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Zusammenfassung

Im Zuge der Energiewende wird erwartet, dass der Bedarf an langfristigen Energiespei-
chertechnologien zur Stabilisierung des Stromnetzes und als Notfallreserve ansteigt. Ein Bau-
stein kann hier die Power-to-Gas Technologie darstellen. Hierbei wird zu Zeiten von tiber-
schiissigem Strom aus erneuerbaren Energien, wie Wind- und Sonnenenergie, elektrolytisch
Wasserstoff (Hz) hergestellt, welcher in einem zweiten Schritt mit Kohlenstoffdioxid (CO,)
zu Methan (CHy) und Wasser (H:O) reagiert (CO, Methanisierung). Der Prozess kann in die
bestehende Erdgasinfrastruktur eingebettet werden und dabei fossiles Erdgas durch , griines,
ykiinstliches“ Erdgas ersetzen und damit einen Beitrag zur Reduktion der CO, Emissionen
leisten. In der Regel werden fiir die heterogen-katalysierte CO, Methanisierung Al.O;3 getréa-
gerte Ni- oder Ru-Katalysatoren eingesetzt.

Im Zentrum dieser Arbeit steht der Einfluss des Katalysatortragers auf die CO, Metha-
nisierung. Es wird postuliert, dass insbesondere die Saure-/Baseneigenschaften einen ausge-
pragten Einfluss auf die CO, Adsorption und Aktivierung haben und dabei andere, aktiviere
Reaktionsmechanismen ablaufen kénnen. So kénnen Brgnsted basische OH-Gruppen CO- in
Form von Hydrogencarbonaten binden, wohingegen Lewis basische Sauerstoffleerstellen CO,
direkt als bidentates Carbonat aktivieren und die elektronische Struktur des Metalldeponats
beeinflussen kénnen. In allen Fallen wird angenommen, dass H, am Metall dissoziativ adsor-
biert. Um diese Effekte genauer zu beleuchten, werden zunéchst, einem Baukastenprinzip
folgend, Modellkatalysatoren mit uniformen Ruthenium-Nanopartikeln (1 nm im Durchmes-
ser), welche auf Oxiden mit unterschiedlichen Saure-/Baseneigenschaften getragert werden,
betrachtet. Als Trager werden die Seltenerdmetalloxide (REO) Sm,0s, Gd>Os und Y,Os
(Bronsted und Lewis basisch), ZrO, und TiO» (nur Lewis basisch), ALLOs; und MgO (Brgnsted
basisch) und SiO, (weder Lewis noch Brgnsted basisch) vollstandig mittels XRD, N, Phy-
sisorption, TEM und CO.-TPD in Kombination mit DRIFTS charakterisiert und hinsichtlich
ihrer Performance in der CO, Methanisierung verglichen. Es zeigt sich, dass die Anwesenheit
von Lewis basischen Sauerstoffleerstellen einen ausgeprigten positiven Effekt hat. So ist die
katalytische Umsetzung von CO, an Katalysatoren mit Lewis basischen Eigenschaften tiber
den gesamten untersuchten Temperaturraum hoher als an Katalysatoren ohne Lewis basische
Sauerstoffleerstellen. Innerhalb der Lewis basisch getragerten Katalysatoren tritt allerdings
eine Anderung in der aktivsten Katalysatortrigergruppe auf. Im Niedertemperaturbereich
(< 300 °C) weisen die ausschliefilich Lewis basischen Trager TiO, und ZrO, die hoéheren

Reaktionsraten auf, wohingegen bei hoheren Temperaturen die Katalysatoren mit



Seltenerdmetalloxidtrager am aktivsten sind. Mittels komplementéiren temperatur-abhéngi-
gen und isothermen operando DRIFTS-Messungen lisst sich dies auf mechanistische Ande-
rungen zuriickfihren. So wird am Ru-TiO, Katalysator lediglich der tragerunabhéngige CO-
Mechanismus mittels dissoziativer CO, Adsorption auf Ru beobachtet, sodass die hohe Ak-
tivitdt auf die Metall-Trager Wechselwirkung zuriickzufiihren ist, welche zu einem vorteil-
haften CO/H-Verhéltnis auf der Ru-Oberflache fithrt. Hingegen lauft die Reaktion am eben-
falls Lewis basischen Ru-ZrO, Katalysator zuséatzlich iiber bidentate Carbonate auf dem ZrO-
Trager ab, welche in den néchsten Zwischenschritten zu bidentaten Hydrogencarbonaten
und Formiaten hydriert werden. Im Gegensatz dazu verlauft die Reaktion an den REOs
zunéchst vor allem iiber den CO-Mechanismus. Bei Temperaturen iiber 300 °C tritt zusétz-
lich ein weiterer Mechanismus auf, in dem an Brgnsted basischen OH-Gruppen adsorbiertes
CO, (Hydrogencarbonat) iiber Formyl-Spezies zu Methan hydriert wird. Hierbei korreliert
das Auftreten des zusitzlichen Reaktionswegs gut mit der Temperatur, ab welcher die REO
getriagerten Systeme die hochsten Aktivitdten aufweisen.

Auf Grundlage dieser Beobachtungen wird ein neuartiges Ni-Sm,O; Katalysatorsystem
mittels eines one-pot Sol-Gel-Verfahrens entwickelt, welches im Vergleich zu literaturbekann-
ten und industriellen Systemen wettbewerbsfahig sein soll. Um die bestmégliche Performance
zu erzielen, wird hierzu zusétzlich die Ni-Beladung variiert um das richtige Verhéltnis aus
H,- (auf dem metallischen Ni) und COs-Adsorptionsstellen (auf Sm.Os;) zu finden. Es zeigt
sich, dass eine Ni-Beladung von 30-40 Gew.% die hochsten Umsétze ermdglicht. Die gefun-
denen Systeme erzielen weiterhin signifikant hohere Umsétze als die Referenzsysteme, insbe-
sondere im Temperaturbereich bis 300 °C, welches auf die hohere CO, Adsorptionskapazitit
der Ni-Sm,Os Systeme zuriickzufiihren ist.

Allerdings zeigt sich, dass der Ni-Sm»O3 Katalysator schnell deaktiviert. Ursachlich hierfir
ist, wie mittels einer Kombination von katalytischen Experimenten unter verschiedenen Re-
aktionsbedingungen, DRIFTS und unterschiedlichen Reaktivierungsprozeduren gezeigt wird,
eine Katalysatorvergiftung durch thermisch stabile Carbonate, die an sauerstoffdefizienten
Stellen gebunden sind (bidentate und polydentate Carbonate) und dabei aktive Zentren des
Katalysators blockieren. Hingegen ist der Katalysator resistent gegeniiber Verkokung und
Sintern auch unter extremen Bedingungen (85 h bei 490 °C sowie niedrigen H,/CO, Verhélt-
nissen). Dies erlaubt den Katalysator regelméfig bei hohen Temperaturen zu regenerieren
oder die Reaktionsbedingungen (hohe Reaktionstemperaturen bei niedrigen CO, Flussraten)
anzupassen, sodass die Katalysatorvergiftung minimiert wird.

Die Ergebnisse dieser Arbeit stellen einen Beitrag zur rationalen Katalysatorentwicklung
fir die CO; Methanisierung dar. Es wird deutlich, dass die Basizitiat ein zweischneidiges
Schwert darstellt, welche zu hohen Aktivitédten aber auch neuen Deaktivierungsphénomenen

fithren kann und entsprechend genau eingestellt werden muss.
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Abstract

In a transitioning energy sector, which heavily relies on renewable energies, long-term
energy storage with high capacity are required to stabilize power grids and to serve as back-
up in prolonged times of energy shortage. Here, the Power-to-Gas (PtG) technology can be
part of a solution. In times of surplus power supply, hydrogen (H) is produced electrolyti-
cally and, in a second step, reacts with carbon dioxide (CO,) to methane (CHy) and water
(H20). The process can be integrated into the existing natural gas infrastructure and as such
replace fossil natural gas by “green”, synthetic natural gas, thereby contributing to reduce
CO. emissions. Usually supported Ni or Ru catalysts are used for the heterogeneously cata-
lyzed CO, methanation.

The influence of the catalyst support on the CO, methanation is at the center of this
thesis. It is hypothesized that particularly the acid/base properties have a profound impact
on COs adsorption and activation, in dependence of which different, more reactive reaction
mechanisms occur. For instance, Brgnsted basic OH groups can adsorb CO, as hydrogen
carbonates, whereas Lewis basic oxygen vacancies can directly activate CO, as bidentate
carbonate and can further affect the electronic structure of the metal deposit. In all cases, it
is assumed that H, adsorbs dissociatively on the metal. To gain profound insights into these
effects, model catalysts prepared by a building block approach comprising of uniform Ru
nanoparticles (1 nm in diameter) and various oxidic supports with different acid/base prop-
erties were used. The rare earth metal oxides (REO) Sm,03, Gd:O3 and Y03 (Brgnsted and
Lewis basic), TiO; and ZrO; (only Lewis basic), ALOs and MgO (Brgnsted basic), and SiO,
(non-basic) are chosen, fully characterized by means of XRD, N, physisorption, TEM and
CO2-TPD in combination with DRIFTS, and compared regarding their catalytic activity for
CO; methanation. The results clearly show the beneficial effect of Lewis basic oxygen vacan-
cies. In comparison to the catalysts supported on non-Lewis basic oxides, higher CO, con-
sumption rates are found for the REO, TiO, and ZrO, supported catalysts over the entire
investigated temperature range. Yet, among these catalysts a shift in the leading role is
observed. In the low-temperature regime (< 300 °C) the catalysts supported on the solely
Lewis basic oxides TiO; and ZrO, exhibit the highest reaction rates, whereas at higher tem-
peratures the REO supported catalysts perform best. Complementary temperature-depend-
ent and isothermal operando DRIFTS experiments reveal that this change can be attributed
to a shift in the underlying reaction mechanisms. On the Ru-TiO, catalyst the support in-

dependent CO mechanism via dissociative CO, adsorption on the metallic Ru is observed;
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yet, the high activity and the clear evidence for the presence of oxygen vacancies point
towards a pronounced but indirect metal-support effect, in which the electronic structure of
the Ru particle is changed resulting in a more favorable CO/H ratio on the Ru surface. Over
the also Lewis basic ZrO, supported catalyst, the reaction additionally proceeds by CO-
activation on oxygen vacancies (bidentate carbonates) on the support, which are subse-
quently hydrogenated towards methane via bidentate hydrogen carbonates and formates.
However, the measured rates are slightly lower than for the Ru-TiO. catalyst. In contrast,
the reaction proceeds on the REO supported catalysts mainly via the CO mechanism in the
low temperature regime. However and coinciding well with the temperature in the catalytic
experiments at which the REO supported catalysts take the leading role, an additional re-
action pathway sets in. This mechanism involves CO, adsorption as hydrogen carbonates on
Brgnsted basic OH groups that are subsequently hydrogenated via a formyl specie towards
CH..

Based on these results a novel Ni-Sm,O; catalyst system, prepared by a facile one-pot sol-
gel method, is developed that is supposed to be competitive with literature-known and in-
dustrial reference catalysts. To maximize its performance, the Ni loading is varied to find
the right balance between H, adsorption sites on metallic Ni and CO, adsorption sites on the
Ni-Sm,O; perimeter. A Ni loading ranging between 30-40 wt.% is shown to yield the highest
activity. In comparison to the reference catalysts, significantly higher conversion levels are
achieved over the Ni-Sm.O3; xerogel catalysts, particularly at reaction temperatures below
350 °C, which can be attributed to the significantly higher CO, adsorption capacity as de-
termined by pulsed CO, chemisorption.

However, the developed Ni-Sm»O; catalyst suffers from a rapid, asymptotic deactivation.
To unravel the governing deactivation mechanism, catalytic experiments under various re-
action conditions, DRIFTS and regeneration experiments are combined and show that the
catalyst is poisoned by thermally stable carbonates that are formed on oxygen-deficient sites,
and block active sites. In turn, the catalyst is resistant against coking and sintering even
under harsh conditions (85 h at 490 °C, as well as severely under-stochiometric feed gas
compositions). This allows to periodically regenerate the catalyst at elevated temperatures
or to adjust the reaction conditions such that poisoning is suppressed, that is high tempera-
tures and low CO, flow rates.

The results of this work contribute to rationalize catalyst development for CO, methana-
tion. It is obvious that the support’s basicity is a double-edged sword. On the hand it can
significantly increase the catalytic turn-over; however on the other hand, it can also lead to

catalyst poisoning, and hence requires a careful and precise adjustment.
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INTRODUCTION

1.1 The Need for Energy Storage Systems and the Power-to-Gas
Technology

In the wake of climate change and CO, emission reduction goals, the German energy
sector is transitioning from fossil fuels towards renewable energies." > However, the require-
ments for grid stability and a guaranteed satisfaction of demand at all times are incompatible
with the fluctuating, stochastic availability of wind and solar energy, the expected pillars of
the future energy system.® Yet, despite the possibility to predict future energy demand and
supply to a certain extent, fossil fuel power plants cannot provide the dynamic operating
behavior required to compensate for the fluctuations in the renewable power supply. Partic-
ularly, when large capacities of renewable energies become available, efficient storage tech-
nologies are necessary to ensure a stable and reliable energy system.**

Energy storage technologies can be grouped according to their form into chemical, electro-
chemical, electrical, thermal and mechanical storage systems.* Inherent to these storage forms
are differing capacities and possible storage periods that make them suitable to address dif-

ferent challenges in a future, restructured energy industry. Figure 1-1 shows an overview of



1.1 The Need for Energy Storage Systems and the Power-to-Gas Technology
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Figure 1-1 Comparison of different energy storage technologies by their potential capacity and
storage period. Adapted from Sterner and Stadler.*

the discussed technologies grouped by the storage type and compares them by the respective
storage capacity and period. Short-term storage technologies, such as capacitors and induc-
tors, are destined to ensure grid stability which require dynamic systems to be able to react
and supply power in the range of milli seconds to minutes. Long-term storage options, e.g.
pumped-storage power plants, in turn, can supply additional energy in times of peak demand,
whereas electro-chemical storages are projected to be an important part in the mobility
sector. Yet, their low capacity and response time render a significant role for power supply
outside the mobility sector unlikely. Chemical storage technologies possess a tremendous
potential for applications in the energy sector. Particularly, when high shares of renewables
are installed, chemical gas storage is projected to be the only viable option. Synthetic natural
gas (SNG) or hydrogen can be generated from surplus energy and be stored in caverns and
aquifers. Hydrogen is advantageous in terms of storage efficiency because less process steps
are involved compared to the SNG production but suffers from a low volumetric energy
density. Synthetic natural gas can be produced by the so-called power-to-gas (PtG) process,
is more facile to store, exhibits a higher volumetric energy density and does not require a
new energy infrastructure.

At the center of the PtG-process, as schematically depicted in Figure 1-2, are a water

electrolysis as well as a methanation unit. In times of surplus energy supply, the power
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Figure 1-2 Schematic illustration of the Power-to-Gas process as part of a renewable energy
system.

generated by wind turbines or photovoltaics is used to split water to produce “green” hydro-
gen (H,) which in a second step reacts with carbon dioxide (CO,), harvested at point sources
such as cement plants, to form methane (CHy) and water (H.O). The product gas can be
injected into the existing gas grid for storage and distribution and be used in gas power
plants to generate additional power in times of supply shortage.

Although thermodynamically feasible, the reduction of CO, to CHy is challenging to
achieve and requires high temperatures and the presence of a catalyst to yield adequate

results. This is the starting point of present thesis.

1.2 About Support Effects in CO2 Methanation - Objectives of this The-
sis

Catalysts for heterogenous gas phase reactions usually comprise nanoparticles (“active
phase”) deposited on oxidic support materials. The CO, methanation constitutes no excep-
tion to that rule.>® When looking at the support, two factors — its surface chemistry and its
structural properties - must be considered because they can severely affect the catalytic
performance (Figure 1-3).

While the influence of the active component, i.e. nickel or ruthenium, on CO, methanation
has been studied extensively, the role of the support and its surface chemistry have long

been overlooked. Following the traditional view that the CO, hydrogenation is a (transition)
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Figure 1-3 Schematic depiction of support effects on the catalytic performance of a supported
catalyst in the CO: methanation. The golden hemispheres represent the active com-
ponent, e.g. metallic nanoparticles.

metal catalyzed reaction, the support is supposed to provide a large surface area to host

small metal nanoparticles, on which the reaction takes place. However, in many cases it is

the metal-support interface that was found to be the actual reaction locus during COx hy-
drogenation, and often observed to be the more active site than the (transition) metal alone.”
¥ Consequently, the common notion that the CO, hydrogenation is a (transition) metal cat-
alyzed reaction should be reconsidered. By acknowledging this, new possibilities to design
more efficient catalysts emerge which consider the support and its material properties as an
integral part of the catalyst. By providing additional adsorption sites for the reactants or
changing the electronic structure of the metal deposits, the support can directly and indi-
rectly engage in the catalytic cycle and give rise to new/additional reaction pathways leading
to higher overall turn overs. With regard to the CO, methanation, particularly the acid/base
properties are of interest in the adsorption and activation of carbon dioxide. Yet, a funda-
mental understanding how these affect the reaction mechanism and its efficiency is still
limited and require model catalysts for a systematic investigation. To this end, colloidal and
sol-gel methods are employed in this thesis as these methods in combination offer full control
over the physico-chemical properties of the active component and the support (building block

approach). Specifically, the objectives of this thesis are as follows:

1. By using well-defined model catalysts, structure-activity correlations of the support’s

surface chemistry, i.e. the acid/base properties, can be developed that ultimately
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allow to formulate design criteria regarding the support’s surface chemistry to par-
tially rationalize future catalyst development.

2. The validity and applicability of these design criteria need to be confirmed. Hence, a
novel catalyst system, based on the derived guidelines, is to be developed which is
competitive in comparison to industrial and literature standards.

3. Apart from the mere reactivity, the time-on-stream behavior or catalyst stability is
affected by the support but is essential for industrial applications. Hence, the deac-

tivation behavior of the most reactive system is to be investigated.

Although this thesis mainly deals with the influence of the support’s surface chemistry,
the influence of the structural properties is addressed in an extended outlook. It is generally
agreed upon that an optimal catalytic efficiency in dependence of the structural properties
of the catalyst exists. In order to achieve that, two antagonistic effects on the mesoscale have
to be carefully balanced with the pore size being the key parameter. For a given catalyst
volume, the smaller the pores, the higher is the active surface area. Additionally, confinement
effects might increase the catalytic efficiency, but they are more pronounced in more con-
stricted environments, i.e. smaller pores.” If, however, the pore size is too small, diffusion
limitations severely restrict the catalytic activity. Similarly to the influence of the surface
chemistry, studying these effects systematically requires model catalysts. However, this time
the porosity of the support has to be adjusted introducing an additional variable which needs
to be controlled. Hence, an effort is made to develop a method that allows to precisely adjust

the pore size in xerogels, thereby providing a solid basis for future studies.

1.3 About this Thesis

This thesis is composed of eight chapters of which chapters 3 to 7 provide new insights
into different aspects of catalyst synthesis and CO, methanation. Specifically,

Chapter 1 puts the present work into an overall context and generally introduces different
facets of catalytic support effects to ultimately derive and formulate the objectives of this
thesis.

Chapter 2 thoroughly reviews the current state of research on the CO, methanation from
a catalyst standpoint. Apart from a thermodynamic analysis, this chapter summarizes the
applied catalysts and reviews the reported reaction mechanisms as well as occurring deacti-
vation phenomena.

