10, SI10

For pre-peak analysis the main edge was subtracted as a Lorentzian-type function.
To obtain the precise pre-peak position a Gaussian-type function was applied for catalysts
MMOI1 to MMI10 and two Gaussian-type functions for SI10 while for the references a-

Fe>O3 and y-Fe»>O3 two Lorentzian functions were applied.
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Figure SI 9.23: Pre-peak area of MIO1 and the background to remove the main edge, obtained by fit of a Lorentzian-type

Junction.

Table SI 9-47: Fit parameters of the background fit for MIO1.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 -0.00134 + 2.53206E-4
XC 7122.99894 + 0.02745
w 2.16249 + 0.02851
A 0.83085 +0.01965

)(fed 1.50014E-6

Toorr 0.99938
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Figure SI 9.24:Background-corrected pre-peak of MIO1 and Gaussian-type fit.

Table SI 9-48: Fit parameters of the Gaussian-type fit for MIO1.

Model Gauss
Equation y=y0 + (A/(wW*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

y0 2.21708E-4 + 1.68166E-4
XC 7114.45632 +0.02012
W 1.81936 + 0.04363
A 0.05846 £ 0.00138

XPeod 5.18256E-7

T2 0.99149
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Figure SI 9.25: Pre-peak area of MI102 and the background to remove the main edge, obtained by fit of a Lorentzian-type
Junction.

Table SI 9-49: Fit parameters of the background fit for M102.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 -6.27677E-4 + 3.0974E-4
XC 7123 +0.04904
w 2.42445 +£0.03433
A 0.97604 £ 0.03597

X2oq 2.20822E-6

T2 0.99902
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Figure SI 9.26:Background-corrected pre-peak of MI02 and Gaussian-type fit.

Table SI 9-50: Fit parameters of the Gaussian-type fit for MI02.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

y0 2.56433E-4 +2.14278E-4
XC 7114.56787 +0.01484
W 1.65791 £ 0.03187
A 0.08989 + 0.00168

X2oq 8.80845E-7

T2 0.99455
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Figure SI 9.27: Pre-peak area of MI03 and the background to remove the main edge, obtained by fit of a Lorentzian-type
Junction.

Table SI 9-51: Fit parameters of the background fit for M103.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 -6.94182E-4 £ 2.22514E-4
XC 7123.09779 £ 0.03697
w 2.79469 £ 0.02737
A 1.25556 + 0.03032

X2oq 1.51575E-6

T2 0.99942
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Figure SI 9.28: Background-corrected pre-peak of MI03 and Gaussian-type fit.

Table SI 9-52: Fit parameters of the Gaussian-type fit for MI03.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

y0 1.80232E-4 +2.0131E-4
XC 7114.57427 +0.01013
W 1.69761 £0.0218
A 0.12751 £0.0016

X2oq 7.68903E-7

T2 0.99756
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Figure SI 9.29: Pre-peak area of M104 and the background to remove the main edge, obtained by fit of a Lorentzian-type
Junction.

Table SI 9-53: Fit parameters of the background fit for MI104.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)N2 + wh2))

y0 -0.00373 + 3.88303E-4
XC 7124.19737 £0.11844
w 3.55839 + 0.06338
A 2.80096 + 0.18003

X2oq 3.89796E-6

T2 0.99907
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Figure SI 9.30:Background-corrected pre-peak of MI04 and Gaussian-type fit.

Table SI 9-54: Fit parameters of the Gaussian-type fit for MI0O4.

Model Gauss
Equation y=y0 + (A/(wW*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

y0 0.00208 + 5.34704E-4
XC 7114.4867 +0.02241
W 2.00961 + 0.04922
A 0.18825 + 0.00462

XPeod 4.95046E-6

T2 0.99106
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Figure SI9.31: Pre-peak area of MI105 and the background to remove the main edge, obtained by fit of a Lorentzian-type
Junction.

Table SI 9-55: Fit parameters of the background fit for MI105.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 -0.00429 +5.02131E-4
XC 7124.1318 £0.1212
W 3.59614 + 0.05732
A 2.72904 + 0.17607

X2oq 4.56358E-6

T2 0.99914
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Figure SI 9.32: Background-corrected pre-peak of MI05 and Gaussian-type fit.