Chapter 8 introduces sol-gel techniques, i.e. the epoxide-addition method, and their po-

tential for the preparation of catalysts. Further, two newly developed expansions to the
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epoxide-addition method are introduced that allow the synthesis of lanthanide aero-/xero-
gels.

Chapter 4 establishes structure-activity correlations by combining extensive characteriza-
tions with catalytic experiments and operando diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS). A building-block approach is used to isolate support effects from
particle size effects of the active component.

Chapter 5 applies and expands the findings from the preceding chapter to design a Ni-
Sm-0O3 xerogel catalyst which is competitive in comparison to literature-known systems as
well as an industrial standard. The catalysts are characterized by means of N, physisorption,
powder X-ray diffraction, transmission electron microscopy and H, temperature-programmed
reduction. The applicability of xerogel catalysts is demonstrated by a comparison with a
catalyst prepared by impregnation.

Chapter 6 presents a detailed study on the time-on-stream behavior of the most promising
Ni-Sm»Oj; catalyst. To this end, stability experiments under different reaction conditions are
conducted. Characterization of the spent catalyst and DRIFTS experiments allow to formu-
late the governing deactivation phenomenon.

Chapter 7 provides an extensive outlook on how the structural properties of the support
can affect the catalytic CO, hydrogenation and why advanced model catalysts are required
for an in-depth study. The synthesis method, developed in Chapter 3, is expanded by the
application of structure-directing agents to precisely control the pore size in the xerogels,
which can serve as a starting point for future investigations.

Chapter 8§ combines and summarizes the findings from the preceding chapters to provide

an overall conclusion.



CO2 METHANATION - CURRENT STATE OF RESEARCH

In this chapter the current state of research on the CO, methanation is reviewed to put
the present work into context. This thesis specifically deals with the kinetics of the CO,
methanation, however, understanding the thermodynamic constraints is prudent in order to
evaluate the kinetic data. After laying the thermodynamic groundwork (chapter 2.1), this
chapter addresses the current state of research on the applied catalysts (chapter 2.2). Besides
the active component and support materials, promoters and dopants, commonly applied to
further enhance the activity and stability of the catalyst, as well as different synthesis meth-
ods are discussed. Chapter 2.3 then reviews and classifies the reported reaction mechanisms,

while the phenomena leading to catalyst deactivation are introduced in chapter 2.4.

2.1 Thermodynamics of CO2 Methanation

CO; methanation is a highly exothermic and exergonic reaction in which carbon dioxide
and hydrogen react to form methane and water (eq. (2-1)). The reaction is accompanied by
a severe volume contraction of up to 40%, depending on the conversion.

CO9+4 Hy & CH4+2 HyO (2-1)
Ag Haosic=-165 kJ mol™
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AR Gagsic=-113 kJ mol™

Thermodynamically, low reaction temperatures but high pressures are favorable reaction
conditions as, following Le Chatelier’s principle, the reaction equilibrium is shifted to the
product side. Apart from the CO, methanation, several other competing side reactions can
occur which are listed in Table 2-1.% %1 Of the listed reactions, the reverse water-gas-shift
reaction (No. 4) is the most commonly encountered side reaction and leads to a lower me-
thane selectivity due to the formation of CO. However, a high methane selectivity must be
achieved in order to directly inject the product gas into the natural gas grid.'? Elemental C,
which potentially deactivates the catalyst, can be formed via the Boudouard reaction (No.
5), COx reduction reactions (No. 6 and 7) or methane pyrolysis (No. 8). Under typical
methanation conditions, the formation of higher hydrocarbons (No. 9 and 10) is generally

observed only in small concentrations.

A thermodynamic analysis of the reaction was carried out using the Python program
developed and published by Kiewidt.” The code uses the Gibbs free energy minimization
method and the Peng-Robinson equation of state to determine the thermodynamically
achievable CO, conversion, CH, selectivity, as well as the degree of carbon formation in
dependence of the reaction conditions. For the calculations, only hydrogen and carbon diox-
ide, although in different ratios, were considered to be present in the feed. The results are

shown in Figure 2-1. At atmospheric pressure and stoichiometric H,/CO, ratio (4/1),

Table 2-1  Summary of the most relevant reaction, references: - 1!

No. Name Reaction Standard
heat of re-
action
/ kJ mol”

1 carbon dioxide CO, + 4 H, © CH, + 2 H,0 —165

methanation

2 carbon monoxide CO + 3 H, ¢ CH, + H,0 —206

methanation

3 reverse dry reforming 2C0+ 2H; < CHy + COy —247

4 reverse water-gas-shift COz + H; « CO + H;0 41

5 Boudouard reaction 2C0e<C+CO, —172

6 CO reduction CO+H; < C+H0 —131

7 COs reduction CO < C+2H,0 =90

8 Methane pyrolysis CHy & C+2H, 75

9 Formation of alkanes nCO+ (2n+ 1) Hy & CyHypyp +

n H,0
10 Formation of alkenes nCO + 2nH; & CyHy, +n H,0
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Figure 2-1 Effect of different H2/CO2 ratios and temperatures on the thermodynamic equilib-
rium, namely CO: conversion, CH selectivity, CH yield and elemental carbon frac-
tion at atmospheric pressure.

complete CO, conversion can only be achieved at reaction temperatures as low as 200 °C;

with increasing temperature, the equilibrium conversion drops to about 0.85 at 400 °C and

to about 0.65 at 600 °C (Figure 2-1a, black curve), before it increases again due to the

enhanced formation of CO via the reverse water gas shift reaction. Stoichiometrically, a

H,/CO, ratio of 4 is required for the CO, methanation. By increasing the ratio to 6, the

equilibrium conversion remains at 1 and does not decrease until 400 °C. Additionally, the

methane selectivity is higher, as the reverse water-gas shift reaction is suppressed. An under-
stochiometric feed, in turn, severely affects the conversion, selectivity and potentially the
catalyst stability due to the accumulation of solid carbon on the surface of the catalyst,
which is thermodynamically favored at H,/CO, ratios below 3. Although not expected to

occur at steady-state reaction conditions, under-stochiometric feed ratios can be encountered

9
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under dynamic reaction conditions and inside the (meso)pores of the catalyst due to the
different diffusion coefficients of hydrogen and carbon dioxide. However, the presence of
water vapor as a by-product during the methanation can help to prevent accumulation of
carbon depositions.!

From the thermodynamic restrictions follows, that low reaction temperatures and a sto-
chiometric feed should be targeted as operating conditions. Although the reaction is thermo-
dynamically feasible under these conditions, the eight electron reduction comes with high
kinetic barriers that make the use of catalysts inevitable to achieve reaction rates high
enough for practical applications. A short review on the applied systems with respect to the
most common active components, support materials and preparation methods is the subject

of the following subchapter.

2.2 Catalysts for CO2 Methanation

In an ideal world, a catalyst would exhibit a high activity and methane selectivity at low
temperatures and further display long-term stability, which requires the catalyst to be re-
sistant against coking, sintering, attrition and poisoning. To meet these requirements, sup-
ported metal catalysts are usually applied, although some studies also investigate unsup-
ported catalysts, such as pure nickel nanoparticles or Raney-nickel catalysts.” * Most studies
focus on Ni as active component (Chapter 2.2.1), which is supported on y-AlLO; (Chapter
2.2.2). Dopants and promoters are often used to further enhance the catalytic performance
and durability of the catalyst (Chapter 2.2.3). Both aspects are also influenced by the prep-
aration method, of which the most relevant ones are described in 2.2.4. Comprehensive re-
views dealing specifically with the current state of research from a catalyst point of view

have been published by Lv et al.', Aziz et al.’, Gao et al.® and Frontera et al.".

2.2.1 Active Components

To catalyze the reaction efficiently, elements of the VIIIB group have been found to be
the most promising options. Vannice™ investigated the specific activity of the VIIIB group
elements and found the following activity order: Ru >> Fe > Ni > Co > Rh > Pd > Pt >
Ir, which is also reflected in parts in the volcano plot suggested by Bligaard et al."”. For the
derivation of the volcano plot, they calculated the reaction energy for dissociative CO ad-
sorption at 277 °C and set the results in relation to the measured CO methanation activity.
Although derived for CO methanation, and specifically for the dissociative CO chemisorp-
tion, the plot accurately describes the activity order in CO, methanation as well due to the
assumed mechanistic similarities of both methanation reactions on metals (see Chapter 2.3).

As shown in the volcano plot, cobalt and iron are among the most active metals for the

10
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Figure 2-2 CO methanation activity depicted against the dissociative CO adsorption energy at
277 °C for various transition and noble metals. Solid line derived from the Brgnsted-
Evans-Polanyi relation. Adapted from Bligaard et al.'"” with permission from Elsevier.

methanation. However, while Fe suffers from a poor methane selectivity, Co was long viewed

as a Fischer-Tropsch catalyst and tends to form higher hydrocarbons as by-products under
methanation conditions.” *' Additionally, Co comes at a significantly higher price than Ni
and does not provide substantial advantages in terms of activity, selectivity or the handling
of the catalysts. Therefore, most research, as does this thesis, has focused on Ru as the most
active, though also most expensive, metal and Ni which offers a high activity and selectivity
at a reasonable price.” ! Due to their relevance in this work, the main findings regarding

both Ni and Ru as active component are described in more detail below.

Nickel (Ni)
Ni is the most commonly studied material due to its high activity, good methane selec-

561122 However, its toxicity requires

tivity and low price in comparison to Co or noble metals.
a cautious handling. Furthermore, it tends to form volatile carbonyls (Ni(CO),) that lead to
a loss of active surface area, and eventually, catalyst deactivation.?® Usually Ni is supported
on high surface area supports, but in some cases unsupported nanoparticles and Raney-nickel
catalysts were also employed.™ '

It has been shown that the CO, methanation is a structure-sensitive reaction on a Ni-
SiO; catalyst for Ni nanoparticles in the range of 1-7 nm. In terms of the reactivity, Ni
4

particles smaller than 5 nm proved to be significantly more active than larger particles.?

Also the selectivity is affected by the Ni particle size. Small Ni clusters, even down to single

11
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atoms, have been reported to produce mainly CO, whereas larger particles favored CHy for-
mation.” * Obviously, the Ni particle size is a key parameter for the CO, methanation,
therefore tuning the particle size was subject to extensive research. Among other factors,
such as promoters, impurities, etc., the particle size is severely dependent on the Ni loading
and calcination temperature during catalyst synthesis and is, usually, reported to increase
with increasing loadings and calcination temperatures.'® > Abell6 et al.* provide an inter-
esting outlier to that rule of thumb. They developed a highly active Ni(Al)Oy catalyst by co-
precipitation, which exhibit small Ni crystallites, despite very high Ni loadings of up to
70 wt.%. That system later became the corner stone of the work of the Hinrichsen group
(TU Munich) on CO, methanation. * * However, these parameters — Ni loading and calci-
nation temperature - also affect the phase composition of the catalyst, which again is crucial
for its performance. For supported Ni catalysts, high calcination temperatures tend to form
strong NiO-support interactions, ultimately leading to mixed oxides such as NiAl,O4, whereas
low calcination temperatures mostly yield two separated oxides, eg. NiO and AlLOs* A
similar effect can be observed when varying the loading. An extensive study on the Ni loading
was carried out by Zhang et al.¥. While small loadings formed species with strong metal-
support interactions, higher loadings led to Ni containing species with only weak interactions
with an Al,O3 support. Despite this, the overall degree of Ni reduction decreased with higher
loadings. Catalytically, they found that moderate Ni loadings (20 wt.%) are beneficial for
CO, methanation. Lower loadings led to stronger contributions of the unwanted RWGS,
whereas increasing loadings in turn resulted in a higher degree of agglomeration of Ni parti-
cles and local destruction of the support. Oftentimes, the phase composition is fairly inho-
mogeneous in the sample and various Ni species with different metal-support interaction
exist.*® * For instance, Hu et al.* found three different Ni species after preparing a 10 wt.%
Ni-ALOs; catalyst by impregnation. After reduction, each Ni species showed a distinctly dif-
ferent behavior during the catalytic experiments. During the reaction, although difficult to
reduce, the species with strong interaction, e.g. stemming from the reduction of NiAl,Oy,
possess a higher sinter stability after reduction in comparison to catalysts composed of two
separated oxides NiO-AlO;. Instead, the opposite is often reported regarding the activity;

separated, easily reducible NiO species produce CHy at a higher rate.?” %%

Ruthenium (Ru)

Ru is often reported to be the most active metal that is also very selective towards me-
thane. However, its low abundance and high price limits its industrial application to catalysts
with low Ru loadings. Ruthenium catalysts can be operated over a wide range of reaction
conditions without suffering from deactivation phenomena typically observed on Ni catalysts.

An activity loss is typically ascribed due to coking or surface restructuring.® '¢

12
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Similar to Ni, the COy methanation has been shown to be structure-sensitive over Ru
catalysts. * Ru particles smaller than 1 nm tend to produce more CO, while mainly CH, is
formed on larger particles.! Particularly undercoordinated Ru sites, which are abundant on
small Ru particles, were reported to provide highly active sites for CO, methanation.® Na-
varro-Jaén et al.*® investigated the size effect of Ru particles for significantly larger Ru par-
ticles. They prepared size-tailored Ru nanoparticles with particle diameters between 16 and
27 nm which were supported on Al:O; and found an increase in activity with increasing
particle size which they attributed to an enhanced H, availability. Generally, analogous to
Ni, the Ru particle size is affected by the Ru loading.*" * For instance, decreasing the Ru
loading to 0.1 wt.% on a Al,Os support resulted in a partially atomic dispersion, while in-
creasing the loading led to Ru clusters up to 5 nm for loadings as high as 5 wt.%. Eckle et
al.* reported a Ru particle size of 0.9 nm when loading 2.2 wt.% Ru on a zeolite and 1.9 nm
when the loading was increased to 5.6 wt.% Ru.

Besides from being conventionally supported, Ru-doped catalysts have also attracted at-
tention.* *" In contrast to the supported catalysts, Ru is here incorporated into the support
matrix to form a solid solution, which has been reported to lower the onset temperature of
the reaction in comparison to undoped and supported catalysts. Sharma et al.** compared
the influence of Ni, Co, Pd and Ru dopants on a ceria catalyst for the CO, methanation.
They concluded that Cepg;Rug o502 yields the best performance which they attributed to the
significantly enhanced reduction of the CepgsRuo0502 catalyst, i.e. the formation of oxygen

1. investigated the influence of the degree of

vacancies. In a follow up work Upham et a
surface reduction on the same Ceyg;Ru0.050: system. An excess of oxygen vacancies affected
the performance negatively, while the absence of any oxygen vacancies also resulted in a

poor performance.

2.2.2 Support Materials

Usually, the active component is stabilized as nanoparticles on oxidic support materials.
The relevance of the support was clearly evidenced by the work of Riani et al.”, who found
a poor activity for unsupported Ni nanoparticles (8 nm in diameter) in comparison to a
highly loaded 125 wt.% Ni-ALOs (wt. Ni/wt. AlOs) catalyst. In fact, it is widely accepted
that the metal-support interface provides the most active reaction locus usually due to en-
hanced CO, adsorption on basic oxidic surfaces. Additionally, surface defects at these inter-
faces allows to alter the surface morphology as well as electronic structure of the catalyst,
that play a decisive role for the adsorption and activation of the involved species.'® * %
Among the studied support materials are typically high surface area supports such as

ALOs, SiO,, TiO, and ZrO,, although recently rare earth metal oxides (REOs) emerged as

novel, competitive support alternatives due to their basicity and redox properties. Further
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50, 51 52-54

support materials such as carbon nanotubes, silicon carbide, and composite oxides
such as hexaaluminates, and perovskites™ * have been investigated but are not elaborated

on at this point.

Alumina (Al;Os3)

Alumina is the most common support material for COx hydrogenation and used in various
crystallographic configurations, such as v, &, 6 and o, of which yv-AlOj is widely investigated
due to its high surface area (typically, in the range of 100-200 m?/g) and porosity.* "
Further, v-Al:O; is amphoteric, providing both acid as well as basic surface sites. Upon
calcination at temperatures above 1000 °C, a-Al,Oj3 is formed, which serves as a non-porous,
low surface area support which is considered to be inert.™ As one of the drawbacks, v-AlO;
suffers from deactivation due to coking as well as sintering, especially under hydrothermal
conditions. Additionally, control over the phase composition is difficult to achieve and the
catalytically inactive and hardly reducible spinel phase NiAl,Oy easily forms during calcina-
tion at higher temperatures when small Ni particles are present.* !

Hu et al.”? systematically investigated the influence of various y-Al:O3 supports, NiO
loadings, calcination temperatures and MgO promotion for the CO methanation. They con-
cluded that the best catalyst has a moderate Ni loading of 20 wt.%, is calcined at relatively
low temperatures of around 400 °C and supported on the y-Al,O; with the highest specific
surface area and the smallest mesopores. This promotes the formation of the smallest NiO
particles which are, further, significantly easier to reduce. In another study, Gao et al. cal-
cined y-AlO;at 600, 800, 1000 and 1200 °C to adjust the structure and surface properties
of the alumina support before impregnating the calcined supports with an aqueous Ni-nitrate
solution to achieve a NiO loading of 10 wt.%. They found that with an increasing support
calcination temperature, the Ni particle size increased due to the decreasing support surface
area and acidity caused by the phase transformation from y to o-Al:Os. The interaction of
the NiO particles with the support becomes weaker with increasing support calcination tem-
perature. Catalytically, the low-surface area, inert and non-porous Al,O; supported catalyst
exhibited the highest activity as well as stability. While the authors attribute the high sta-
bility to the absence of acidic surface sites, which are generally linked to promote coking,

they explain the high activity with the easily reducible Ni species.

Silica (SiO;)

As a catalyst support, silica is usually in its amorphous form providing a precisely tune-
able specific surface area, pore volume as well as a pore size.° Its interaction with transition
metals is relatively weak which allows for an easier reduction of the deposited transition

metal in comparison to y-AlO; supported catalysts.?’ Due to its acidic surface properties,
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SiO, is prone to coking, does not allow CO. adsorption on the support and, similar to y-
AlyOs, lacks a high stability under hydrothermal conditions.® The unfavorable surface chem-
istry is also the reason why SiO; is not deemed to be a relevant support for industrial appli-
cations; however, it is frequently used as a model catalyst support to understand e.g. particle
size effects of the active component.? ® ¢ In a series of publications, Aziz et al.® ® looked at
mesostructured silica nanoparticles as a support material for the Ni catalyzed CO, methana-
tion. Their support material offered a tremendously high surface area (around 1000 m?/g) as
well as a high defect site density, contributing to a small Ni particle size as well as CO,
activation on the support, respectively. Catalytically, the mesostructured silica supported Ni
catalyst produced CH, at a higher rate and with a better selectivity than e.g. a Ni-y-AlO;
catalyst.

Titanium dioxide (TiO)

TiOs is a reducible metal oxide which strongly interacts with metals. As a polymorph,
stochiometric TiO, exists in eleven different modifications, six of them are stable under am-
bient conditions.”” Rutile is the thermodynamically most stable configuration followed by
anatase and brookite. Anatase has gained the most attention as a catalyst support due to
its high specific surface area and its strong interaction with metallic nanoparticles. However,
it is rather unstable as the pore structure collapses easily when it is exposed to high temper-
atures.” ™ Upon calcination at 465 °C, anatase transforms into the more stable modification
rutile,”” though, the phase stability was shown to depend on the crystallite size.” Rutile is
less commonly used as support material, but it is often applied as a model support in surface
science studies because of the high stability of the crystal phases. In contrast to anatase,
rutile does not show a significantly strong metal-support interaction.” ™ Rutile as well as
anatase have been applied for the CO, methanation. Kim et al.” and Lin et al.™ concluded
that rutile is superior to support Ru nanoparticles, as, compared to anatase, rutile can sta-
bilize the highly dispersed nanoparticles, whereas the particles tend to migrate on the anatase
surface to form larger less-active clusters.

TiO; easily forms oxygen deficient structures either by thermal reduction in an inert
atmosphere at temperatures above 400 °C or under reducing conditions starting at around
200 °C.” ™ The formed oxygen vacancies are shown to be highly reactive for the activation
of CO,. Huygh et al.”™ performed DFT calculations on TiO, (001) surfaces and concluded
that CO, adsorption and dissociation is unfeasible on a stochiometric surface, whereas an
oxygen-deficient surface can efficiently activate the C-O bond. Similar results were obtained
by, e.g., Varilla et al.”. Kattel et al.¥ compared unsupported with TiO, supported Pt nano-

particles and pointed out the relevance of oxygen vacancies at the metal-support interface
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as a stable adsorption site for CO,, which is not sufficiently bound to Pt to be converted
efficiently.

Panagiotopolou and coworkers devoted much of their research to noble metals supported
on TiO, for various methanation reactions,* * after they had found the highest activity for
a Ru-TiO, catalyst in comparison to Al,O3, SiO, and CeO, supported systems, though they
do not elaborate on the reasons for the superior activity.* In a later work, they showed that
the CO, methanation on Ru-TiO:; proceeds through a CO intermediate which is formed
through a preceding reverse water-gas shift reaction involving formates as an intermediary

species.®

Zirconia (ZrO.)

Zirconia is a thermally stable oxide, which occurs in three different crystallographic mod-
ifications — the monoclinic phase which is stable up to 1200 °C, the tetragonal phase which
is stable up to 1900 °C and the cubic phase which is stable above 1900 °C. Additionally, a
metastable tetragonal phase has been reported.* For catalytic purposes, usually the mono-
clinic and tetragonal phases are of most interest, particularly the former is of interest as it
exhibits a 5 to 10-fold higher COy adsorption capacity in comparison to the tetragonal
phase.*® In comparison to y-Al,Os; and SiO,, zirconia provides a rather low surface area,
ranging between 40-100 m?/g (when calcined at 600 °C), depending on the calcination tem-
perature and crystallographic phase.® It possesses acidic as well as basic properties of weak
strength, and further, easily forms solid solutions upon the addition of a second component.*
Even though ZrO, is an irreducible oxide under conditions typically relevant for catalysis,
zirconia still can act as a redox catalyst, similarly to TiO.."" For instance, it has been shown
that the surface lattice oxygen is involved in redox cycles during partial oxidation of me-
thane.®” The oxygen mobility can be further increased by stabilizing cubic ZrO, with a second
component such as CeO; or Y03 to yield Cei«ZryO, and Y2yZriOs; which introduces addi-
tional oxygen vacancies in the mixed oxides.®

ZrOs has been shown to be a promising support alternative for the CO, methanation due
to its acidic/basic characteristics as well as its interaction with CO/CO,.""* ! Similar to
TiO,, CO, can be activated efficiently on oxygen vacancies on the ZrO, support. These
vacancies not only exhibit a beneficial effect on the reactivity, but also increase the stability

992 hossibly by facilitating the reverse Boudouard reaction.

by suppressing coke formation,
For instance, Li et al.” compared a Co-AlL,Os; with a Co-ZrO, catalyst and found a signifi-
cantly increased reactivity for the ZrO. supported catalyst, which they attributed to the
successful CO; activation on the support as well as a significantly enhanced stability during
long-term experiments. In comparison, the Al,O; supported catalyst deactivated quickly due

to coking and the formation of cobalt aluminate. Similar results were obtained by da Silva
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et al.” who compared a Ni-ZrO, catalyst with a Ni-SiO, catalyst, pure Ni, as well as with a
physical mixture of Ni and ZrO,. They found a significantly improved activity for the Ni-
ZrQO; catalyst for the CO, methanation in comparison to the other systems, which they
attributed to adsorption of COx on the ZrO, support in proximity to the metal particle as

well as to an enhanced hydrogen spillover from the metal to the support.

Rare earth metal oxides (REOs)

Generally, the lanthanides and scandium as well as yttrium are commonly grouped as
rare earth elements, despite not being particularly rare in terms of abundance. The corre-
sponding oxides can be distinguished into light rare earth metal oxides (REOs), such as
LasOs3, Pr¢O1; and Sm»0O3, and heavy REOs like Y203, Gd20; and ThsO7. REOs offer intri-
guing properties due to their acid/base and redox properties. They possess basic surface sites
that decrease in number and strength with higher atomic number because of the decreasing
ionic radius of the cation (which can, therefore, be viewed as an extension to the “lanthanide
contraction”).” Furthermore, rare earth metal oxides generally exist in the trivalent state as
sesquioxides (Re:Os), although, Ce, Pr and Tb can also be tetravalent, thus forming dioxides
and mixed-valent oxides. For example, ceria can be present either as Ce.O3 or CeOs, whereas
praseodymium oxides can commonly be encountered as Pr.Os, Pr¢O11 and PrO,, though var-
ious other intermediate oxides exist. In turn, Sm,Os; and Eu.O3 can form SmO and EuO
under strongly reducing conditions.” Due to the existence of several oxidation states of the
rare earth elements, they are often considered as reducible materials. Oxygen mobility is also
higher for rare earth elements which can occur in the tetravalent state.”

For CO, methanation, REOs, in particular ceria, have only recently started to attract
attention as suitable catalyst supports and are mostly applied due to their favorable basic-
ity 1% In fact, it was the highly regarded work by Pan and coworkers'™ who introduced the
beneficial effect of basic sites for the CO, methanation, that brought attention to ceria-based
supports. They compared a Ni-Al,O; with a Ni-Cey ;71,502 catalyst and found a significantly
superior performance for the latter. They classified the strength of the respective basic sites
into three categories based on the CO, desorption temperature during CO--temperature pro-
grammed desorption measurements (CO-TPD): (1) weak basic sites, of which CO, desorbs
at temperatures below 250 °C; (2) medium basic sites of which CO, desorbs in a temperature
range between 250 °C and 700 °C and (3) strong basic sites which release CO, at tempera-
tures above 700 °C only. While the Al:O3 supported catalyst possessed both weak and strong
basic sites on which CO, was bound either too weak or too strong to participate in the
reaction, the Ni-Ce;Zro;0, exhibited only medium basic properties.'” Several works later
confirmed their results.®> % 10519 For instance, Tada et al.'® investigated 10 wt.% Ni sup-

ported on CeQ,, o-Al,O3, TiO, and MgO for the CO, methanation prepared by incipient
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2.2 Catalysts for CO2 Methanation

wetness impregnation and found the highest activity in CO; methanation and CHy selectivity
for the CeO, supported catalyst. While they explained the high activity of the Ni-CeO,
catalyst with the high CO, adsorption capacity as shown by CO,-TPD measurements and
the partial reduction of the CeO, surface, they linked the high CH, activity with the superior
CO methanation activity of the CeO, supported catalyst which converts the by-product CO
of the CO; methanation in a subsequent step to CHy. To date, ceria or ceria-zirconia com-
posite supports certainly received the most attention, while other REOs have long been
overlooked as catalyst supports for the CO, methanation, although they offer tremendous

% prepared several Ni catalysts by impregnating

potential. For instance, Muroyama et al.
conventional supports such as AlO; and ZrO, as well as several rare earth metal oxides,
specifically Sm»Os;, LasOs, Y203 and CeO,. They ranked the catalysts based on the CH, yield
in the following order: Ni-Y;03 > Ni-Sm;O3 > Ni-ZrO, > Ni-CeO; > Ni-Al;O3 > Ni-LayOs.
While they observed a weak dependence on the basic properties, other factors such as the
vastly differing Ni particle size on the different supports, ranging between 4 and 210 nm,
and the different reduction behaviors of the catalysts must be considered as influential fac-
tors. Similarly, Yamasaki et al.'’” found that samarium containing nickel catalysts, either as
part of an alloy or as catalyst support, enhance CO, methanation activity in comparison to

monoclinic zirconia supported catalysts that they attributed to a higher Ni dispersion and

surface area.

2.2.3 Promoters

Oftentimes, promoters, generally referring to a third component, are added to the sup-
ported catalysts to enhance the activity and/or stability of the catalyst. Usually, promotors
are distinguished into structural and electronic promoters.'™ Structural promoters influence
the formation and stability of the active phase, while electronic promoters directly affect the
reaction mechanism and the associated elementary steps. In reality, oftentimes it is not
possible to clearly distinguish if the added component acts as a structural or electronic pro-
motor, or both.

With regards to CO, methanation, there is a vast amount of literature on the influence
of promoters. Most studies either report on an increased CO, adsorption capacity due to a
basic additive, a higher dispersion or smaller particle size of the active component or higher
number of defect sites. All of which can contribute positively to the reactivity as well as
stability. For instance, MgO has been reported to increase the sinter stability (structural
promoter) while also increasing the CO, adsorption capacity.'™ " Similarly, Mn has been
shown to increase the Ni dispersion as well as significantly enhances CO, adsorption which
led to a drastic increase in activity compared to unpromoted Ni catalysts.® 33 19111 Tantha-

num is another frequently used promoter known to increase Ni dispersion as well as CO, and
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H, uptake.'* 1 Incorporated into a MCM-41 support, it decreases the Ni particle size and
enhances NiO-MCM-41 interaction, ultimately preventing both coking and sintering.'” As
an another rare earth metal oxide promoter, CeO, facilitates the reduction by altering the
interaction between Ni and AlO3.'° A positive effect on the reducibility is also achieved
when using Pt as a promoter, which additionally contributes to a higher reactivity and
stability by an enhanced H, spillover to remove chemisorbed oxygen/oxide species under

catalytic conditions.!™ "™ Zr, in turn, can reduce carbon deposition as well as sintering.' '#

Recently alkali additives, such as Li, Na, K and Cs, have attracted much attention.* **
124 Petala and Panagiotopoulou® found that promoting a 0.5 wt.% Ru-TiO, catalyst with
small amounts of Na (0.2 wt.%) leads to higher turnover frequencies than 5 wt.% Ru cata-
lyst. However, when promoting the 5 wt.% Ru-TiO. catalyst, no promotional effect of the
alkali additives was observed. As the higher Ru loading also resulted in significantly larger
Ru particles, it is likely that the promotional effects of the alkali additive were superimposed
by the structure sensitivity of the reaction. Based on DRIFTS-MS experiments, Panag-
iotopoulou'® found that the nature of Ru bonded CO species as well as their coverage was
dependent on the type of alkali promotion and enabled a different, highly efficient reaction
mechanism in comparison to the unpromoted Ru-TiO, catalyst. Kowalzyk et al.'* added K
as a promoter to a Ru-C catalyst and found an increased methanation reactivity; in turn,
adding Ba to the catalyst inhibited the catalytic turnover, which agrees with findings by
Barrientos et al.'*. They specifically investigated the influence of Zr, Mg, Ba and Ca oxides
on the catalyst stability during CO methanation. Only ZrO, could increase the reactivity as
well as significantly slow down the carbon formation rate, whereas adding CaO had an ad-

verse effect on both the CHy as well as coke formation rate.

2.2.4 Catalyst Preparation Methods

The catalytic performance is also impacted by the catalyst preparation method, which
affects the dispersion of the active phase as well as reducibility due to differing the metal-
support interactions.'® 2" The most commonly applied techniques are impregnation and
(co-)-precipitation, but also sol-gel and core-shell techniques have attracted significant at-
tention and are reviewed below. Less common methods include, but are not limited to, flame-

117, 128

spray pyrolysis, microemulsion,' ion exchange,” as well as solution combustion' tech-

niques.

Impregnation
Impregnation certainly is the most frequently used synthesis technique. A dry powder
support is impregnated with an aqueous solution of a dissolved metal salt. Depending on the

amount of liquid, the impregnation technique can be subdivided into “incipient wetness
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impregnation” and “wet impregnation”. When the former approach is applied, the volume
of the impregnating liquid corresponds to the pore volume of the support, whereas for the
latter approach an excess volume of impregnating liquid is used. The synthesis technique is
often perceived as simple, although the underlying principles of impregnation and drying are
rather complex. According to Khodakov et al.?, important synthesis parameters are temper-
ature and time of support drying prior to impregnation, the rate of addition of the impreg-
nating solution and the conditions during drying (temperature, time, atmosphere). If more
than one component is to be impregnated, the impregnation order also becomes relevant.”:
132,135 For instance, co-impregnating Ni and Mg on a SiO. support led to an improved stability

and reactivity during CO, methanation compared to a sequentially impregnated catalyst.'?

Similarly, Fratalocchi et al.’** investigated the catalytic consequences of the order of Pt
depositions on a Co-AlO;3 catalyst. If Pt was deposited first, small Co particles could be
more easily reduced, which the authors ascribed to the resulting stronger interaction of Pt

and Co, giving rise to a higher reactivity.

(Co-)precipitation

Other commonly investigated approaches are (co-) precipitation techniques. Here, either
the active component is precipitated directly onto the support or the support and active
component are co-precipitated to form catalysts that have often been reported to exhibit
highly defective structures. These surface defects expected to be beneficial for the CO,

30, 32, 33, 135

methanation. Despite high loadings, co-precipitated Ni-Al,O3 catalysts can provide

a higher Ni dispersion as well as more favorable metal-support interaction than catalysts
30, 136, 137

synthesized by impregnation techniques. During co-precipitation, the choice of pre-

cipitant (e.g. Na,CO3, NH,OH, NaOH and (NHj),COs) severely affects the catalyst structure

135139 For instance, using NaOH as precipitation agent resulted

and its catalytic performance.
in significantly larger Ni particles in comparison to catalysts that were precipitated with
Na,COj; or (NH4)>COs. The influence was also reflected in the catalytic performance during

CO, methanation which followed the same trend as the metal particle size.'

Sol-Gel techniques

Other frequently investigated catalysts are synthesized by sol-gel techniques. A detailed
description of the process can be found in Chapter 3. Sol-gel derived catalysts usually exhibit
a very uniform structure due to the homogenous mixing of the precursors of both the active
component and the support as well as strong interaction between the active phase and the
support because of the partial encapsulation of the active phase.'” ! On one hand, the sinter
stability can be improved due to partial encapsulation, but on the other hand, this might

also lead to a loss of active surface area, if the active component is no longer accessible.'*
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Further advantages of sol-gel techniques include the ability to adjust the physical properties
of the catalyst such as the surface area, porosity and particle size.” > % However, sol-gel
derived catalysts are often more difficult to reduce as the homogenous approach favors the

5 Consequently, a lower

formation of mixed oxides and strong metal-support interactions.
activity during e.g. Fischer-Tropsch synthesis and CO, methanation was observed.!*: 127
Ocampo et al.'®, in turn, compared Ni-CeO»ZrO, catalysts prepared by sol-gel and impreg-
nation methods and found a higher reactivity and stability for the former. This is due to the
partial incorporation of Ni*" cations into the support matrix, which was facilitated by the
homogenous sol approach. The solution based approach allowed the investigation of the
effect of the ceria-zirconia composition on the structural properties and catalytic reactivity
in a follow up work and yielded homogenous solid solutions over a wide range of Ce/Zr
ratios, of which a composition of 60/40 was found be optimal."! Atzori et al. prepared Ni-
CeO, catalysts with various Ni/Ce molar ratios by a sol-gel route.”” 2 They found their
systems to be very active in comparison to an impregnated v-Al:O; supported catalyst and
linked the high activity to the nickel-ceria interaction which facilitated NiO reduction as well
as preventing agglomeration of Ni particles. However, the authors further speculate that CO,
activation would occur on the nickel-ceria interface and thus contribute to a higher activity

as well.

One of the drawbacks of the previously discussed techniques is the rather random particle
size distribution of the active phase due to the poor control over the particle formation
process. This, however, can be overcome when using colloidal approaches or approaches that
incorporate the colloidal synthesis of the active component, such as core-shell catalysts.
While purely colloidal approaches are more suited for scientific purposes, e.g. to determine

particle size effects,* core-shell catalysts are also interesting from a industrial perspective.

Core-shell

Core-shell or ‘egg-yolk’ catalysts consist of an active core that is encapsulated by an inert
but porous shell. There are a multitude of expected advantages. An increased sinter stability
as well as a confinement effect is expected due to the encapsulation of the active core.! 14
Additionally, the combination of physical and chemical functionalities can be systematically
investigated due to the individual control over the particle size of the active component as

well as the porosity of the surrounding shell. ' 14

Based on a simulation study, core-shell
particles are predicted to be the optimal particle type for the CO, methanation as they
reduce the thermal sensitivity of the reactor while ensuring a high methane yield." In fact,
the superior reactivity of the core-shell architecture for the CO, methanation has been ex-

perimentally proven by several studies.® * ! For instance, Han et al.”®! compared a Ni@SiO,
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with an impregnated catalyst for the methanation of CO. They found a higher activity for
the core-shell catalyst, however, as is often the case in such comparative studies, the particle
sizes differed significantly, making it impossible to attribute the high activity to the core-
shell structure alone. We used a more rigorous approach to investigate the influence of the
core-shell architecture in an isolated manner.® In this research, instead of encapsulating a
colloidal Co core, we synthesized the core and shell separately and, subsequently, deposited
the Co nanoparticle on the outside of the SiO; shell. Penetration of the shell material could
be prevented as the size of the Co core (40 nm) exceeded the pore size of the SiO. shell
(~ 3 nm). During CO, methanation, the core-shell catalysts were about twice as active as
the supported Co-SiO, catalyst. Even more drastic, the supported catalyst produced hardly
any methane but was mostly active for the RWGS reaction, whereas the Co@SiO, catalyst
produced mainly CHy. We attributed these observations to the confinement effect and the

associated higher chance of re-adsorption and hydrogenation of the CO intermediate.

2.3 Reaction Mechanisms

The reaction mechanism of CO, methanation is still a highly debated topic and a consen-
sus difficult to achieve as the mechanism depends on:
e the active component and its particle size (structure-sensitivity),
e the surface chemistry of the support, and
e the reaction conditions, particularly if a stochiometric or over-stochiometric H,/CO.
feed ratio is used.'™

Additionally, differences in the interpretation of the data cannot be neglected. Spectro-
scopic data (i.e. DRIFTS) alone does not allow one to unambiguously separate spectator and
intermediary species, and mathematical models disregard the physical presence of reaction
intermediates all together. Even combined efforts sometimes lead to conflicting results as is
shown in our work on a Ni-Al,O; catalyst, which combines DRIFTS experiments with ex-
tensive spatially-resolved kinetic measurements, and thus, underlines the importance of iso-
topic labelled, transient experiments.'

Alike in all studies, Hs is shown to adsorb dissociatively on the metallic particle. The
main discrepancy in the reported mechanisms addresses the formation of adsorbed CO as a
reaction intermediate, and if so, how it is formed and how it is further hydrogenated (“CO
pathways”). The other mechanism strand considers carbonates on the support as the main
intermediate (“carbonate pathways”). Figure 2-3 shows a schematic summary of the reaction
pathways found in the literature.