Table SI 9-56: Fit parameters of the Gaussian-type fit for MI05.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

y0 0.002 +4.9027E-4
XC 7114.48435 +0.02029
W 1.99062 + 0.0445
A 0.18852 +0.00422

X2oq 4.18611E-6

T2 0.99255
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Figure SI 9.33: Pre-peak area of MI06 and the background to remove the main edge, obtained by fit of a Lorentzian-type
Junction.

Table SI 9-57: Fit parameters of the background fit for M106.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 -0.00398 + 4.51623E-4
XC 7124.14983 £ 0.12474
W 3.61093 + 0.06099
A 2.88967 £0.19081

X2oq 5.32198E-6

T2 0.99888
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Figure SI 9.34: Background-corrected pre-peak of MI06 and Gaussian-type fit.

Table SI 9-58: Fit parameters of the Gaussian-type fit for MI106.

Model Gauss
Equation y=y0 + (A/(wW*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

y0 0.00232 £ 5.74127E-4
XC 7114.46738 +0.02294
W 2.0221 £ 0.05042
A 0.19896 + 0.00498

XPeod 5.68547E-6

Torr 0.99074
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Figure SI 9.35: Pre-peak area of MI07 and the background to remove the main edge, obtained by fit of a Lorentzian-type
Junction.

Table SI 9-59: Fit parameters of the background fit for M107.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)N2 + wh2))

y0 -0.00385 + 5.11625E-4
XC 7124.20323 +£0.12977
w 3.60798 + 0.06208
A 2.90348 £ 0.19851

X2oq 6.82144E-6

T2 0.99864
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Figure SI 9.36: Background-corrected pre-peak of MI07 and Gaussian-type fit.

Table SI 9-60: Fit parameters of the Gaussian-type fit for MI07.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot MIO7
y0 0.00161 + 5.67413E-4
XC 7114.4837 +£0.02291
w 2.0158 +0.05033
A 0.19616 £ 0.00491

XZoq 5.56397E-6

T2y 0.99071
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Figure SI 9.37: Pre-peak area of MI08 and the background to remove the main edge, obtained by fit of a Lorentzian-type
Junction.

Table SI 9-61: Fit parameters of the background fit for MI0S.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 3.70286E-4 + 4.97527E-4
XC 7124.30302 + 0.14582
W 3.69952 + 0.07951
A 3.18127 £0.24322

X2oq 6.14778E-6

T2 0.99879
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Figure SI 9.38: Background-corrected pre-peak of MIOS and Gaussian-type fit.

Table SI 9-62: Fit parameters of the Gaussian-type fit for MI0S.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

y0 0.00245 + 6.19254E-4
XC 7114.46707 £ 0.02477
w 2.02999 + 0.05448
A 0.19964 + 0.00538

X2oq 6.59826E-6

Torr 0.98928
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Figure SI9.39: Pre-peak area of MI09 and the background to remove the main edge, obtained by fit of a Lorentzian-type
function.

Table SI 9-63: Fit parameters of the background fit for M109.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

Plot MI09
y0 -0.00121 + 6.8551E-4
XC 7124.24778 + 0.19099
W 3.69777 £0.11336
A 3.07277 £ 0.31326

Xred 7.39443E-6

T2 0.9986

158



Appendix

0.1 4
Exp.
Fit
0.08
]
< 0.06
%
el
<
g 0.04
o
Z
0.02
0 -

T T T T T T T T T T T T T 1
7111 7112 7113 7114 7115 7116 7117 7118
Energy / eV

Figure SI 9.40: Background-corrected pre-peak of MI09 and Gaussian-type fit.

Table SI 9-64: Fit parameters of the Gaussian-type fit for MI09.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

y0 0.0011 £4.95314E-4
XC 7114.49345 +0.02176
W 2.21733 £0.0485
A 0.20146 + 0.0045

X2oq 3.97863E-6

Toarr 0.99282
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Figure SI 9.41: Pre-peak area of M110 and the background to remove the main edge, obtained by fit of a Lorentzian-type
Junction.

Table SI 9-65: Fit parameters of the background fit for M110.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 2.09368E-4 + 5.49251E-4
XC 7124.70793 £ 0.23519
W 3.49844 + 0.25309
A 4.0835 +£0.60115

X2oq 6.5458E-6

T2 0.99851
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Figure SI 9.42: Background-corrected pre-peak of MI110 and Gaussian-type fit.