For the “CO pathways” (as shown in the upper part of the figure), CO bound on the

metal is either formed through dissociative CO, adsorption on the metal or via a preceding
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reverse water gas shift reaction (associative CO, adsorption).* *-** For the latter, the reac-
tion proceeds via formates which originate from CO, adsorption and subsequent hydrogena-
tion at the metal-support interface. The species then undergoes another dehydration step to
yield CO. The next step requires the C-O bond to cleave either by an unassisted dissociation
to C and O or through a H-assisted mechanism to a formyl (HCO) or carbon hydroxyl specie
(COH).* ® Evidence for the associative CO, adsorption mechanism has been published by
Panagiotopoulou et al.*! over a Ru-TiO, catalyst. Their DRIFTS experiments revealed the
formation of formates on the Ru-TiO; interface which were subsequently dehydrated to CO

1.4 performed combined steady-state isotopic transient

at the perimeter. In turn, Eckle et a
kinetic analysis (SSTIKA) and DRIFTS measurements and found that CO, adsorbs dissoci-
atively on a Ru-AlLO; as well as a Ru-zeolite catalyst. Regarding the further reaction pro-
gress, they clearly identified HCO as a reaction intermediate (associative CO activation),
however, they could not draw conclusions on the additional hydrogenation steps. In contrast,
Chen et al.* combined SSITKA and transient chemical analysis with microkinetic modelling
over a Co-SiO, catalyst and concluded that CO adsorbed on the metal dissociates to ele-
mental C and O (dissociative CO activation). Further, the reaction seems to be rate-con-

trolled by the hydrogenation of a CH, intermediate, as opposed to most studies which assume

the C-O bond cleavage to be rate-determining.

While the “CO pathway” can potentially occur on all catalysts, as it can proceed on the
metallic particle alone, the “carbonate pathways” require an active support to adsorb or
directly activate CO., therefore, rendering the catalyst bifunctional. Consequently, the mech-
anism depends on the type of support and its surface chemistry.

On supports with the ability to form oxygen vacancies, such as CeO,, ZrO, and TiO.,
CO- hydrogenation can follow a redox pathway, similar to a Mars-van-Krevelen type of
mechanism.' ' Wang et al." performed SSITKA-DRIFTS experiments over a Ru-CeO,
catalyst to propose the following mechanism: H, removes a lattice oxygen from the oxidic
support to generate a vacant site. Next to the vacancy, CO, adsorbs on a lattice O* ion and
donates one oxygen atom to heal the vacant site, forming a bidentate carbonate (b-COs*),
which can also be understood as an “active CO species” on the support. H atoms from the
metal spills over to hydrogenate b-COs* on the support to form formates (HCOO), formal-
dehyds (CH20) and methoxy (CH30) intermediates to eventually yield methane, while a new
vacancy is created at a different location on the support. Similarly, Cardends-Arenas et al.'
coupled isotopic labelled experiments with DRIFTS on a Ni-CeO, catalyst on the basis of
which they suggest a slightly different reaction mechanism. As usual, H, reduces NiO parti-
cles to metallic Ni, while generating oxygen vacancies on the CeO, support. However, H»

only partially reduces the NiO-CeO; interface which serves as the adsorption site for CO..
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Here, CO, dissociates and donates its oxygen atoms to the oxygen-deficient ceria support to
restore the oxygen balance. These oxygen atoms can now be transferred throughout the
support lattice using the previously generated oxygen vacancies. This restores the active site
at the NiO-CeO, interface without requiring another Hs reduction step specifically at the
interface. Additionally, their isotopic experiments reveal desorption of H.O as the slowest
step in their proposed mechanism, however, it is not formed on the same active sites required
for CO, activation.

In contrast to supports exposing oxygen vacancies, supports with basic lattice O* sites
and/or OH groups, such as MgO and ALOs, adsorb CO, to form monodentate carbonates

104, 157, 158

(m-COs*) and hydrogen carbonates (HCOy), respectively. In either of the two cases,

it is often assumed that the formed carbonates are, subsequently, dehydrated to formates
10415419 For instance, Aldana et al."™ considered

a Ni-Cey 57210502 to act as both a reducible and basic support. Their extensive DRIFTS-MS

before being hydrogenated as outlined above.

experiments revealed that CO, adsorbs as monodentate, bidentate and hydrogen carbonates
on the metal-support interface, which further react to form formates, formaldehydes and
methoxy species before eventually yielding methane. Similar results on a Ni-Cey sZr(;0- cat-
alyst, were obtained by Pan et al."® '™ who further specified that monodentate carbonates
would react to a more active monodentate formate, whereas hydrogen carbonates would lead
to rather unreactive bidentate formates. Cardends-Arenas et al.'®® also performed isotopic
labelled and DRIFTS experiments on a Ni-Al,O; catalyst. They propose that hydroxyl groups
are formed upon H, reduction of the NiO-AlOj; interface. CO, adsorbs on the generated
hydroxyl groups at Ni-Al,Os perimeter sites to form hydrogen carbonates, part of which
further react to formates. These either decompose to CO and H-O or they are hydrogenated
to CH4 and H,O.

Usually in most publications, only one reaction mechanism towards methane is reported
per catalyst, although in fact, multiple reaction pathways often occur simultaneously.'* %
Vesselli et al.'®, for instance, suggested two parallel reaction pathways on an unsupported
Ni catalyst, which were dependent on the surface coverage with H atoms and various car-
bonaecous species. Initially, on a mostly H-covered surface, CO, was quickly hydrogenated
towards methane via a hydrocarboxyl intermediate. Reactive formates were hydrogenated to
methane as well, however, at a significantly slower rate and thus, accumulated on the surface.
With increasing time, the fast reaction pathway was suppressed due to the gradual poisoning
of the Ni surface with the slower intermediate leading to a lower activity level. This example

nicely illustrates not only that multiple reaction pathways can be present at the same, but

also how the primary mechanism depends on the “history” of the catalyst, i.e. how the
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mechanism can be affected from catalyst deactivation, which will be the topic of the following

subchapter.

2.4 Catalyst Deactivation

Catalyst deactivation generally refers to a loss of activity with time-on-stream and can
be of reversible or irreversible nature. Deactivation can have mechanical, chemical as well as
physical origins, but always occurs concomitantly with the main reaction.'™ 12 Usually, the
responsible phenomena are distinguished into six categories: sintering, poisoning, coking,
phase transformation, loss of loss of active components (due to attrition and volatilization)
and masking. Pertaining to lab-scale CO, methanation, the first three phenomena are of

most relevance and are described below.

Sintering
For supported catalysts, sintering refers to a loss of active surface area that occurs due to
the surface migration and coalescence of the supported metal nanoparticles and is a thermally

161 Mechanistically, it can proceed by the migration of either metal atoms

activated process.
or entire crystallites or by vapour transport between crystallites and particles.'®® The latter
two mechanisms are commonly referred to as Ostwald ripening.'® Hiittig and Tamman pro-
posed semi-empirical correlations at which sintering due to atom mobility ( 7ramman = 0.5 Tt
where T is the melting temperature) or defect annealing ( Thictg = 0.3 Trmer) occurs.'® Ac-
cording to the melting temperatures of Ni (Ter, xi = 1455 °C) and Ru ( Toerr, ru = 2334 °C)
sintering would be expected at temperatures above 436 °C and 700 °C ( Twis), respectively,
which are well below the commonly investigated temperature regime for the CO, methana-
tion. However, in reality, sintering is often observed below these temperatures as sintering is
also a function of the interparticle distance, the metal-support interaction, the embedment
of metal particles into the support as well as the reaction atmosphere.? 1316516 For instance,
higher temperatures and the presence of steam significantly accelerate Ni sintering.'®® Also,
particle size effects of the active component have to be considered. Munnik et al.*® compre-
hensively showed that larger Ni particles (~ 8 nm) provide a higher long-term sinter stability,
whereas smaller Ni particles (~3-4 nm) form Ni(CO)s more easily, leading to a significant

particle growth by Ostwald ripening and local destruction of the support.

Fouling — coking
Coking is a form of fouling and refers to the physical blocking of adsorption sites and
pores due to the deposition of elemental carbon. Usually, the type of carbon is subdivided

into at least four different forms: adsorbed atomic carbon, metal carbides, amorphous carbon,
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and crystalline graphitic carbon. They are formed at different temperatures, in an increasing
order, ranging between 150 — 1000 °C and exhibit a decreasing reactivity towards hydrogen
which can make their removal difficult.’®* 1" Additionally, carbon filaments and whiskers are
commonly encountered over a wide range of reaction conditions.'®* 167

Under COx methanation, coking can occur as a product of the CO disproportionation
(“Boudouard reaction”), CO4 reduction as well as CHy pyrolysis (see No. 5-8, in Table 2-1).
Although it is thermodynamically predicted at understoichiometric H,/CO, ratios, coking
has seldomly reported to be an issue during CO, methanation, but it is one of the major

167, 168

problems in CO methanation. The carbon formation rate is not only a function of the

reaction conditions, but also depends significantly on the applied catalyst, more specifically

t.1%2 Consequently, there are

the type of metal, crystallite size, promoter and catalyst suppor
ways to render the catalyst coking resistant. For instance, while C formation is favored on
acidic surface sites, it can be suppressed on catalysts with basic surface characteristics.” Li
et al.”! found that oxygen vacancies on a Co-ZrO, render the catalyst more stable towards
coking, possibly by promoting the reverse Boudouard reaction. In turn, adding noble metals
to the catalysts can significantly slow down carbon formation, due to the low mobility of

carbon atoms on/in noble metals, which retards the nucleation process.'®" ¢

Depending on
the type of carbon and its associated reactivity towards hydrogen or oxygen, the catalyst

can be reactivated by hydrogenating or oxidizing the deposited carbon.'®

Poisoning

Poisoning refers to the activity loss due to the strong chemisorption of a molecule to an
active site, therefore blocking it from additional reactants or affecting the adsorption mode
of other species due to an electronic effect.' 12 Depending on the strength of interaction, a
distinction is made between catalyst poisons and inhibitors.'! The former refers to the strong,
at times irreversible, chemisorption of the poisoning substance, whereas the latter adsorbs
only weakly and reversibly on the active sites. Generally, the poisoning substances can be
either impurities in the feed as well as educts or products.

In respect of the CO, methanation, most catalysts react sensitively to feed impurities such
as chlorine, ammonia, and sulfur compounds.® Particularly, the influence of sulfur compounds
has been investigated and concluded to be harmful for catalysts even in concentrations as
low as 1 ppb.> 1112 Wolf et al.' investigated the effect of H.S and SO, on a Ni based
catalyst and concluded that the catalyst deactivates due to a site-blocking effect and not an
electronic effect.

The role of water on the CO, methanation is still under debate. While it is well-established
that H-O acts as an inhibitor by blocking adsorption sites, it is still unclear if H.O also

oxidizes the catalyst.®™ '™ Mutz el al., indeed, observed the oxidation of Ni during periods of
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H, dropout, however, they ascribe the oxidation rather to CO, or oxygen impurities in the
feed stream than H,O.'™ 17

Though so far not discussed for COx methanation, bifunctional catalysts with basic sup-
ports can be deactivated by the formation of thermally stable carbonates as observed during
the related water-gas shift reaction.'™ In turn, noble metal catalysts such as Ru are easily

poisoned by CO, which can be present either as an educt or a by-product.'™
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SYNTHESIS STRATEGIES FOR CATALYSTS DERIVED BY
SoOL-GEL TECHNIQUES

Although not all catalysts in this thesis are prepared by sol-gel techniques, xerogel cata-
lysts/supports play a pivotal role and therefore need to be introduced. However, at this point
it is important to note what this chapter is not about. This chapter does not introduce or
review sol-gel techniques per-se, nor does it review catalytic active materials prepared by sol-
gel methods in general; instead, the focus is limited to a few fundamentals, explaining why
sol-gel derived materials offer tremendous potential for catalytic studies and how the sol-gel
process works (Chapter 3.1). The epoxide-addition method developed by Gash et al.'™ is a
very popular synthetic route which allows the fabrication of metal oxide xerogels from simple
metal salts and is in the center of this thesis (Chapter 3.2), however, the procedure fails
when applied to lanthanides. Therefore, we developed two modified synthetic methods by
expanding the classical epoxide-addition method, which are introduced in Chapter 3.2.1 and
3.2.2. A short excursus on the preparation and performance of doped and undoped Sm>O;
xerogel catalysts for the oxidative coupling of methane is given in Chapter 3.3 to demonstrate
the stability and versatility of the developed syntheses to round out this chapter.

Parts of Chapters 3.2.1, 3.2.2 and 3.3 have been published in peer-reviewed journals and

are adapted from the publications.
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3.1 Fundamentals

3.1 Fundamentals

Sol-gel chemistry is a versatile process to prepare metal oxides with high specific surface
area and porosity and can thus be used for a vast amount of different applications such as
drug delivery, coatings, insulating materials and catalysis.!™ '™ To understand its potential
for the development of catalytic materials, it is helpful to first introduce the synthesis pro-
cedure that consists of three basic steps: (1) formation of a colloidal dispersion (the so-called
sol), (2) gelation to form a wet gel, and (3) drying of the wet gel, as schematically illustrated
in Figure 3-1.

First, sols are formed through hydrolysis and polycondensation of a homogenous precursor
solution (usually alkoxides are used) which leads to the formation of colloidal particles. Con-
trolled conditions are required to ensure the stability of the sol towards agglomeration and

precipitation. Here, several factors need to be considered, such as temperature or the polarity

Solution of precursors

|
Hydrolysis
Polycondensation

Gelation
v

Wet gel

SupercriWient
Drying

Aerogel Xerogel

Figure 3-1 Schematic depiction of the sol-gel process. Own depiction, adapted from ref.'™.
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of the solvent. To initiate gelation, which transforms the sol into a rigid network, usually
the pH of the reaction solution is changed. Such change reduces the electrostatic barrier to
agglomeration, thereby promoting the cross-linking of several clusters and ultimately forming
a three-dimensional solid network which encloses the solvent. After gelation, the gel is usually
left undisturbed for a certain period of time to ensure full gelation of the sol (aging) and/or
further functionalization. To remove the solvent from the wet gel, two different methods can
be applied — supercritical or ambient drying. During the ambient drying process, the solvent
evaporates from the pores, therefore, inducing capillary forces due to the interaction of the
fluid with the surrounding pore walls which lead to a collapse of the pore structure accom-
panied by the shrinkage and destruction of the initially monolithic structure (zerogel). If,
instead, the solvent is removed under supercritical conditions, no capillary forces are present

and the initial structure remains intact (aerogel).

At given reaction conditions, the performance of a catalyst is a function of its composition,
surface chemistry, structure and texture. In this regard, the advantages of the sol-gel tech-
nique for the catalyst synthesis become easily apparent. In contrast to impregnation or pre-
cipitation techniques, the control over each step of the synthesis process allows to adjust the
physico-chemical properties of the catalyst owing to the number of adjustable process vari-
ables, including the type and concentration of precursor, reaction temperature, amount of
water, solvent, as well as aging and drying conditions.'™ Single component catalysts can be
prepared with high purity and with precise control over the micro structure. For instance,
depending on the type of precursor, a fibrous AlO; structure can be derived from
AlCls - 6 H,O as precursor, whereas simply using AI(NOs)s - 9 H2O instead leads to a “cloud-
like” structure.™ Also, complex multi-component catalysts can be synthesized with a highly
homogenous structure as a result of the sol formation and the associated mixing at the
molecular scale.” ' The simultaneous and homogenous mixing has also been reported to
result in an intimate contact between the active and supporting phase, potentially improving
the sinter stability of the catalyst, therefore making sol-gel derived catalysts an interesting
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option for heterogeneously catalyzed high-temperature reactions.'™ By controlling the drying
conditions, the choice of solvent, synthesis temperature, pH of the solution or the addition
of templates during the synthesis, the synthesis can be tuned to fabricate denser or lighter
materials with varying specific surface area, pore volume and pore size.'® Apart from powders
and monoliths, thin coatings on e.g. monolithic catalyst carriers such as honeycombs or
sponges can also be prepared, proving further the versatility and potential of sol-gel tech-

niques for catalytic applications. Yet, the versatility and precise control comes at a price.

Disadvantages of the sol-gel approaches are e.g. the large shrinkage during ambient drying,
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high costs of the precursors, particularly when alkoxides are used, and long processing times.
Further due to the number of involved parameters, a scale-up of the synthesis is difficult.'™

In the literature a vast amount of different synthesis methods exists, most of them rely
on metal alkoxides as precursors, however, their sensitivity towards heat, light, moisture, as
well as their high costs and toxicity render their handling difficult. To overcome these draw-
backs, Gash and coworkers'™ introduced the “epoxide-addition method” which enables the

synthesis of metal oxide aerogels from simple metal salts.

3.2 The Epoxide-Addition Method

In 2001, Gash and coworkers developed a new method commonly referred to as “epoxide-
initiated gelation” or “epoxide-addition method” that allows the synthesis of metal oxide
materials from simple metal nitrates and halides. Crucial for the technique is the addition of
an epoxide (e.g. propylene oxide or trimethylene oxide) that acts as an acid scavenger to
drive the hydrolysis and condensation of the hydrated metal ions. A detailed description of
the mechanism can be found in the publications by Gash et al.'™ 1™ ® a5 well as Clapsaddle
et al.™® 1% while a brief summary of their method is given below.

In comparison to metal alkoxides, the sol-gel chemistry of metal nitrates is rather complex
as depending on the oxidation state of the metal, the pH value of the reaction media and
the concentration of the reactants different species are formed. Before condensation reactions
and gel formation can take place, hydrolysis of the metal precursor is required. Under aque-
ous conditions, three different hydrated metal ions can occur, governed by the oxidation

state of the metal, with either aquo (OH>), hydroxo (OH) or oxo (=0) ligands (eq. (3-1)).
[M(OH,)]?** & [M(OH)]@ D+ + H* & [M = 0]# 2+ 4+ 2H* (3-1)

Low-valent cations (z<4) form aquo, hydroxo and aquo-hydroxo complexes, higher valent
cations, in turn, yield only oxo as well as oxo-hydroxo complexes. The formation of these
species initiates the condensation process that occurs either through olation or oxolation.
During the former mechanism hydroxy bridges are formed between two metal centers,
whereas during the latter process an oxo bridge is formed. Condensation is usually restricted
to the formation of dimers and tetramers, which is not sufficient to yield a solid network or
gel. To enable further polymerisation to achieve the transition to a gel, a change of the
reaction conditions must occur. This, for instance, can be a change of the pH value of the
solution. In the epoxide-addition method, this is achieved by the addition of an epoxide.

As depicted in Figure 3-2, the epoxide acts as a proton scavenger where the epoxide

oxygen is first protonated by an acid, before the conjugate base irreversibly opens the epoxide
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e (I_)"' OH

>Q< + HA === A,
ring-opening

A

Figure 3-2 Schematic depiction of the protonation and subsequent ring-opening reaction as
proposed by Gash et al.'™,

ring by a nucleophilic attack that gradually and uniformly increases the pH value of the

reaction solution.'®

Generally, various epoxides are feasible, but gelation times have been
reported to be significantly shorter for 1,2-epoxides (e.g. propylene oxide or cyclohexene
oxide) than those for 1,3-epoxides due to their higher reactivity and the associated faster rise
in the pH value. Apart from the type of epoxide, the anion of the metal salt can also signif-
icantly affect the gelation. For instance, the rate at which the epoxide is protonated depends
on the relative nucleophilicity of the present species, while the anion can also have a weak-
complexing ability (e.g. nitrates as opposed to chlorides).'™

While this synthesis is applicable to many elements, such as Al, Fe and Cr, it is not
suitable to produce pure lanthanide gels from either chlorides or nitrates, but for different
reasons. Mechanistically, aqua complexes of the corresponding lanthanide cations (here
shown for samarium) are formed by dissolving the chloride or nitrate precursors in ethanol.

To enable a slow deprotonation of the cation acid, propylene oxide is used as a proton

scavenger (eq. (3-2)). This leads to a shift of the equilibrium of reaction (3-2) to the product

side.
o o
[SmH0), P +/\ <= /\  +[SM(OH)(H0), > (3-2)
CHj CHj
2 [SM(OH)(Hz0),.4]%* — [(H20)41SM-0-Sm(H20),.1]*" +H,0 (3-3)

As mentioned before, to initiate gelation the conjugate base needs to perform a nucleo-
philic attack on the protonated epoxide. However, nitrate anions are poor nucleophiles and
in case of rare earth elements, they are unable to induce the ring opening of the epoxide to
initiate the polycondensation (eq. (3-3)). Consequently, the pH-value of the remains constant
as has been observed by Clapsaddle et al.**¢ thus preventing gelation. The chloride anions
in solution, in turn, can easily perform a nucleophilic attack on the protonated propylene
oxide and, therefore, irreversibly remove one product out of the equilibrium reaction to grad-
ually increase the pH of the solution. But while gelation occurs, Clapsaddle et al.™ also
showed that the use of chloride precursors leads to the formation of chloro-aqua complexes,

which upon calcination resulted in considerable amounts of oxychlorides, rather than pure
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oxides when applied to rare earth elements. To solve this issue, we developed two methods

to produce chlorine-free monolithic REO gels which shall be briefly introduced below.

3.2.1 Expanding the Epoxide-Addition Method | — The Ammonium Carbonate
Method

The first proposed solution to prepare pure lanthanide gels from nitrate precursors is only
briefly summarized here, as the synthesis is not applied in the course of this thesis. For more
details, the interested reader is referred to the corresponding publication (Worsley, Ilsemann,
Gesing, Zielasek, Nelson, Ferreira, Carlos, Gash and Baumer, Journal of Sol-Gel Science and
Technology, 2019, 89, 1, 176-188).

To realize the sol-gel transition with nitrate precursors, we addressed the pH control of
the solution. As stated previously, the pH remains constant when using the nitrates, while
gelation, in fact, requires an alkaline and slowly rising pH. However, with the addition of
ammonium carbonate and moderate heat, the conditions for gelation were satisfied. Follow-
ing the synthesis procedure described below, stable gels could be produced for all lanthanide
nitrate hydrates, except for cerium. When performing the synthesis at room temperature, no
gelation occurred. This is presumed to be due to the need to sufficiently decompose ammo-
nium carbonate to generate the pH increase needed for gel formation. Ammonium carbonate
is known to decompose and release ammonia in hot water, thus the moderate heating to
60 °C facilitates this process. Other methods to increase the pH value at room temperature
were also experimented, e.g. adding a strong base, e.g. ammonia vapor or ammonium hy-
droxide, but either led to precipitates or inhomogeneous gels. The prepared gels were dried
supercritically and subsequently calcined at 650 °C to yield crystalline aerogels. Additional
details on the synthesis as well as extensive structural characterizations by electron micros-
copy, X-ray photoelectron spectroscopy (XPS), N, physisorption, X-ray diffraction (XRD),
thermal gravimetric analysis (TGA) and photoluminescence spectroscopy can be found in

the aforementioned publication.'™’

Synthesis procedure

Prior to the synthesis, an oversaturated ethanolic ammonium carbonate solution was pre-
pared by mixing 30 mL ethanol (200 proof) with 3 mL deionized water, and 1.5 g (NH4).CO;
under vigorous stirring. This dispersion was then heated to 50 °C and decanted to yield the
oversaturated solution.

To prepare the sol-gel solution, lanthanide nitrate hydrate (3 mmol) was dissolved in
3 mL ethanol. Next, 1.6 g of an epoxide (e.g., propylene oxide) and 5.2 mL of the oversatu-
rated ethanolic ammonium carbonate solution were added. The sol-gel solution was sealed
in a vial and heated to 60 °C until a gel is formed (minutes to hours). The alcogel was then

washed (in acetone or dry alcohol) to remove any by-products (e.g., water). Supercritical
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drying (e.g., methanol or liquid carbon dioxide) was used to produce the aerogel. Ambient
drying can be used to produce a higher density monolith (xerogel), whereas the crystalline

structure can be modified by calcination.

3.2.2 Expanding the Epoxide-Addition Method Il — The Citric Acid Method

In comparison, our modified “PO-CA-method” also uses nitrates as precursors but draws
from the well-known “Pecchini method”™, which uses citric acid (CA) as a chelating ligand
to enhance the control over the hydrolysis and condensation reaction sequences. The applica-
bility of the synthesis procedure has been successfully demonstrated for almost the entire
lanthanide series, specifically La, Ce, Pr, Nd, Sm, Gd, Tb and Y. An image of the formed
sols and gels is presented in Figure 3-3. The remaining elements have not been tested. Gela-
tion occurred within a few seconds, while in the absence of citric acid, a white precipitate
occurred after several days, revealing the imperative of the co-presence of citric acid and

propylene oxide for the gel formation.

The developed synthesis is one of the central parts of this thesis; almost all catalysts in
this thesis have been prepared by this procedure or by adaptions from it demonstrating the
versatility and robustness of the synthesis procedure. The detailed procedure is descripted

below, while extensive characterizations are given over the course of this thesis.

—— —— ; - I..I I
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Figure 3-3 Photos of different stages of the sol-gel process for the tested rare earth elements.
(top) image of the nitrates; (middle) image after dissolution prior to PO addition;

(bottom) image of the formed, rigid and opaque gels.
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Synthesis procedure

To prepare the sol-gel solution, first lanthanide nitrate hydrate was dissolved in absolute
ethanol (1.7 g ethanol/1 mmol metal salt) while stirring in a polyethylene vial. Next, citric
acid (CA, Roth, 99.5%, anhydrous) was added (1 mmol CA per 1 mmol metal salt). Once
dissolution was complete, propylene oxide (Aldrich, 99.5%) was quickly added to the mixture
as the gelation initiator (11 mmol of PO per 1 mmol of metal salt). The resulting solution
was stirred, while gelation occurred rapidly within a few seconds. The formed gel was allowed
to age undisturbed for at least 24 hours. To remove any residues of the synthesis, a solvent
exchange with pure ethanol was conducted three times by decanting the old solvent. Ambient
drying for at least five days yielded xerogels, which were subsequently calcined in air at

600 °C (heating ramp 1 °C min™) for at least 2 hours.

3.3 Excursus — Doped Sm20s Xerogels for the Oxidative Coupling of
Methane

Materials synthesized by the PO-CA method were also used in a cooperative study with
the working group of Helena Hagelin-Weaver (University of Florida — Gainesville) for the
oxidative coupling of methane (OCM) to produce ethylene from methane.

Ethylene is a valuable industrial feedstock for many plastics, such as polyethylene, which
are traditionally produced by steam cracking of ethane or naphtha.’® ' Since the 1980s, a
lot, of research has been devoted to an alternative way of ethylene production — the oxidative
coupling of methane. In comparison to the traditional steam cracking, the OCM is operated
at lower temperatures (500-750 °C as opposed to temperatures above 800 °C during steam
cracking) and able to convert methane, usually from natural gas, to ethylene.™ ' If instead
of natural gas, synthetic natural gas is used, the OCM can potentially be a complementary
technique to the CO, methanation. However, so far, no industrial relevant process could be
established. This is mostly due to the thermodynamic obstacles which favor the combustion
products CO and COs over the formation of valuable C,, species.’ ! The reaction is typi-
cally catalyzed by mixed metal oxides which contain combinations of rare earth metal oxides,
alkali or alkaline earth metals."® Additional dopants are commonly used to further improve
the catalytic performance, such that complex multi-component catalysts are formed. So far,
the most promising catalysts to achieve industrially relevant C,. yields have been reported
to be Mn-Na-WO,/SiO,, Lag¢Sro4CopoFegsOsy, and BiisY(3Smg20s54.1% 1 While these com-
plex catalyst mixtures achieve good catalytic performances, they are not suitable for system-
atic catalyst studies as the influence of single components are difficult to separate, and thus
not be fully understood. Consequently, the complexity of the catalyst must be reduced to a

single metal oxide catalyst as a host, if dopant effects are to be unravelled. Sm-Oj; is widely
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considered to be one of the most active and selective single metal oxides for the OCM, and
therefore, a prime candidate as a host material to study dopant effects in an isolated man-

J99T The preparation of such materials by classical impregnation techniques requires

ner
solid state diffusion of the dopant ion from the catalyst surface into the bulk of the host
oxide, which can result in inhomogeneous samples and surface enrichment. In contrast, our
developed sol-gel method allows to synthesize pure and multi component systems from a
highly homogenous sol, which increases the likelihood of a successful and uniform distribution
of dopants inside the Sm.Os; matrix. Therefore, an in-depth analysis of the dopant-oxide
interaction is possible.

In two separated studies, we investigated the effect of low-valence (oxidation state < 2,
thus lower than the oxidation state of Sm*" in Sm,O3) and high-valence (oxidation state >2)
dopants on the structural properties and catalytic performance of Sm.O; xerogels at very
low concentrations (0.1 and 1.0 mol%) for the OCM. Our main findings are briefly summa-
rized in the following two subchapters. For more information, the reader is referred to the
corresponding full papers:

= Chapter 3.3.1 — The Effect of Low-Valence Dopants

A. Jones, D. Aziz, J. llsemann, M. Baumer, and H. Hagelin-Weaver, , Effects of Low
Molar Concentrations of Low-Valence Dopants on Samarium Oxide Xerogels in the
Oxidative Coupling of Methane”, accepted at Catalysis Today, 2020

= Chapter 3.3.2 — The Effect of High-Valence Dopants

A. Jones, D. Aziz, J. llsemann, M. Baumer, and H. Hagelin-Weaver, , Effects of Low
Molar Concentrations of High-Valence Dopants on Samarium Oxide Xerogels in the

Oxidative Coupling of Methane”, accepted at Catalysis Today, 2020.

3.3.1 The Effect of Low-Valence Dopants

In a first study, we doped Sm,O; with 0.1 and 1.0 mol% of low-valence transition (Ag, Ni
and Cu) and alkali metals (Li and K). If incorporated successfully, low-valent dopant (LVD),
defined as metal ions with an oxidation state below Sm?*', are expected to increase the num-
ber of oxygen vacancies and thus the number of basic sites in the Sm»Oj; host lattice,'™ which
is widely accepted to be beneficial for the OCM."* ¥ Apart from catalytic experiments, all
catalysts were characterized by N» physisorption, CO»TPD and XRD before and after the
reaction to gain insight into the oxide-dopant interaction.

The successful synthesis of the doped samples confirms the robustness and versatility of
the developed PO-CA synthesis method and demonstrates its broad applicability. XRD
measurements of the prepared samples reveal that all dopants could be successfully incorpo-
rated interstitially in the Sm»O; lattice. Alkali metal and even transition metal dopants sig-

nificantly improve the catalytic performance as compared to the undoped Sm»Oj; catalyst.
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For the higher dopant level (1.0 mol%) and at temperatures below 700 °C, the highest Ca,
yield is obtained over the alkali doped samples, particularly over the K-doped catalyst. At
higher temperatures the Ag-doped catalyst performed best in terms of activity and selectiv-
ity. At this concentration level, Ni and Cu appear undesirable as dopants due to their low
activity and selectivity, and are even inferior to the undoped Sm,Os. Doping the catalysts
with only 0.1 mol% yields a similar pattern. The Li and K containing samples obtained in
the highest CH, yield, while the Ag and now also the Ni doped samples exhibit a superior
performance compared to the undoped catalyst, too. Even at these low dopant concentrations
CO,-TPD measurements revealed a significant increase of basic sites on all catalysts, con-
tributing to the improved catalytic performance. However, the basicity is not the only deci-
sive factor to consider for an enhanced reactivity as it was evident that Cu doping was not
effective. Despite the markedly higher CO, uptake for the Cu-doped sample as compared to
the undoped sample, the reactivity was inferior, suggesting the influence of a second param-
eter — the crystallographic phase. For most catalysts, before the reaction, the lattice consists
mainly of the more active cubic phase, except for the 1.0 mol% Ni and Cu doped catalysts
that exhibit major contributions of the less reactive monoclinic phase. While all catalysts
suffered from a loss of basic sites during the time-on-stream experiments, the K-doped sam-
ples were able to stabilize the cubic phase successfully during these experiments, whereas a
transformation to significant amounts of the unfavorable monoclinic phase was detected on
the other catalysts by post-reaction XRD measurements. Accordingly, the highest stability
was observed on the 0.1 mol% K-doped catalyst.

3.3.2 The Effect of High-Valence Dopants

In a follow-up work, the effect of high- and equal-valence dopants (HVD/EVD), specifi-
cally Y, Gd, Zr and V, incorporated in Sm,O3; was investigated at the same concentration
levels (0.1 and 1.0 mol%) for the catalytic effects in the oxidative coupling of methane. In
contrast to LVDs, the impact of HVDs and EVDs is more difficult to predict. Theoretical
studies suggest that HVDs increase the energy of oxygen vacancy formation and thus render
the surface more Lewis acidic, which has been shown to be detrimental for the catalytic
activity in the OCM.' 2 21 Yt a higher energy of oxygen vacancy formation can also
limit over-oxidation of CHy and thus improve the Cs; selectivity. Additionally, HVDs can be
activated by oxygen from the gas phase to form MeO*" (Me = dopant metal) that now act
as LVDs."™ All sample were characterized by means of N> physisorption, CO>-TPD and XRD
before and after the reaction to complement the catalytic data.

When used in very low concentrations (0.1 mol%) and at temperatures below 700 °C, all
HVDs improve the activity and Cs; selectivity. Surprisingly, this includes transition metal

dopants with multiple possible oxidation states like V (possible oxidation states +5, +4, +3
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and +2), that are usually reported to over-oxidize methane, but only when used in very low
concentrations. The best performance was achieved over the catalyst containing 0.1 mol%
Gd and the most drastic improvements occurred in the low-temperature regime between 500-
600 °C. These catalysts also perceived a higher stability during time-on-stream experiments
at 700 °C in comparison to the catalysts with the higher dopant level and the undoped
Sm;0O3. The inferior performance of the catalysts with the higher dopant level is probably
caused by dopant segregation during the reaction. Neither the stability nor the activity
correlates with the number of basic sites as determined by CO»-TPD, instead the ability to
stabilize the cubic Sm>O; phase against transforming into the monoclinic phase and sintering

appears to be the decisive factor.
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ESTABLISHING SUPPORT-ACTIVITY CORRELATIONS BY
DECOUPLING SIZE AND SUPPORT EFFECTS

This chapter lays the groundwork for the Chapters 5 and 6 and aims to understand the
influence of the support’s surface chemistry, i.e. the acid-base properties on the ruthenium
catalyzed CO, methanation. Parts of this chapter have been submitted to Catalysis, Science

€ Technology and are adopted here verbatim.

4.1 What to Expect from this Chapter.

While the influence of the active component (e.g. Ni or Ru) is well understood, the cata-
lytic performance is strongly influenced by the applied support material and its surface
chemistry, but a fundamental understanding is still missing. Most studies trying to shed light
on such effects have focused on standard support materials so far, such as Al,Os, SiO., MgO
and TiO, Only in recent years also less often used support materials, such as Sm-Os; and
CeO,, have gained attention in the literature based on their favourable and rich surface
chemistry.”> ® # In this way, new options for improved catalysts became apparent, but only
a few studies systematically investigated the mechanistic influence of the support so far — a
prerequisite for a targeted catalyst design for this reaction. One obstacle that complicates

systematic studies in this direction results from the mentioned structure-sensitivity of the
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CO; methanation. Due to the difficulty to prepare identical or at least similar particle sizes
of the active component (in this case Ru) on different support materials by conventional
methods (such as wet impregnation), support effects often cannot be clearly differentiated
from particle size effects.* As these methods are normally based on the in-situ formation of
the metallic nanoparticles on the support, their size generally strongly depends on the surface
chemistry of the support and factors, such as its crystallinity, porosity and potential impu-
rities, to name just a few. Accordingly, most studies conducted so far in order to compare
different support materials could not systematically account for varying particle sizes of the
active component; consequently, such approaches fell short in identifying clear trends. In-
stead, building block approaches which employ colloidal particles with uniform size should
be utilized.

In terms of the active component, we focus on Ru nanoparticles due to their reported
high specific activity, thus allowing to prepare catalysts with low loadings — we target
1.0 wt.% - to prevent agglomeration of the nanoparticles on the support surface while still
providing a significant activity. The Ru nanoparticles are prepared following a well-estab-
lished synthesis route in basic ethylene glycol developed by Wang et al.?®. In contrast to
most colloidal routes, this synthesis does not require organic ligands, e.g. polyvinylpyrroli-
done (PVP), to protect the nanoparticles from agglomerating during the synthesis and thus
eliminates the necessity for their removal before the catalytic experiments, which otherwise
is a prerequisite in order not to affect the catalytic results. Further, the prepared nanoparti-
cles need to be small enough to enter the pore network of the support materials which usually
exhibit mesopores, i.e. pores with a diameter between 2 and 50 nm. In our case, the antici-
pated diameter of the Ru nanoparticles is 1 nm, thus fulfilling the criterium.*

With respect to the question which support materials are favourable or unfavourable to
achieve high activities and selectivities for the hydrogenation of CO,, the acid-base properties
of the support are expected to play a particularly important role. In case of an inert support,
all necessary elementary steps involving the competitive dissociative adsorption of H, and
CO, must take place on the surface of the metallic Ru nanoparticles alone (“CO pathway”,
Figure 4-1). Since CO formed as an intermediate of the dissociative CO; adsorption is more
strongly bound on Ru than H, it can poison the surface depending on the temperature, thus
limiting the activity.* > 2% However, in case of basic supports, three possible scenarios can
lead to additional possibilities for CO. adsorption and activation on the support surface so

that a beneficial influence on the activity can be expected:

1) CO, adsorption on the support
As a mild acid, CO, can adsorb on basic sites of a corresponding support. Brgnsted basic

OH groups, for instance, can react with CO, to form hydrogen carbonates (pathway 1, Figure
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4-1), whereas Lewis basic sites in the form of lattice oxygen, for instance, can bind CO, as
monodentate carbonates. In either case, CO, does not need to adsorb on Ru alone, thus
increasing the CO, surface concentration, which can lead to an increased activity when as-

46, 105, 142, 154, 205, 206 Yet aiming
)

suming a Langmuir-Hougen-Hinshelwood-Watson mechanism.
at improving the activity in this way, the stability of the resulting carbonates must be con-
sidered. Neither carbonates that are bound too weakly so that they easily decompose again
nor highly stable carbonates, which are unreactive in the temperature range where the
methanation reaction is carried out, are expected to increase the activity in the explained

[0 Tf basic sites of “intermediate” strength are available, it is likely that CO, adsorption

way
on these sites leads to carbonate species that can subsequently be hydrogenated to methane
on the surface. This occurs either at the perimeter of the supported metal particles or within
the range of surface diffusion of adsorbed H, which is a function of the support’s surface

characteristics.?”