Table SI 9-66: Fit parameters of the Gaussian-type fit for MI110.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

y0 0.00201 £ 4.67511E-4
XC 7114.42308 + 0.02079
W 2.16317 £ 0.04615
A 0.19347 +0.0042

X2oq 3.60672E-6

T2 0.99317
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Figure SI 9.43: Pre-peak area of SI10 and the background to remove the main edge, obtained by fit of a Lorentzian-type

Junction.

Table SI 9-67: Fit parameters of the background fit for SI10.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 -0.0039 + 1.61826E-4
XC 7123.54084 £ 0.02196
w 4.161 £0.01689
A 2.71869 £ 0.02793

X2oq 3.68074E-7

T2 0.99996
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Figure SI 9.44: Background-corrected pre-peak of SI10 and two fitted Gaussian-type functions with the respective

cumulative peak fit.

Table SI 9-68: Fit parameters of the Gaussian-type fit for SI110.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peakl1 Peak2
y0 5.61417E-4 + 2.55641E-4 5.61417E-4 + 2.55641E-4
XC 7114.2061 +0.02122 7117.1761 = 0.08881
W 2.53021 +£0.03861 1.98046 +0.13914
A 0.199 + 0.00337 0.0313 +£0.00294

X2oq 4.41297E-7

T2 0.99903
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9.4.3 Pre-peak Analysis: Mn K-edge, MMO1 - MMO04

For pre-peak analysis the main edge was subtracted as a Lorentzian-type function.
To obtain the precise pre-peak position two Gaussian-type functions were applied for
catalysts MMO1 to MMO04 and for the LiMn>O4 reference.
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Figure SI 9.45: Pre-peak area of MMOI at the Mn K-edge and the background to remove the main edge, obtained by a
Lorentz function.

Table SI 9-69: Fit parameters of the background fit for MMOI.

Model Lorentz
Equation y =y0 + (2*A/pi)*(w/(4*(x-xc)2 + wA2))

y0 -0.00362 + 3.04277E-4
Xc 6548.7847 £ 0.07791
w 3.90446 + 0.03095
A 2.27054 + 0.08687

sz-ed 1.14513E-6

rczorr 0.99979
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Figure SI 9.46: Background-corrected pre-peak of MMO1, two Gaussian-type peak fits and cumulative peak fit.

Table SI 9-70: Fit parameters of the pre-peak fit of MMOI.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peak1 Peak2
y0 0+ 3.09765E-4 0+ 3.09765E-4
XC 6540.9415 + 0.0615 6543.28092 + 0.11954
W 2.26204 + 0.09828 1.65347 £0.16744
A 0.09896 + 0.00513 0.0269 + 0.00464

XZoq 7.00685E-7

T2 0.99552
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Figure SI 9.47: Pre-peak area of MMO?2 at the Mn K-edge and the background to remove the main edge, obtained by a
Lorentz function.

Table SI 9-71: Fit parameters of the background fit for MMO?2.

Model Lorentz
Equation y =y0 + (2*A/p1)*(wW/(4*(x-xc)*2 + wi2))

y0 -0.0041 + 2.34388E-4
XC 6549.3513 £0.14317
w 3.43824 £0.16188
A 3.40026 + 0.32516

X2oq 1.21784E-7

T2 0.99996
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Figure SI 9.48: Background-corrected pre-peak of MMO2, two Gaussian-type peak fits and cumulative peak fit.

Table SI 9-72: Fit parameters of the pre-peak fit of MMO?2.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peak1 Peak2
y0 0+ 1.54719E-4 0+ 1.54719E-4
XC 6540.84028 + 0.03436 6543.17109 + 0.07486
w 2.14782 +0.05001 1.79616 + 0.09803
A 0.0937 +0.00287 0.02981 + 0.00271

X2oq 1.72968E-7

T2 0.99886
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Figure SI 9.49: Pre-peak area of MMO3 at the Mn K-edge and the background to remove the main edge, obtained by a
Lorentz function.

Table SI 9-73: Fit parameters of the background fit for MMO3.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 -0.00543 + 4.53545E-4
XC 6549.71204 £ 0.23309
W 3.58042 + 0.2666
A 3.91759 + 0.58432

X2oq 7.361E-7

T2 0.99983
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Figure SI 9.50: Background-corrected pre-peak of MMO3, two Gaussian-type peak fits and cumulative peak fit.

Table SI 9-74: Fit parameters of the pre-peak fit of MMO3.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peakl1 Peak?2
y0 0 +2.82835E-4 0+ 2.82835E-4
XC 6540.94895 + 0.05254 6543.26034 +0.11362
W 2.19263 + 0.08553 1.61278 £0.16235
A 0.09768 + 0.00446 0.02454 + 0.00404

XPod 6.105E-7

T2 0.99611
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Figure SI 9.51: Pre-peak area of MMO04 at the Mn K-edge and the background to remove the main edge, obtained by a
Lorentz function.

Table SI 9-75: Fit parameters of the background fit for MMO4.

Model Lorentz
Equation y =y0 + (2*A/p1)*(wW/(4*(x-xc)*2 + wi2))

y0 -0.00796 + 8.10045E-4
XC 6550.96858 +0.47016
W 3.05711 +1.08183
A 7.36903 + 3.45244

szed 1.89524E-6

Toorr 0.99962
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Figure SI 9.52: Background-corrected pre-peak of MMO4, two Gaussian-type peak fits and cumulative peak fit.

Table SI 9-76: Fit parameters of the pre-peak fit of MMO4.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peak1 Peak2
y0 0 +3.6518E-4 0 +3.6518E-4
XC 6541.08939 + 0.07968 6543.30552 + 0.14742
\ 2.40219 £0.12714 1.51951 £0.22188
A 0.10642 + 0.00671 0.02046 + 0.0059

XPed 9.8841E-7

T2 0.99406
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9.4.4 Pre-peak Analysis: Fe K-edge, MMO1 - MMO5

For pre-peak analysis the main edge was subtracted as a Lorentzian-type function.
To obtain the precise pre-peak position two Gaussian-type functions were applied for
catalysts MMO1 to MMO5 and for the Fe,O3 references.
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Figure SI 9.53: Pre-peak area of MMOI at the Fe K-edge and the background to remove the main edge, obtained by a
Lorentzian-type function.

Table SI9-77: Fit parameters of the background fit for MMOI.

Model Lorentz
Equation y =y0 + (2*A/p1)*(wW/(4*(x-xc)*2 + wi2))

y0 -0.0036 + 2.66606E-4
XC 7124.65682 + 0.26843
W 2.40237 + 0.68373
A 5.22864 + 1.88842

szea 2.6322E-7

Toorr 0.9999
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Figure SI 9.54: Background-corrected pre-peak of MMOI and corresponding Gaussian-type peak fits and cumulative
peak fit.

Table SI 9-78: Fit parameters of the pre-peak fit of MMOI.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peak1 Peak?2
y0 9.43939E-4 + 3.25475E-4 9.43939E-4 + 3.25475E-4
XC 7114.29329 +0.01879 7117.25275 +£0.12428
W 2.28715 +0.03825 1.81866 + 0.22249
A 0.18368 +0.00318 0.0196 +0.00274

XPeod 7.12872E-7

T2 0.99846
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Figure SI 9.55: Pre-peak area of MMO?2 at the Fe K-edge and the background to remove the main edge, obtained by a
Lorentzian-type function.

Table SI 9-79: Fit parameters of the background fit for MMO?2.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)N2 + wh2))

y0 -0.00263 + 2.01165E-4
XC 7124.49691 + 0.18058
W 2.92837 +£0.3211
A 4.13282 +0.67727

XPed 2.82287E-7

T2 0.9999
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Figure SI 9.56: Background-corrected pre-peak of MMO2 and corresponding Gaussian-type peak fits and cumulative
peak fit.

Table SI 9-80: Fit parameters of the pre-peak fit of MMO?2.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peak1 Peak?2
y0 0.00166 + 3.9843E-4 0.00166 + 3.9843E-4
XC 7114.31205 +£0.01944 7117.26343 £0.13512
W 2.28832 +0.042 1.69621 + 0.24876
A 0.18643 + 0.00352 0.0172 +0.00284

XPed 9.64173E-7

T2 0.99802
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Figure SI 9.57: Pre-peak area of MMO3 at the Fe K-edge and the background to remove the main edge, obtained by a
Lorentzian-type function.

Table SI 9-81: Fit parameters of the background fit for MMO3.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 -0.00218 + 1.58591E-4
XC 7123.87947 £ 0.08773
w 3.78408 + 0.04036
A 2.5811 £0.11894

XPed 3.17152E-7

T2 0.99992
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Figure SI 9.58: Background-corrected pre-peak of MMO3 and corresponding Gaussian-type peak fits and cumulative
peak fit.