2a) CO, activation on orygen vacancies

Also oxygen vacancies can act as Lewis bases that not only provide sites for CO, adsorp-
tion but can also lead to an additional activation.™ 2™ %2 Exceeding the beneficial effect of a
basic support according to option 1), the option of CO, to form bidentate carbonates upon
adsorption on such vacancies, represents a first reduction of the molecule if the oxygen atom
filling the vacancy is left there in the further course of the reaction to CH, (pathway 2a,
Figure 4-1).° 2 In a separate step, a new vacancy can be created if two H atoms, spilling

over from the Ru particle, react with lattice O to form H>O which then desorbs. Overall,

1 2a 2b)
0P 9 o
|
C0.-0 - MO0 MG M0
M MMM M M MMM M W

No support CO, adsorption CO, activation Metal-support
effect on the support on the support interaction

Figure 4-1 Conceptual depiction of the possible support effects and classification of the used
support materials. No support effect (“CO pathway”), (1) CO: adsorption as mono-
dentate or hydrogen carbonate, (2a) CO: activation as bidentate carbonate and (2b)
metal-support interaction; red squares indicate an oxygen vacancy, red arrows indi-
cate electronic interactions. In all cases H: is expected to adsorb dissociatively on the

metal (not shown here due to simplicity reasons).
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such a scenario corresponds to a Mars-van-Krevelen mechanism, contributing in this way to
the catalytic turn over on the surface of the catalyst. TiO, and ZrO, for example, are well-
known for their ability to form sub-stoichiometric oxides, therefore exhibiting oxygen vacan-
cies.™ ® 214 The ability to form oxygen-deficient structures is also inherent to the rare earth

metal oxides Smo03, Gd:03 and Y,03. 24 215

2b) CO. activation on the metal due to oxygen vacancy induced metal-support interactions
Lewis basic oxygen vacancies can also contribute indirectly to a higher activity of the Ru
nanoparticles by a metal-support interaction. If not contributing according to option 2a)
(e.g. because the interaction with CO; is too weak), the presence of oxygen vacancies on the
support can still have a promotional effect for the reaction by modifying the electronic struc-

26218 Specifically, it was found that such an interaction can reduce

ture of the metal deposits.
the CO surface coverage as the most strongly bound reaction intermediate on the Ru surface,
thus resulting in more free sites for H, adsorption and dissociation.'® In other words, the
support can also contribute to a higher activity by preventing a gradual self-poisoning due

to accumulation of CO on the surface of the Ru nanoparticles (pathway 2b, Figure 4-1).'*

Aiming at a clarification to which extend the described possibilities of a support effect
can be exploited to increase the methane yield for the Ruthenium-catalyzed CO, methana-
tion, we investigated a variety of support materials exhibiting different acid-base properties.
To rule out superimposed particle size effects on the catalytic performance, which — as de-
tailed above — are expected due to the structure sensitivity of the reaction, we used a novel
building block approach by synthesizing colloidal Ru nanoparticles independently from the
support, in a first step. In this way, a narrow size distribution could be obtained and, in a
subsequent step, these particles were deposited on various support materials, enabling us to
systematically study the effect of different support characteristics while keeping the Ru par-
ticle size constant. In sum, eight different support materials were chosen which can be
grouped in four categories along their acid/base properties: (1) Gd:Os, Sm»O3 and Y,0s
exhibiting both Lewis as well as Bronsted basic properties;*'™ 2" (2) TiO, and ZrO, exhibiting
Lewis basic but no Bregnsted basic sites;*” (3) Al,Os and MgO which expose Brgnsted basic
but no Lewis basic sites;"*?" and (4) SiO. as a support material without Brgnsted and Lewis
basic properties.

All Ru loaded oxides were fully characterized by means of atomic absorption spectroscopy
(AAS, to determine the Ru loading), N, physisorption, powder X-ray diffraction (XRD) and
transmission electron microscopy (TEM). COx-temperature programmed desorption (CO.-
TPD) in combination with diffuse reflectance infrared Fourier-transformed spectroscopy

(DRIFTS) measurements were used to identify the type of potential carbonates formed on
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4.2 Catalysts

the various supports and to characterize and quantify the basicity of the catalysts. Then, all
catalysts were tested with respect to their activity and selectivity for CO, methanation under
identical conditions. In parallel, operando DRIFTS was employed to gain further insight into
the surface species formed under reaction conditions enabling us to correlate the trends ob-
served in the catalytic experiments with the support’s basicity in the Brgnsted and Lewis

sense. Details on the experimental procedures can be found in the appendix A and B.1.

4.2 Catalysts

Eight different catalyst systems were prepared by depositing colloidal Ru nanoparticles

on various oxidic supports. A Ru loading of 1 wt.% was targeted in all cases.

Support materials

AlLOj; (Sasol, Puralox SBa 200, 98%), MgO (Acros, 98%), SiO, (Sigma, Davisil 646, 99%),
TiO, (Evonik, Aeroxide P25, 99.5%), ZrO, (Chempur, 99%) were purchased, whereas Sm,Os,
Gd.O3 and Y203 were synthesized in-house by the sol-gel route introduced in Chapter 3.2.2.

Ru nanoparticles

Ru nanoparticles with an average size of 1 nm were prepared by a colloidal synthesis
route previously reported by Wang et al.?”. In short, 0.223 g RuCl; - xH,O (Chempur,
41 wt.% Ru content) was dissolved in 25 mL ethylene glycol (Merck) and further diluted
with 25 mL 0.5 M NaOH (VWR, 99%) in ethylene glycol. The resulting solution was placed
in an oil bath pre-heated to 150 °C for 90 min under stirring to ensure full reduction of Ru
and nanoparticle formation. The particles were finally precipitated by adding eight equiva-
lents (vol./vol.) 1 M HCI to the solution. After centrifugation at 40 Hz, the Ru nanoparticles
could be collected as solid particles by decanting the HCIL. To deposit the nanoparticles on
the support, the nanoparticles were redispersed in four equivalents (vol./vol.) of acetone
(p-a., Merck) and the required amount of the support material (particle size 75-150 pm) was
added, before the solvent was removed by rotary evaporation under vacuum so that a dried

powder was obtained.

The following compositions were determined by AAS and used for calculating the reaction
rates: 0.8 wt.% Ru-SmoOs, 0.8 wt.% Ru-Y.0;, 0.8 wt.% Ru-GdyOs;, 1.0 wt.% Ru-TiO,,
0.8 wt.% Ru-ZrO,, 1.0 wt.% Ru-AlLO;, 1.2 wt.% Ru-MgO and 1.0 wt.% Ru-SiO.. The differ-
ences in the loading resulted from different losses during precipitation and the subsequent

decanting of the residual HCI.
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4.3 Structural Characterization by XRD

4.3 Structural Characterization by XRD

As the catalytic performance of supported catalysts can also depend on the crystal struc-

ture of the support,® #?! X-ray diffraction measurements were performed to identify the pre-

sent phases. Representative X-ray diffraction patterns of all samples are presented in Figure

4-2 and reveal that all supports were crystalline, except for SiO, being X-ray amorphous.
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Figure 4-2 X-ray powder diffraction patterns of the investigated catalysts. The tick marks indi-
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cate the possible Bragg reflections of the respective oxide phases. Sm203, Gd203 and
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4.4 Structural Characterization by N2 Physisorption

The rare earth metal oxides exhibit the expected crystal structures of cubic Sm>O3, Gd2Os
and Y203 (Ia3). The TiO» employed in this study was comprised of a mixture of 8 wt.%
rutile and 92 wt.% anatase, whereas, all other purchased support materials consisted of only
one phase, namely, monoclinic ZrO: (space group: P12;/c1), y-Al,:Os (Fm3m) and cubic MgO
(Fm3m). Diffraction peaks of Ru’ or RuOx are not detected in any of the diffractograms as

expected because of the low loading and the small particle size (see also Chapter 4.5).

4.4 Structural Characterization by N2 Physisorption

The specific surface areas, pore volumes as well as pore size distributions were analyzed
for all catalysts using N, physisorption (Table 4-1); the corresponding isotherms and pore
size distributions are shown in Figure 4-3 and Figure 4-4. Apart from the typical porosity
descriptors — the specific surface area, pore volume and average pore size - the maximum of
the pore size distribution is stated as an additional measure to reflect, which is the most
common pore size as the average pore size can be an inaccurate descriptor as it is easily
inflated by outliers. The data is evaluated following the recommended TUPAC classification.
Accordingly, the REO as well as Al,Os and SiO» supported catalysts clearly are mesoporous
oxides as indicated by the hysteresis loop in the N; isotherms (type IV) and the derived pore
size distributions. The shape of the isotherms measured on Ru-TiO; and Ru-ZrO, hint to the
presence of mainly macropores (pore diameter > 50 nm), whereas no reliable pore size dis-

tribution could be derived for the MgO supported catalyst.

Table 4-1 Specific surface area, pore volume as well as the average pore size and the maximum
in the pore size distribution, determined by N2 physisorption measurements. For a
rough estimation of the statistical error, the Ru-Sm:03; sample was measured three
times. The reported value is the averaged value and the error corresponds to the
standard deviation which is considered to be representative also for the other samples.

Sample Specific surface  Pore volume /  Average pore Max. of pore

area / m*g’ cm? gt radius / nm radius distribu-
tion / nm

Ru-Gd20s 35 0.08 4.5 3.0

Ru-Sm»0; 36+1 0.14+0.01 7.5+0.2 6.4+0.1

Ru-Y:0s3 61 0.13 4.4 3.0

Ru-AlOs 195 0.46 4.7 3.2

Ru-MgO 12 0.03 - -

Ru-TiO, 60 0.54 17.0 26.3

Ru-ZrO, 16 0.13 15 13

Ru-SiO, 224 0.84 7.5 5.0
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4.4 Structural Characterization by N2 Physisorption
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Figure 4-3 N2 physisorption isotherms of the investigated catalysts.
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Figure 4-4 Derived pore size distributions using the BJH model (applied to the desorption
branch of the isotherm) of the investigated catalysts.
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4.5 Structural Characterization by TEM

4.5 Structural Characterization by TEM

Transmission electron micrographs of the colloidal Ru dispersion were acquired in order
to determine and verify the particle size. For the synthesis used, a diameter of 1.0 nm is
expected.” In addition, the catalysts were investigated by TEM to ensure that, after sup-
porting the Ru nanoparticles on the various oxides, their size did not change. Selected spots
on the samples were measured by EDX to confirm the correct identification as Ru or support
material. To determine the particle size distribution and the mean particle size in all other
cases, at least 150 Ru particles were evaluated for each sample. Representative images and
the corresponding Ru size distributions are shown in Figure 4-5. According to these results,
the as-prepared Ru nanoparticles exhibited the expected diameter of 1.0 + 0.2 nm and a

narrow size distribution. After deposition onto the various supports, they preserved their size

Ru nano particles

Hu-Wz0

STEM mode

Figure 4-5: TEM images of the synthesized Ru nanoparticles (red circles) and the supported
catalysts, as well as the respective Ru particle size distribution.
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4.6 Determination of the Basicity

within the respective standard deviations, so that in line with the experimental approach of
this study, an influence of different Ru particle sizes on the catalytic performance of the
different catalysts can be ruled out. In no case, agglomerates of Ru particles were observed,
proving that a fine dispersion of the active component could be achieved. As the Ru particle
diameter was smaller than the average pore size of the supports, we assume that the Ru
nanoparticles were able to penetrate the pores during evaporation of the solvent so that a
homogeneous deposition inside the pore network of the support materials could be achieved.
Unfortunately, in case of Ru-ZrO, the contrast between Ru and ZrO, was too low due to the
similar atomic mass, rendering it impossible to clearly detect the Ru particles (in both TEM
and STEM mode). For Ru-MgO, no Ru particles could be distinguished in TEM mode, but
were clearly evidenced by STEM.

4.6 Determination of the Basicity

As described in the introduction, it can be expected that the acid/base properties of the
different support materials or, more precisely, the presence of basic Brgnsted and Lewis
centers play an important role for the activity of the prepared catalysts for the methanation
of CO,. In order to characterize such sites, CO>-TPD measurements were conducted for all
catalysts investigated in this study. In addition to the information about their strength, their
density on the surface can also be assessed by integrating the corresponding TPD signals
which correlate to the amount of adsorbed COs..

Prior to CO, saturation, the samples were subjected to the same pre-treatment applied
for the catalytic experiments. Figure 4-6 shows the desorption profiles acquired for the vari-
ous catalysts. In addition, Table 4-2 summarizes the amounts of adsorbed CO, as well as the
derived surface densities of basic site in all cases. For the calculations, the specific surface
areas determined by N, physisorption were considered. To further characterize the nature of
the adsorbed CO, species, i.e. the carbonates formed on the oxide supports, complementary
DRIFTS measurements were conducted. To assure comparability, the same pre-treatment
as carried out for the catalytic tests and the TPD measurements were applied (Figure 4-7).

In the following section, the results are discussed per defined oxide class.

Ru—Gd203, Ru—Sm203 and Ru—Y203
As detailed in the introduction, the rare earth metal oxides are expected to exhibit
Bronsted as well as Lewis basic sites on the surface. CO, desorption is observed for these

catalysts mainly between 200-400 °C — a temperature range, that reveals medium basicity
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4.6 Determination of the Basicity
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Figure 4-6 CO2-TPD measurements of the investigated catalysts. Conditions: ~100 mg catalyst,
saturated at 50 °C, temperature ramp 5 °C min’. All samples were activated in Ha
prior to the measurements at 400 °C for 1 h.
of these sites in good agreement with the literature.”* Such sites are favourable as the range
of desorption temperatures coincides with the potential reaction temperatures for the CO,
methanation, meaning that the fixation of CO. is neither too weak nor too strong. The
strength of the basicity among the investigated rare earth oxides follows the trend expected
based on the lanthanide contraction, which predicts a decrease in basicity with a decreasing
radius of the rare earth cation. Accordingly, the desorption peaks for these catalysts shift to
lower temperatures with increasing atomic number. As far as the amount of adsorbed CO;
is concerned, the rare earth metal oxide supported catalysts show the highest CO, adsorption

capacity of all investigated samples and the determined densities of basic sites correspond

Table 4-2  Amount of CO2 desorbed from the various catalysts and calculated surface density of

basic sites.

Sample Amount desorbed /  Density of basic sites /
pmol COs gea™ pmol COs me,?

Ru-Gd,Os 333 9.5

Ru-Sm»0O3 644 17.9

Ru-Y-0s3 759 12.4

Ru-ALOs 198 1.0

Ru-MgO 319 26.6

Ru-TiO, 0 -

Ru-ZrO, 0 -

Ru-SiO; 77 0.3
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Figure 4-7 CO: adsorption mode after saturation with CO: for 30 min at 50 °C by DRIFTS; a)
Ru-Sm:03, b) Ru-Gd»0s, ¢) Ru-Y:0s, d) Ru-MgO, e) Ru-TiO: and f) Ru-ZrOs.
well with values reported in the literature.” > DRIFTS experiments carried out for these
catalysts yielded similar spectra revealing the presence of monodentate (m-COs*, 1065 cm
1), bidentate (b-COs*, 1589 cm™ and 1296 - 1311 ecm™) and hydrogen carbonates (HCOsy,
1624 - 1639 cm™) on the surface (Figure 4-7 a-c)." *7 Monodentate carbonates correspond
to CO, adsorbed on lattice oxygen of the REO support, whereas hydrogen carbonates are
formed upon CO- adsorption on Brgnsted basic OH surface groups, which are apparently
present in abundance on these supports. In addition, the spectra also prove the formation of
bidentate carbonates indicating the presence of the Lewis basic oxygen vacancies on the
surfaces of the REO supports as expected.”" ?* Such bidentate carbonates form when CO,
adsorbs by donating one oxygen atom to such a vacancy. When the oxygen atom remains in
the vacancy, i.e. in the lattice of the oxide, the formation of such bidentate carbonates can
be understood as a first reduction step of CO, along its full reduction to CHy. By comparing
the relative peak intensities for HCOjs, b-CO3* and m-CO;*, we can draw qualitative con-
clusions regarding their relative abundance on the surface. According to this analysis, for
Sm:0s, bidentate carbonates (b-CO4*) dominantly form upon CO, adsorption, indicating a
prevalence of oxygen vacancies as basic sites on this catalyst, whereas for the Ru-Gd.O;3 and
the Ru-Y»0; catalyst OH groups leading to HCOs species are apparently more abundant
and dominate the adsorption behaviour of CO,; here. On the contrary, monodentate car-

bonates (m-CO4*) are minority species in all three cases.

52



4.6 Determination of the Basicity

Ru-Al,O; and Ru-MgO

Al;O3 chosen as an example of an oxide support exhibiting Brgnsted basicity but lacking
Lewis basic oxygen vacancies, shows only a weakly pronounced CO, desorption peak which
is centered around 500 °C, in accordance with what has also has been observed by other

authors.?®

The comparatively low adsorption capacity agrees well with published values.!*
In agreement with the low adsorption capacity, the acquired DRIFT spectra do not reveal
noticeable absorption bands due to carbonate formation, and are, therefore, not shown here.
On the contrary, for Ru supported on MgO, chosen as another representative of this class of
oxide supports, a distinct CO, desorption feature in form of a narrow double peak between
300-400 °C was detected. Even though the corresponding temperatures are at the lower end
of desorption temperatures expected for MgO, similar values have also been reported in the
literature previously.”” As inferred from the DRIFT spectra, CO, is bound to the MgO
surface in form of m-COs* species as indicated by the two pronounced features at 1508 cm™

and 1433 cm™ (Figure 4-7d), while exhibiting no indications for bidentate species.?*" %32

Ru-TiO; and Ru-ZrO,

In contrast to the Brgnsted basic supports, hardly any CO, desorption is observed for the
catalysts supported on Lewis basic oxides, i.e. on TiO, and ZrO,. The DRIFT spectra (Figure
4-Te and f) for the two catalysts, however, reveal the formation of at least some carbonate
species upon CO, adsorption. In case of Ru-TiO,, a sharp peak at 1554 cm™ and a weakly
pronounced shoulder at around 1321 ¢cm™ point to b-CO3* on the surface, in agreement with
the expected presence of Lewis basic oxygen vacancies on Ti0,.22" %% 234 Furthermore, a peak
at 1410 ecm! can be assigned to HCOy species, which proves the additional existence of some
Brgnsted basic OH groups probably formed during the reductive pre-treatment of the sample
with H,. The ZrO, supported catalyst (Figure 4-7f) on the other hand, shows a different CO,
adsorption behaviour. Here, monodentate carbonates (1363 cm™) and bidentate hydrogen
carbonates (b-HCOy, 1435 and 1637 cm™) prevail, whereas bidentate carbonates do not seem
to form on this support.??" 37 Yet, the detection of bidentate hydrogen carbonates reveals
the relevance of oxygen vacancies as Lewis basic adsorption sites on this support as well, but
suggests that either hydroxyl groups located in the vicinity are involved or that bidentate
carbonates at the metal-support perimeter are quickly hydrogenated by H atoms spilling
over from the metal. In any event, the absence of any notable peaks in the CO»-TPD spectra
indicates that the surface concentration of all kinds of basic sites is low in the case of both
oxides. Even though low CO, adsorption capacities have been observed for titania and zir-
conia before,”?* the finding appears puzzling and conflicting at first sight with their choice
as good representatives of Lewis basic supports which expose high concentrations of oxygen

vacancies at the surface. In case of the TiO, supported catalyst, a probable explanation is
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4.6 Determination of the Basicity

that carbonates are not bound sufficiently strong to the catalyst surface, i.e. bidentate car-
bonates have been shown to desorb from TiO, at around 25 °C,* which is below the satu-
ration temperature in our TPD experiments. In contrast, the chosen saturation temperature
is probably not high enough to chemisorb CO. on the ZrO, surface. This is backed by the
temperature-dependent DRIFTS study on Ru-ZrO; (see Chapter 4.8.2), where the formation
of carbonates is clearly evident at 100 °C. In either case, a saturation temperature of 50 °C
does not appear to be best suited for the TiO, and ZrO, supported catalysts. It must be
noted though, that, due to the temperature-dependence of CO; chemisorption and the sta-
bility of the formed adsorbates on different oxides, a universally applicable CO, saturation
temperature does not exist. Additionally, it must be kept in mind that the formation of
Lewis basic oxygen vacancies is a function of temperature and also dependent on the sur-
rounding gas atmosphere. To verify this and to prove the formation of oxygen vacancies
during activation, we additionally carried out in-situ Raman measurements between 200-
400 °C in H; atmosphere for the Ru-TiO, and Ru-ZrO, catalyst. A detailed description of
the experiments and the obtained spectra can be found in the appendix (Figure B-1). In
short, this experiment corresponds to a H, temperature-programmed reduction (H»-TPR)
experiment but allows us to specifically follow structural changes in the support, whereas a
Ho-TPR experiment would yield the overall reduction behaviour of the catalyst, including
the reduction of the RuOy nanoparticle, only. Increasing the temperature, no significant
changes of the TiO, support are detectable in the spectra until 300 °C, indicating a low and
constant oxygen vacancy density. At higher temperatures, however, a significant blue shift
of the E, vibrational mode occurs (Figure 4-8), which can be attributed to their increasing
formation. It has been reported in the literature that the reduction of pure TiO, to an oxygen-

deficient phase can be expected above 300 °C,™ ™

in agreement with the data presented here.
Using a correlation between the Raman shift and the O/Ti ratio proposed by Parker and
Siegel, the Raman shift observed at 400 °C (153 ¢cm™) corresponds to an O/Ti ratio of
around 1.9. Under the assumption that the oxygen vacancy concentration is homogenously
distributed and also representative for the surface, this result corresponds to an oxygen va-
cancy density of 20.8 pmol m™ at the surface, which is of similar magnitude as observed for
the REO and MgO supported catalysts. As shown in the next chapter describing the catalytic
observations, the catalyst is cooled down in inert gas atmosphere after the activation step.
Hence, the determined state of reduction should represent the state of the catalyst after
reductive pre-treatment before exposing the catalyst to the reaction atmosphere. During the
subsequent reactivity experiment, that is conducted in the temperature range between 200
and 400 °C, the poor stability of carbonates on the TiO, supported catalysts thus renders a
contribution of the support effect (2a) unlikely. Instead, a positive effect due to the indirect

support mechanism (2b) as explained in the introduction can be expected.
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Figure 4-8 Temperature-dependent changes of Raman frequencies (Aw) of Ru-TiO: (147 cm™)
and Ru-ZrO: (174 cm™) under H: atmosphere.
Unfortunately, for ZrO, no such quantitative correlation between the Raman shift and
the stoichiometry is available. However, a blue shift of the Raman signal was detected for
ZrO, as well when applying the same conditions, is indicative of an increased concentration

of oxygen vacancies formed after the reductive pre-treatment also in this case.