Table SI 9-82: Fit parameters of the pre-peak fit of MMO3.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peakl1 Peak?2
y0 0.00192 + 4.2918E-4 0.00192 + 4.2918E-4
XC 7114.39539 + 0.02341 7117.40661 £ 0.15104
W 2.34096 + 0.04891 1.79644 +(0.27293
A 0.19072 +£0.00411 0.01983 +0.00343

XPeod 1.20828E-6

T2 0.99749
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Figure SI 9.59: Pre-peak area of MMO04 at the Fe K-edge and the background to remove the main edge, obtained by a
Lorentzian-type function.

Table SI 9-83: Fit parameters of the background fit for MMO4.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 -0.00262 + 2.28266E-4
XC 7124.32867 £ 0.21066
W 3.29089 + 0.29528
A 3.66862 + 0.5703

XPed 2.62212E-7

Torr 0.9999
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Figure SI 9.60: Background-corrected pre-peak of MMO4 and corresponding Gaussian-type peak fits and cumulative
peak fit.

Table SI 9-84: Fit parameters of the pre-peak fit of MMO4.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)
Plot Peak1 Peak?2
y0 0.00112 + 3.69157E-4 0.00112 + 3.69157E-4
XC 7114.28376 +0.02354 7117.22796 + 0.14864
W 2.3385 +£0.04716 1.82478 +0.2593
A 0.17915 £ 0.00378 0.01928 +0.00324
XPed 8.9902E-7
T2 0.9979
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Figure SI 9.61: Pre-peak area of MMOS at the Fe K-edge and the background to remove the main edge, obtained by a
Lorentzian-type function.

Table SI 9-85: Fit parameters of the background fit for MMOS.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 -0.00291 + 1.56467E-4
XC 7123.94623 + 0.12947
W 3.60206 + 0.12065
A 2.88725 +£0.22679

XPed 1.3149E-7

T2 0.99995
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Figure SI 9.62: Background-corrected pre-peak of MMOS and corresponding Gaussian-type peak fits and cumulative
peak fit.

Table SI 9-86: Fit parameters of the pre-peak fit of MMOS.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peak1 Peak?2
y0 0.00199 + 3.46526E-4 0.00199 + 3.46526E-4
XC 7114.27263 +£0.01723 7117.23291 £0.12766
W 2.3575 +0.0388 1.58086 + 0.23853
A 0.17908 + 0.00302 0.01334 +0.00226

X2oq 7.38995E-7

T2 0.99829
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9.4.5 Pre-peak Analysis: Co K-edge, MMO2 - MMO5

For pre-peak analysis at the Co K-edge the main edge was subtracted as a
Lorentzian-type function. To obtain the precise pre-peak position a Gaussian-type function
was applied for catalysts MMO02 to MMOS.
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Figure SI 9.63: Pre-peak area of MMO2 at the Co K-edge and the background to remove the main edge, obtained by a
Lorentzian-type function.

Table SI 9-87: Fit parameters of the background fit for MMO2.

Model Lorentz
Equation y =y0 + (2*A/pi)*(w/(4*(x-xc)N2 + w/2))

y0 -0.00404 + 3.53109E-4
XC 7717.57722 £ 0.03212
w 2.96066 + 0.01498
A 2.52413 £0.05136

sz'e d 1.18002E-6

rczorr 0.99991
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Figure SI 9.64: Background-corrected pre-peak of MMO2 and corresponding Gaussian-type peak fit.

Table SI 9-88: Fit parameters of the pre-peak fit of MMO?2.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

y0 9.14777E-5 + 4. 20646E-4
XC 7709.05801 £ 0.02356
W 2.72628 + 0.05614
A 0.18151 + 0.00408

XPeod 2.03584E-6

T2 0.99409
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MMO3
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Figure SI 9.65: Pre-peak area of MMO3 at the Co K-edge and the background to remove the main edge, obtained by a
Lorentzian-type function.

Table SI 9-89: Fit parameters of the background fit for MMO3.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 -0.00411 + 3.49569E-4
XC 7717.53702 + 0.03287
W 3.01704 = 0.0156
A 2.47836 +0.05071

szed 1.14917E-6

Toorr 0.99991
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Figure SI 9.66: Background-corrected pre-peak of MMO3 and corresponding Gaussian-type peak fit.

Table SI 9-90: Fit parameters of the pre-peak fit of MMO3.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

y0 4.66408E-4 + 3.69045E-4
XC 7709.00106 £ 0.01966
W 2.71859 £0.04743
A 0.18199 £ 0.00351

XPeod 1.43726E-6

T2 0.99593
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MMO04
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Figure SI 9.67: Pre-peak area of MM04 at the Co K-edge and the background to remove the main edge, obtained by a
Lorentzian-type function.

Table SI 9-91: Fit parameters of the background fit for MMO4.

Model Lorentz
Equation y =y0 + (2*A/pi)*(W/(4*(x-xc)2 + wi2))

y0 -0.00495 + 4.88376E-4
XC 7717.59054 £ 0.10873
W 3.14965 + 0.06024
A 2.60744 £ 0.17912

X2oq 1.7379E-6

T2 0.99975
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Figure SI 9.68: Background-corrected pre-peak of MMO04 and corresponding Gaussian-type peak fit.

Table SI 9-92: Fit parameters of the pre-peak fit of MMO4.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

y0 5.13461E-4 + 5.08383E-4
XC 7708.95751 +0.02734
W 2.67667 £ 0.06756
A 0.16133 £0.0046

XPeod 2.28935E-6

T2 0.99224
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MMO5
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Figure SI 9.69: Pre-peak area of MMO5 at the Co K-edge and the background to remove the main edge, obtained by a
Lorentzian-type function.

Table SI 9-93: Fit parameters of the background fit for MMOS.

Model Lorentz
Equation y =y0 + (2*A/pi)*(W/(4*(x-xc)2 + wi2))

y0 -0.0044 £+ 4.16942E-4
XC 7717.68494 £+ 0.0306
W 3.13747 £ 0.01959
A 2.48717 £ 0.04606

X2oq 1.52442E-6

T2 0.99989
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Figure SI 9.70: Background-corrected pre-peak of MMOS and corresponding Gaussian-type peak fit.

Table SI 9-94: Fit parameters of the pre-peak fit of MMOS.

Model Gauss
Equation y=y0 + (A/(wW*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

y0 1.71596E-4 + 3.41993E-4
XC 7709.07666 + 0.0194
W 2.68627 £0.04722
A 0.16157 +0.00317

XPeod 1.14361E-6

T2 0.99604
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9.4.6 Pre-peak Analysis: References

Lithium manganese(IlI, IV) oxide (LiMn2Oy)
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Figure SI 9.71: Pre-peak area of LiMn204 at the Mn K-edge and the background to remove the main edge, obtained by
a Lorentz function.

Table SI 9-95: Fit parameters of the background fit for LiMn20a.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 -7.44769E-4 + 5.26328E-4
XC 6551.45274 £ 0.59326
w 0.09914 £ 61.77847
A 226.84275 + 141379.98022

XPed 5.74178E-7

T2 0.9997
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Figure SI 9.72: Background-corrected pre-peak of LiMn204, two Gaussian-type peak fits and cumulative peak fit.
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Table SI 9-96: Fit parameters of the pre-peak fit of LiMn20a4.

T T T

: —_— . .
6536 6537 6538 6539 6540 6541 6542
Energy / eV

6543 6544 6545

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peakl1 Peak2
y0 0 + 3.38908E-4 0 + 3.38908E-4
XC 6540.0621 + 0.25008 6542.09008 + 0.34039
\ 2.1599 £ 0.20581 2.62764 + 0.30302
A 0.06489 +0.02517 0.09548 + 0.02549

X2oq 7.2193E-7

T2 0.99659
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Hematite (a-Fe,O3)
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Figure SI 9.73: Pre-peak area of a-Fe20s at the Fe K-edge and the background to remove the main edge, obtained by a
Lorentzian-type function.

Table SI 9-97: Fit parameters of the background fit for a-Fe20s.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)*2 + wi2))

y0 -0.00178 £ 6.17985E-4
XC 7125.08027 + 0.59067
W 5.35235 £0.72219
A 4.0458 +1.05539

XPed 3.41027E-7

T2 0.99979
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Figure SI 9.74: Background-corrected pre-peak of o-Fe20s3 and corresponding Gaussian-type peak fits and cumulative
peak fit.