Ru-SiO,

Unexpectedly in the first place, SiO, which should expose neither Lewis nor Brgnsted
basic sites shows a small but detectable broad desorption peak between 500-600 °C in the
COx-TPD spectrum. The corresponding DRIFT measurements (not presented here), how-
ever, provided clear evidence that this feature does not belong to any specific basic adsorption
centers for CO, on the surface, since no absorption bands occurred in the corresponding
spectra. Although the origin of the TPD peak is unclear, possibly caused by residual,
“trapped” CO; inside the pore network, the DRIFTS results confirm the classification of SiO.

as a non-basic support in agreement with the literature.*!

4.7 Catalytic Experiments

The CO; conversion rates and CHy selectivity achieved between 200 °C and 400 °C in the
CO, methanation experiments are shown in Figure 4-9 for the various catalysts. The pre-
sented graphs are colour-coded to allow easy differentiation between the four different sup-

port categories used in this study - green for the solely Lewis basic supports (TiO; and ZrO,),
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4.7 Catalytic Experiments

red for the ones exhibiting both Lewis as well as Brgnsted basic sites (REOs), blue for the
Brgnsted basic supports (Al,O3 and MgO) and purple for the non-basic SiO». Since the reac-
tion rates are referred to the actual Ru loading determined by AAS, the observed differences
in the catalytic performance of the catalysts can be — because the Ru particle size is the same
in all cases - directly attributed to support effects, i.e. to its surface chemistry. The Weisz-
Prater criterion was calculated for all data points, taking Knudsen diffusion (when in agree-
ment with the determined average pore sizes) into account, to verify the absence of internal
mass transport limitations in the investigated temperature range (see Table B-1). Only at
400 °C, an influence of diffusion limitation on the observed rates cannot be fully excluded as
indicated by the corresponding Arrhenius plots (Figure B-2). Moreover, the stability of the
catalysts was checked by extended catalytic runs at 400 °C over 10 h showing stable conver-
sions (see Figure B-3). The reproducibility of the catalytic results was ensured by conducting

several consecutive runs as well as tests with different synthesis batches (see Figure B-4).

Considering the temperature-dependent progression of both, the CO, conversion rates and
CH, selectivities, the results can be distinguished into two temperature regions — one below
and one above 310 °C. Below 310 °C, the activity follows the order: Ru-TiO.> Ru-ZrO, =~
Ru-GdyOs5>Ru-Smy0;3 > Ru-Y.03 > Ru-ALOs; > Ru-SiO, > Ru-MgO. This trend suggests
that Lewis basic oxygen vacancies which are characteristic for TiO, and ZrO, as well as for
the REOs have a promotional effect and increase the activity in this temperature regime.

Above 310 °C, the activity follows another order: Ru-Gd:O3;> Ru-Sm.O3; > Ru-Y.03; >
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Figure 4-9 (top) CO: conversion rates and (bottom) CHa selectivities for all cataysts in the
investigated temperature range. Reaction conditions: pressure 1 bar, flow rate
50 mL min“, 4/1/5 H2/CO2/Ar, 50 mg catalyst. The vertical line at 310°C indicates
a change regarding the best performing catalysts.
Ru-ZrO, > Ru-TiO, > Ru-ALO3; > Ru-MgO > Ru-SiO,. At these temperatures, the REO
supported catalysts yield higher activities and thus outperform the titania and zirconia sup-
ported catalysts. This finding suggests an additional promotional effect of Brgnsted basic
OH groups present on the REO surfaces but not on TiO, and ZrO,. In both temperature
regimes, the catalysts supported on oxides without Lewis basic properties (MgO, Al,O; and
Si0,) show lower CO; conversions, the highest of which is observed for the Al,Os supported
catalyst, which also exhibits the highest methane selectivity.

4.8 Operando DRIFTS

To allow a more detailed mechanistic interpretation of the catalytic results and to identify
the surface species involved, we carried out temperature-dependent DRIFTS experiments
mimicking the reaction conditions. As in some cases species involved in the catalytic reaction
and spectator species were difficult to distinguish based on these experiments, we tried to

further clarify the situation by additional isothermal experiments at 350 °C.

4.8.1 Over Lewis and Bronsted Basic Supported Catalysts
Representative for the REO supported catalysts, the results of the temperature-dependent
measurements for Ru-G-Oj; are presented in Figure 4-10 (top). Performing the same experi-

ments on the Ru-Sm-O3 catalyst essentially yield the identical results as is to be expected
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Figure 4-10 (top) Temperature-dependent DRIFTS reaction study on Ru-Gd20s; (bottom) nor-
malized peak height for m-CO3*(1061 cm™), b-COs* (1576 cm™'), HCOy (1633 cm™),
bridge-bonded CO on Ru (Ru=CO, 1990 cm™) and linearly bound CO on Ru (Ru-
CO, 2019 cm?) as a function of reaction temperature; conditions: 5 vol.% CO2, 20
vol.% H: in He, V,,;=100 mL min'.

due to the similarities of GdsO3 and Sms>Os. The results are therefore not discussed here

separately, but can be found in the appendix (Figure B-5 and Figure B-6). After reductive

pre-treatment, we exposed the Ru-Gd»Oj; catalyst to the reaction gases at 100 °C and then

stepwise increased the temperature to ultimately 350 °C. By starting well below the expected

onset temperature for the reaction, we aimed at capturing adsorbed surface species possibly
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involved in the reaction but not detectable at higher temperatures where they undergo fast
turnover. Already at 100 °C, COs is dissociatively adsorbed on Ru as indicated by the for-
mation of bridge-bonded CO (Ru=CO, 1990 cm) and linearly bound CO on the Ru nano-
particles (Ru-CO, 2019 cm*).* 1222 In addition, a variety of bands is observed, which can
be assigned to monodentate carbonates (m-COs*; 1060 cm™ and 1508 cm™), '™ 22728 hidentate
carbonates (b-CO3*, 1288 cm™ and 1583 cm™), **" and hydrogen carbonates (HCOy, 1633 cm
', 1437 cm™ and 3626 ¢cm™).**” An additional shoulder at around 1755 cm™ can furthermore
be related to a formyl species (HCO).* 2 First indications of gaseous CHscan be detected
already at 140 °C in form of the C-H stretch vibration (3016 cm™). With increasing temper-
ature also the bending vibrations of gaseous CH, at 1304 cm! evolve,? 24

To gain information about the trends regarding the relative abundance of the various
species as a function of temperature, we performed a background correction and normalized
the peak heights' of all occurring species to the most intense peak at 100 °C originating from
HCOs at 1633 cm™ (Figure 4-10 (bottom)). While the intensity of monodentate and biden-
tate carbonates steadily increases with increasing temperature, HCO; species (1633 cm™)
apparently first accumulate on the surface, before their coverage slowly drops at tempera-
tures above 120 °C. In contrast, linearly and bridge-bonded CO on Ru (2019 cm™) increas-
ingly form up to 200 °C but then start vanishing at higher temperatures, the stronger bound
bridge-bonded CO surviving longer than linearly bound CO. This behaviour confirms that
CO is formed as an intermediate on Ru already at low temperatures and is further reduced
to CHy only at temperatures beyond 200 °C.

The results of the additionally performed isothermal DRIFTS experiments are shown in
Figure 4-11. After activation at 400 °C and subsequent flushing with He to remove residual
H, in the DRIFTS cell, the sample was exposed to 5 vol.% CO, in He for 15 min at 350 °C
and several spectra were recorded over time (red spectra). Overall, very similar bands as
compared to the temperature-dependent measurements were obtained. The characteristic
signals for absorbed CO on Ru again indicate dissociative adsorption of CO, on the nano-
particles in the absence of Ho. While the peak at 2011 ¢cm™ corresponds to linearly bound CO
on Ru, its shoulder at lower wavenumbers can be assigned to bridge-bonded CO.* 102 242
Absorption bands for monodentate carbonates (848, 1060 and 1508 cm™), bidentate car-
bonates (848, 1288 and 1581 cm™) and hydrogen carbonates (848, 1606 and 3626 cm™) are
observed again and prove adsorption of CO; on lattice oxygen and oxygen vacancies as well

as on OH groups present on the Gd.Oj; surface.’™ 2728 Ag H, was not present in the feed,

' Note that, although the peak area would provide a superior measure, the peak height was used to
derive information on the relative surface coverage as the spectra proved to be too complex to perform
an accurate deconvolution on. Using the peak height instead has been deemed appropriate by several

other studies.!® 19316, 317
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Figure 4-11 Isothermal DRIFTS experiments carried out for Ru-Gd20s at 350 °C under different

gas atmospheres. Red spectra: exposure to 5 vol.% CO: in He for 15 min; green

spectra: pure He for 20 min; blue spectra: subsequent exposure to 20 vol.% H: in He;

yellow spectra: exposure to 5 vol.% CO: and 20 vol.% H: in He, V=100 mL min™.

Temporal evolution of the spectra from lighter to darker colors (bottom to top).

we believe that the formyl species indicated by the band at 1755 em™ originate from CO that
spills over from Ru to the support and reacts with H remaining on Ru nanoparticles after
the activation at perimeter sites.** *** When stopping the CO, exposure and purging the cell
with He for 20 min (green traces), the intensities of the bands of CO adsorbed on Ru decrease
rapidly. While the one for linearly bound CO disappears completely after 11 min, a small
peak for bridge-bonded CO stays. On the contrary, the band belonging to monodentate
carbonates (1060 cm™) on the support remains constant after stopping the CO, exposure,
revealing that this species is thermally stable at 350 °C and a spectator species. The features
assigned to hydrogen carbonates, bidentate carbonates as well as to formyl species, however,
slowly lose intensity over time. If then 20 vol.% H, are added to the feed (blue traces), two
sharp peaks, representative for gaseous methane, immediately appear at 3016 cm™ and
1304 ecm™, before declining slowly over the next few minutes.?* 2 Concomitantly, the ab-
sorption bands assigned to HCOs and b-CO3* drastically decrease, suggesting that they are
consumed by reacting further to methane. Upon exposure to the reactant mixture (yellow
trace), qualitatively the same spectrum as observed during the temperature-dependent meas-
urements, including significant bands for gaseous CHy, is observed.

As an explanation for these results, we tentatively propose the occurrence of three reaction
mechanisms on the REO supported catalysts having different weight as a function of tem-

perature. All three involve the dissociative adsorption of H, on Ru, following the common
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notion,* 192 but differ with respect to CO, adsorption and activation. A support-independent
pathway is the dissociative adsorption of CO; on Ru leading to CO as an intermediate which
is then further reduced. Our temperature-dependent DRIFTS results suggest that this path-
way is predominant at temperatures below 300 °C. Due to the presence of the Brgnsted basic
OH groups and Lewis basic sites on the surface of the REOs, adsorption of CO, is additionally
possible on the support in form of carbonates. In particular, OH groups leading to hydrogen
carbonates and oxygen vacancies giving rise to the formation of bidentate carbonates enable
two additional reaction pathways, denoted (1) and (2a) in the introduction, whereas mono-
dentate carbonates formed by CO, adsorption on Lewis basic lattice oxygen sites appear to
be just spectator species. Both support-related reaction pathways most likely involve formyl
species (HCO) formed either by H-assisted abstraction of oxygen from hydrogen carbonates,
or by hydrogenation of bidentate carbonates with H. HCO is expected to further transform
to CH, via intermediates not detected by DRIFTS. The involvement of these carbonates
according to mechanisms (1) and (2a), however, is limited to higher temperatures, when
considering the CO»-TPD results. The desorption peak centered at ~300 °C suggests that
the carbonates might be too stable in the low temperature region to contribute to the cata-
lytic conversion. Yet, at higher temperatures (above 310 °C), it is likely that the superior
performance of the REOs results from the participation of hydrogen carbonates and biden-
tate carbonates in the reaction, i.e. from the higher overall concentration of adsorbed CO,
on the surface. These carbonates can be hydrogenated by dissociated hydrogen formed on
Ru at perimeter sites or within the range of H surface diffusion.'™ 22 In this context, the
rather low specific surface area of the REO supported catalysts is beneficial as it increases
the density of basic sites per m?, and therefore, the amount of adsorbed CO, in proximity of

the Ru particles as opposed to supports with a higher specific surface area.

4.8.2 Over Lewis but Non-Brgnsted Basic Supported Catalysts

At reaction temperatures below 310 °C, the TiO, and, to a lesser extent, the ZrO, sup-
ported catalysts outperform the REO supported ones. An obvious assumption are the Lewis
basic oxygen vacancies present on these supports which, in analogy to the REOs, offer addi-
tional adsorption sites for CO.. In contrast to the REOs, however, these carbonates appar-
ently can take part in the catalytic turnover already at lower temperatures according to
mechanism (2a). Indeed, it has been reported in the literature that oxygen vacancies on TiO,
and ZrO, are highly reactive with respect to the adsorption and activation of CO,2™ 2!,
Although a similar catalytic behaviour is observed for the ZrO, and TiO, supported catalysts,
our DRIFTS data indicate different surface species formed on both supports. Notably, in
case of titania, the data do not support the assumption of CO, activation on the support at

all on first sight.
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Ru-ZrO,

For Ru-ZrO,, the formation of carbonates can indeed be inferred from the temperature-
dependent DRIFTS measurements, presented in Figure 4-12 (top). The spectra reveal that,
at 100 °C, CO, can adsorb on the ZrO, support in the form of monodentate carbonates (1518
and 1488 cm™)** 27 formates (HCOO, 1360, 1377 and 1383 cm™)** 2 and bidentate hydro-
gen carbonates (b-HCOy, 1469 and 1628 cm™).?*" %6 The feature at 1979 cm™ corresponding
to bridge bonded CO on Ru confirms that, in addition and expectedly, the possibility of
dissociative CO, adsorption on the metal nanoparticles exists. Also the peak at 2063 cm
(not seen for the REO supports, but also for ALOs and SiO,) which is growing with increasing
temperature in analogy to the band at 1979 cm™, can be ascribed to CO adsorbed on Ru.**
9 The blue shift, however, points to partially oxidized Ru (Ru"-CO) that may be present
at the particle perimeter due to metal-support interactions.* First bands of gaseous CH,
(3016 cm™) appear at 230 °C in agreement with the onset of the reaction.*!

In analogy to the evaluation of the DRIFT spectra in case of the REO supported catalysts,
we used the peak intensities to get insight into the abundance of the various surface species
as a function of temperature. An increasing background in the carbonate region of the spectra
(1700 - 1400 e¢m™), hampering the quantitative analysis in case of m-COs* and b-HCOy,
rendered a careful background correction necessary. In this way, the data shown in Figure
4-12 (bottom) have been obtained which evidence a clear trend. (Here, all peak heights were
normalized to the band of b-HCOs at 1469 cm representing the maximum peak at 100 °C
in this case.) With increasing temperature, the coverages of all adsorbed species increase
first, pass a maximum — yet at different temperatures - and then decrease again. For b-
HCOj the maximum occurs at 180 °C, i.e. at the lowest temperature. For HCOO the max-
imum is rather plateau-like and the coverage of this species starts decreasing at around
230 °C. Notably, this temperature corresponds well to the temperature where first indications
of CHy evolution are visible in the IR spectra. On the contrary, the CO coverage on the Ru
nanoparticles starts declining at ~ 300 °C. Thus, unlike to the REO supported system, the
DRIFTS results suggest that the reaction on Ru-Zr.O proceeds via HCOO™ as a reaction
intermediate in the low temperature regime. Although the data do not clarify how it is
formed two options appear plausible. The species could either originate from b-HCOj;
(through an unassisted C-O bond cleavage, i.e. elimination of an O atom) or from m-COs*
(via a H-assisted C-O cleavage). The latter option, however, is unlikely, since the coverages
of m-COs* and HCOO on the surface evolve differently as a function of temperature (see

Figure 4-12); in particular, the surface coverage of the monodentate carbonates only slightly
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Figure 4-12 (top) Temperature-dependent DRIFTS — reaction study on Ru-ZrO-, (bottom) nor-
malized peak height for HCOO (1360 cm™), b-HCOys (1469 cm™), m-COs* (1518 cm-
1), Ru=CO (1979 cm™) and Ru*-CO (2063 cm™) vs. reaction temperature, conditions:
5 vol.% CO3, 20 vol.% H: in He, V=100 mL min™.

decreases at temperatures above 230 °C, whereas b-HCOs and HCOO™ more rapidly vanish

from the surface. Consequently, b-HCOs species are more probably involved in a reaction

pathway taking place on the support in addition to the Ru-based mechanism (mechanism

(2a)), though further clarification is needed how b-HCOy is formed on the support.
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The isothermal experiments (Figure 4-13), again, allow further mechanistic insight. When,
after reductive pre-treatment, the catalyst was exposed to CO, and He at 350 °C (red traces),
mostly bidentate carbonate, indicated by a pronounced peak at 1560 cm™,* *¢ formed, con-
firming the presence and reactivity of oxygen vacancies towards CO; on the ZrO, support.
Bands associated with monodentate carbonates (1506 cm™) and bidentate hydrogen car-
bonates (shoulder at 1606 and 1446 cm™) are present as well, though with only minor inten-
sities.®6: 28 236. 247 Sionals between 1950 and 2100 ecm™ confirm the presence of various CO
species on Ru (Ru-CO: 2011 em™ and Ru*-CO: 2079 ecm™).** *° Upon purging with He (green
traces), bands associated with monodentate and bidentate carbonates remain fairly stable,
whereas b-HCOj fully desorbs until the end of the purging step as can be derived from the
vanishing associated signal. However, after exposing the sample to H, in He (blue traces),
the immediate reappearance of the b-HCOjy signal and concurrent disappearance of the band
associated with b-CO3* strongly indicate that both species are closely intertwined. It can be
reasonably assumed that b-COs* species in proximity of a Ru particle are quickly hydrogen-
ated to form b-HCOy. It has to be noted, that the negative peaks between 1900 and 2100 cm
" hint to the presence of minor amounts of adsorbed CO prior to the background collection,
probably stemming from the synthesis as protective ligand.”® Upon the subsequent exposure

to the reaction gases (yellow trace), CH, evolves with a peak at 3016 cm™, while now also
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Figure 4-13 Isothermal DRIFTS experiments carried out for Ru-ZrO: at 350 °C under different
gas atmospheres. Red spectra: exposure to 5 vol.% CO2 in He for 15 min; green
spectra: pure He for 20 min; blue spectra: subsequent exposure to 20 vol.% H: in He;
yellow spectra: exposure to 5 vol.% CO: and 20 vol.% H: in He, V ;=100 mL
min'l.Temporal evolution of the spectra from lighter to darker colors (bottom to top).
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the previously absent band for HCOO™ appears at 1360 cm™. In contrast to the temperature-
dependent measurements, bands associated with b-COs* (1560 cm™), which previously could
not be detected reliably due to background instabilities in that specific region, are clearly
visible now. Hence, mechanistically the reaction appears to proceed through CO, activation
on Lewis basic oxygen vacancies as bidentate carbonates. Species located in proximity of a
Ru particle undergo further hydrogenation to bidentate hydrogen carbonates and, then, for-
mate species. This pathway seems to govern at low temperatures, until around 270 °C the
Ru-based mechanism sets in as indicated by the decreasing CO coverage on Ru. Interestingly,
this temperature is higher as observed for the REO supported catalysts, where the DRIFT
spectra indicate a contribution of this pathway already at 180 °C. Notably, it seems a general
trend that the onset temperature of the Ru-based mechanism is support dependent, as re-
vealed when comparing the temperatures at which Ru-CO species are first detected (see
Figures showing the temperature-dependent DRIFTS results 4-10, 4-12, 4-14, 4-16, 4-18 and
4-19). As the Ru particles are identical in all cases (same size), the different behavior points
to support-specific metal-support interactions (in analogy to (2b)), changing the electronic

structure of the Ru deposits and in turn the CO binding strength.