Table SI 9-98: Fit parameters of the pre-peak fit of o-Fe2053.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peak1 Peak?2
y0 0+2.84616E-4 0 +2.84616E-4
XC 7114.60158 +0.03656 7117.46756 +0.0772
w 2.68567 £ 0.06306 1.98719 +0.10987
A 0.14395 + 0.00405 0.03863 +0.00339

XPed 3.6954E-7

T2 0.99839
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Maghemite (y-Fe,O3)
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Figure SI1 9.75: Pre-peak area of y-Fe20s at the Fe K-edge and the background to remove the main edge, obtained by a
Lorentzian-type function.

Table SI 9-99: Fit parameters of the background fit for y-Fe203.

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)N2 + wh2))

y0 -0.00211 + 6.79682E-4
XC 7124.56476 + 0.56585
w 4.81389 £+ (0.69828
A 4.28828 +£1.19353

X2oq 4.27368E-7

T2 0.99981
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Figure SI 9.76: Background-corrected pre-peak of y-Fe203 and corresponding Gaussian-type peak fits and cumulative
peak fit.

Table SI 9-100: Fit parameters of the pre-peak fit of y-Fe20s.

Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

Plot Peakl Peak?2
y0 0 + 3.00394E-4 0+ 3.00394E-4
XC 7114.34287 £ 0.02922 7117.10866 + 0.07861
W 2.39884 + 0.04445 2.14073 £ 0.10752
A 0.19461 + 0.00474 0.0586 +0.00441

XPed 4.62017E-7

T2 0.99908

195



Appendix

Cobalt(II) bromide (CoBr»)
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Figure SI 9.77: Pre-peak area of the CoBr2 reference at the Co K-edge and the background to remove the main edge,
obtained by a Lorentzian-type function.

Table SI 9-101: Fit parameters of the background fit for CoBr».

Model Lorentz
Equation y =y0 + (2*A/p1)*(W/(4*(x-xc)"2 + wh2))

y0 -0.0014 £ 0.00151
XC 7715.3792 +1.44752
A 0.04863 + 163.27909
A 72.89278 +244790.29135

X2oq 1.0979E-6

T2 0.99906
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Figure SI 9.78: Background-corrected pre-peak of CoBr2 and corresponding Gaussian-type peak fit.

Table SI 9-102: Fit parameters of the pre-peak fit of CoBr.

Model Gauss
Equation y=y0 + (A/(W*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)

y0 0.00254 £ 0.0015
XC 7708.28695 + 0.03575
\ 1.97586 £0.1182
A 0.10519 £0.00841

X2oq 4.13526E-6

T2 0.98303
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9.4.7 EXAFS Analysis

9.4.7.1  FeOl - Fe20
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Figure SI9.15: ky(k) of the EXAFS spectra (left) and the corresponding Fourier transformed functions (right) of catalyst
Fe0l to Fe20 and the fitted spectra.
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94.72  MIOI - MI10 & SI110
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Figure S19.79: k3¢(k) of the EXAFS spectra (left) and the corresponding Fourier transformed functions (right) of catalyst
MIO01 - M110 and the fitted spectra.
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Figure SI 9.80: k3¢(k) of the EXAFS spectra (left) and the corresponding Fourier transformed functions (right) of SI10
and the fitted spectra.
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9.4.73  MMOI - MMO04: Mn K-edge
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Figure SI9.81: ky(k) of the EXAFS spectra (left) and the corresponding Fourier transformed functions (right) of catalyst
MMOI to MMO04 at the manganese K-edge and the fitted spectra.
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9474  MMOI - MMOS5: Fe K-edge
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Table SI 9-103: k3y(k) of the EXAFS spectra (left) and the corresponding Fourier transformed functions (right) of catalyst
MMOI to MMO5 at the iron K-edge and the fitted spectra.
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9.4.7.5  MMO2 - MMO5: Co K-edge
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Table SI19-104: k3¢(k) of the EXAF'S spectra (left) and the corresponding Fourier transformed functions (right) of catalyst

MMO2 to MMOS at the cobalt K-edge and the fitted spectra.
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9.5 Optimization MMO6
Table SI 9-105: Fit parameters of the fit shown in Figure 5.9.
Model Cubic
Equation y = A + B*x + C*x"2 + D*x/3
Plot C
A 0.62291 +£0.03149
B -0.30869 + 0.05938
C 0.04336 + 0.02666
D -2.45467E-4 £ 0.00294
Xeed 9.94072E-4
Téop 0.99524
2. 0.98094
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Alternative Zitate, i bin halt a dummerle. You did it. You crazy son of a b**** you did it.
welche es nicht geschafft haben: M. Bauer lan Malcolm