Ru-TiO,

Although TiO.is also an oxide exhibiting Lewis basic oxygen vacancies, Ru supported on
this support shows a distinctly different adsorption behavior than Ru-ZrO, indicating a dif-
ferent mechanistic scenario. The temperature-dependent DRIFT spectra acquired for this
catalyst (Figure 4-14) show only a few and very weakly pronounced features. In analogy to
the REO supported catalysts, CO, adsorbs dissociatively on Ru already at 100 °C as indi-
cated by the absorbance band at 1995 cm attributable to a CO species on Ru. In analogy
to ZrO,, also a Ru*-CO species (due to partially oxidized Ru) is present on the surface as
can be concluded from the band at 2083 cm™.*' In contrast to zirconia and the REOs, no
pronounced bands corresponding to carbonate species are observed. Moreover, the spectra
provide no evidence that any species accumulates on the catalyst surface with increasing
temperature. Instead, also the weak features of CO adsorbed on Ru completely disappear at
around 230 °C, whereas the bands of gaseous CH, appear already at 160 °C.

As in the case of the other catalysts, we carried out isothermal experiments (Figure 4-15)
to gain further information, but conducted them in a slightly different way (as the same
approach did not lead to clear conclusions (see Figure B-7 in the appendix). In a first step,
CO; (in He) was admitted to the DRIFTS cell while keeping the sample at 350 °C. As a
consequence, the two peaks assignable to linearly bound CO on Ru and CO on Ru" emerged
in the spectrum, in agreement with the results discussed above. In addition, a new, yet only

weakly pronounced peak at 1060 cm! appears, pointing to m-COs* formed on the TiO, sup-
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Figure 4-14 Temperature-dependent DRIFTS — reaction study on Ru-TiO:z; conditions: 5 vol.%
CO2, 20 vol.% H: in He, V ;=100 mL min™.

port in small amounts under these conditions. Upon additional admission of H», formation

of gaseous CH, is immediately observed, as discernible from the band at 3016 cm™, whereas

the peaks associated with adsorbed CO on Ru disappear. Even though CO, was constantly
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Figure 4-15 Isothermal DRIFTS - reaction study on Ru-TiO: at 350 °C, red spectra: after
exposing the catalyst to 5% CO-2 in He for 15 min; yellow spectra: in 5 vol.% COa,
20 vol.% Hz and 75 vol.% He, V=100 mL min™".
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fed to the DRIFTS cell and an ongoing CH, evolution was observed, no peaks due to adsorbed
CO on Ru came up anymore, indicating a rapid conversion of these species. On the contrary,
m-CO;* accumulates on the surface now as can be concluded from the increase of the corre-
sponding peaks (1060 and 1506 cm™).* Furthermore, a peak triplet at 2951, 2908 and

2864 cm™ is observed in the spectra that points to the formation of adsorbed CH, species.

In summary, our results for Ru-TiO- suggest that the reaction proceeds basically only on
Ru via CO formed upon dissociative adsorption of CO; on the Ru nanoparticles. Even though
monodentate carbonates can obviously form on the titania support, their stability in the
presence of Hs renders an active role in the reaction unlikely. Although this conclusion is in

171, who also reported that CO on Ru is the main intermediate

agreement with Marwood et a
on this catalyst, it raises the question how the high activity of this system can be explained.
The detection of CO on Ru already at low temperatures is a hint that the reaction on metal
nanoparticles runs more efficiently for TiO, than for the other supports so that activities
similar to ZrO, (and the REOs) can be achieved even in the absence of subsidiary support-
related reaction pathways. As detailed in the introductory remarks of this chapter, such a
promotional effect can result from an indirect participation of oxygen vacancies that are
clearly observed in the Raman spectra of this catalyst (see Chapter 4.6). In the literature,
such an promotion has been attributed to an electronic effect (mechanism 2b) repressing CO
poisoning and thus leading to a more favourable ratio of H/CO on the surface of the Ru

nanoparticles.!* 217

4.8.3 Over Non-Lewis but Bronsted Basic Supported Catalysts

In contrast to the Lewis basic supported catalyst, the non-Lewis but Brgnsted basic Ru-
Al,O3; and Ru-MgO catalysts yield a significantly lower reactivity and selectivity, which,
assumedly, can be attributed to the absence of Lewis basic oxygen vacancies on these cata-
lysts. Our DRIFTS data on the Al,O3; and MgO supported catalyst support the notion that
the Brgnsted basic centers on the support provide additional CO, adsorption capacities; yet,

conversion of the adsorbed species appears to be slow.

Ru-AlLO;

The results of temperature-dependent measurements on the Ru-AlO; catalyst are shown
in Figure 4-16. After activation and upon exposition to the reaction gases at 100 °C, only
two features of hydrogen carbonates (1657 and 1440 cm™!) are formed.?* ** As these species
are formed by COs;adsorption on hydroxyl groups, this, hence, justifies the classification of
Al,O3 as an oxide with Brgnsted basic properties. As for the Lewis basic supported catalysts,

the possibility for dissociative CO, adsorption on Ru is given as is indicated by the evolving

67



4.8 Operando DRIFTS

Absorbance / a.u.

Normalized peak height / a.u.

Wavenumber / cm’’

4000 3500 3000 2500 2000 1500 1000

10 . ; . , ,
— ¥ — HCO'3

8l _ 5 nevo BT

— 8 —Ru-CO IZ/

Ru*-CO /
6 / _
/
7

/ B —— =
4t / 4 1

/ n”

)j /
/ H
2 B /E{ F( // *'
of ¥ -
** Zx /vm: /,’—%/
¥ o) o el
| L it

Oé—{%iij gS=8" . . a
100 150 200 250 300 350

Temperature / °C

Figure 4-16 (top) Temperature-dependent DRIFTS — reaction study on Ru-ALOs, (bottom) nor-
malized peak height for HCOys (1441 cm™), HCOO" (1587 cm™), Ru=CO (1971 cm™),
Ru-CO (2046 cm™) and Ruf-CO (2069 cm™); conditions: 5 vol.% CO2, 20 vol.% H: in
He, V,,;=100 mL min™.

band for multiply bound CO on Ru at 1971 cm™; however, in contrast to the supports with

Lewis basic oxygen vacancies, this seems to require a higher activation energy as the features

appear at elevated temperatures only.** ¥ Further increasing the temperature also linearly

adsorbed CO on Ru and CO adsorbed on interfacial Ru* sites form as can be derived by the

appearance of the associated feature at 2046 cm™ and a shoulder at 2069 cm!, respectively.**
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144, 253

29 Additionally, formates reveal themselves by a double peak at 1587 and 1550 cm™,
whereas, first indications for gaseous CHy (3016 cm™) are detected at 270 °C. After a careful
background correction, the peak heights were normalized to the initial intensity of the feature
assigned to HCOy at 1441 cm™. Hydrogen carbonates are present in abundance at 100 °C,
but decline steadily with rising temperatures, whereas concurrently, the surface coverage
with formates increases. Interestingly, CO species on Ru steadily accumulate before reaching
a plateau at temperatures above 300 °C.

Based on the temperature-dependent DRIFTS data, the origin of formates as well as the
formation mechanism of the adsorbed CO species remains unclear and require additional
isothermal experiments (Figure 4-17). Upon admission of CO, and He (red traces), features
for Ru=CO and Ru*-CO are detected at 1998 cm™ and 2069 cm™, respectively,* *° therefore,
confirming dissociative CO, adsorption on Ru as observed on the other catalyst. The peak
at 2046 cm’!, particularly under consideration of the additional shoulder at 1957 em’, is
difficult to assign unambiguously and has been reported to contain contributions of linearly
adsorbed CO on Ru as well as geminal di-carbonyls (Ru(CO).) on low coordinated Ru sites.*"
According to the literature, geminal di-carbonyls are thermally stable and not reactive to-
wards methane.?” On the support, no peaks associated with formate species form, but two

bands at 1643 and 1444 cm™ indicate the presence of HCOjs. Additionally, a small peak at
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Figure 4-17 Isothermal DRIFTS experiments carried out for Ru-Al:0; at 350 °C under different
gas atmospheres. Red spectra: exposure to 5 vol.% CO: in He for 15 min; green
spectra: pure He for 20 min; blue spectra: subsequent exposure to 20 vol.% H: in He;
yellow spectra: exposure to 5 vol.% CO2 and 20 vol.% H: in He, V;o;=100 mL min™'.

Temporal evolution of the spectra from lighter to darker colors (bottom to top).
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1508 cm™ is attributed to the presence of small amounts of m-CO3*.*? During the subsequent
purging step in He, the support is depleted as the bands for carbonate species quickly disap-
pear, whereas the slow decline of the features in the CO region point towards a high thermal
stability of the adsorbed CO species. However, in the presence of H, (blue traces) and except
for the feature attributed to Ru*-CO, the peaks immediately disappear and instead a pro-
nounced negative peak arises, that hints to some residual CO prior to the background col-
lection, possibly stemming from the synthesis. Upon the subsequent simultaneous exposure
of the catalyst to the reaction gases (yellow traces), CHs forms immediately with a small
peak at 3016 cm™. Also, the so-far absent band for HCOO™ (1587 cm™) occurs, whereas no
pronounced features attributable to HCOy are observed. As the formation of HCOjy is clearly
evidenced in the preceding steps, the absence of the corresponding features indicates a rapid
conversion to HCOO'. In the CO region of the DRIFTS spectra, the peaks attributed to Ru*-
CO and Ru=CO as well as Ru-CO and Ru(CO), reappear.

Unfortunately, based on the data itself no clear distinction between spectator and inter-
mediary species can be made. In accordance with the literature, it is confirmed that CO,
adsorbs in a dissociative manner on Ru as well on OH groups on the support to form hydro-
gen carbonates, but their reactivity towards CH, remains unclear (mechanism 1).* 2* Draw-
ing on the relative temperature-dependent evolution and the isothermal experiments, it is
likely that HCOy species in proximity of Ru particles react with adsorbed H from the metal

17" and Solymosi et al.** concluded that due to the concentration

to formates. Marwood et a
gradient most formates migrate from the metal-support perimeter to the support, where they
cannot undergo further reduction, but slowly accumulate. Consequently, only part of the
formate species can be considered as active intermediates. However, such a distinction cannot
be made by our means and requires more sophisticated approaches involving labelled isotopic
experiments. We confirmed the presence of the support independent CO mechanism; how-
ever, consumption of the adsorbed CO species appears to be slow and leads to a progressive
accumulation of CO species on Ru with increasing temperature — a trend we did not observe
on the Lewis basic catalysts (REOs, TiO; and ZrO,) — underlining the effect of the support
on the Ru particle itself (mechanism 2b) that seems to be absent here. This is also reflected

in the required higher activation energy for CO, dissociation on Ru which can reasonably

only be explained by less favorable metal-support interactions.

Ru-MgO

In this study also classified as an oxide with Brgnsted basic properties but without the
ability to form Lewis basic oxygen vacancies, the temperature-dependent DRIFTS results on
Ru-MgO point to a similar mechanistic scenario as observed over the Ru-AlO; catalyst

(Figure 4-18). Upon exposure of the activated catalyst to the reactive atmosphere at 100 °C,
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Figure 4-18 (top) Temperature-dependent DRIFTS — reaction study on Ru-MgO, (bottom) nor-
malized peak height for m-COs* (1508 cm™), HCOO (1606 cm™), HCOy (1647 cm™),
Ru=CO® (1930 cm™) and Ru=CO (1984 cm™); conditions: 5 vol.% COq, 20 vol.% H:
in He, V=100 mL min™.

bands for HCOjs (1647 and 1410 cm™) appear, confirming the expected Brgnsted basicity of

MgO and the adsorption of CO, on such sites.””" %5 A rather sharp peak at 1508 cm™ indicates

CO, adsorption on lattice O* as monodentate carbonate, which also contributes to the peak

at 1410 cm™.»> ¢ Additionally, a small shoulder at 1606 cm™ can be related to the presence

of small amounts of formates.*” In the CO region of the spectra, a broad but clearly visible
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peak for bridge-bonded CO on Ru evolves at 2009 cm™ shifting to lower wavenumbers
(1984 cm™) while also becoming more pronounced. An additional band at 1930 cm™, which
can also be assigned to a CO species on Ru, probably in a bridged or multiply bound con-
figuration (Ru=CO®), occurs at 180 °C and grows rapidly in height with increasing temper-
atures, while indications for methane can be detected at 270 °C. Further, secondary formate
bands (1339 and 1389 cm™) start appearing.®’

The analysis of the relative peak intensities (normalized in respect to the intensity of m-
COs* at 1508 cm representing the maximum peak height at 100 °C), reveals that with in-
creasing temperature the surface coverage with HCOj steadily declines, whereas it passes
through a maximum at around 160 and 200 °C for m-CO3* and HCOO, respectively. Nota-
bly, at temperatures above 230 °C the surface is depleted quickly of HCOO™ which corre-
sponds well to the onset temperature of the reaction and consequently points towards an
active involvement of HCOO" towards methane. As discussed for the previous catalysts,
monodentate carbonates and hydrogen carbonates are both plausible precursors for formate
formation. However, the presence of significant amounts of formates at 100 °C already and
its initial development of the surface coverage in relation to the coverage with HCOj and
m-CO4*, rather indicates that HCOjy is the more reactive specie. Yet, this does not rule out
that monodentate carbonates also react to formates, though this seems to occur at higher
temperatures. On the contrary, CO species on Ru accumulate rapidly. Their consumption
appears to set in only at temperatures above 300 °C, in agreement with the observations on
the Ru-ALOj; catalyst. The required temperature is in both cases significantly higher than
for the catalysts exposing Lewis basic oxygen vacancies. As the results appear conclusive and
due to the poor performance of the Ru-MgO catalyst, no isothermal DRIFTS experiments
were carried out.

Consequently, we tentatively propose that the reaction proceeds mainly via a support-
assisted pathway, in which CO,, adsorbed as hydrogen carbonate and monodentate car-
bonates in vicinity of a Ru particle, is subsequently hydrogenated through formate to ulti-
mately yield methane (mechanism 1). This mechanism appears to set in at significantly lower
temperatures than the support independent pathway that seems to be suppressed due to the

accumulation of adsorbed CO on Ru.

4.8.4 Over Non-Lewis and Non-Brgnsted Basic Supported Catalysts (Ru-SiO2)
In terms of the methane formation rate, the SiO, supported catalyst performed the worst

in our study. The obvious explanation would be the absence of Lewis and Brgnsted basic

sites, such that no promoting support effect would occur. This assumption seems to be con-

firmed by the temperature-dependent DRIFTS reaction study (Figure 4-19). No absorption
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Figure 4-19 Temperature-dependent DRIFTS — reaction study on Ru-SiO:; conditions: 5 vol.%
CO:2, 20 vol.% H: in He, V=100 mL min™.

bands, except for gaseous CO,, are detected until 140 °C, where features at 1119, 1252,
2102 em™ evolve that grow with increasing temperature and cannot be attributed to any CO»
adsorption products. The absorbance bands at 1119 ecm?; 2102 em™ and the evolving shoulder
at ~2180 cm™ can be attributed to the vibrational modes of v(Si-O), v(Si-H) and v(Si-H),
respectively, of a silica hydride species. »° Unfortunately, the latter two bands potentially
superimpose adsorption features for CO on Ru, which would be expected in the same range.
The peak at 1252 cm™ in combination with broad feature between 2875 and 2951 cm™ can
be attributed to the formation of CHj; groups on Si centers.” 2 Despite the absence of any
unambiguous indications for CO, adsorption/activation on the Ru-SiO, catalyst, its activity
is clearly evidenced at temperatures above 200 °C by the absorbance band for gaseous me-
thane at 3016 cm'. The isothermal reaction study expectedly does not show any absorbance
bands either and is therefore not discussed here, but attached in the appendix (Figure B-8).

Mechanistically, none of the observed bands are related to the adsorption of CO, on the
support, therefore ruling out any of the proposed support-assisted pathways (1), (2a) and
(2b). Consequently, the reaction most likely proceeds via the support independent pathway

through dissociative CO, adsorption on Ru, though definite evidence is scarce.

4.9 Interim Conclusions

In this chapter, we investigated the support effect, more specifically the influence of the

support’s Lewis and Brgnsted basicity, on the Ru catalyzed CO, methanation. By using a
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building block approach, colloidal Ru nanoparticles with a narrow size distribution were
prepared (1 nm) and deposited on eight different supports. In this way, an influence of the
Ru particle size on the catalytic performance could be excluded and differences in activity
and CHy yield observed for the investigated catalysts directly linked to differences in the
basicity of the chosen supports. To cover different types of basic surface sites, four categories
of oxides were considered in the study: REOs exhibiting Brgnsted and Lewis basic sites,
Al,O;3 and MgO as representatives of Brgnsted but non-Lewis basic supports, TiOs and ZrO,
being non-Brgnsted but Lewis basic and SiO;as an example of a support which shows neither
Brgnsted nor Lewis basic properties. The strength and density of Lewis and Brgnsted basic
sites was investigated by combining CO.-TPD with DRIFTS experiments.

Our results for the REO supports as well as for ZrO, and TiO, clearly prove a beneficial
effect of oxygen vacancies. Acting as Lewis basic adsorption sites for CO,, they open new
support-related mechanistic pathways for the methanation reaction in addition to the path-
way via dissociative adsorption of CO, on the Ru nanoparticles available on all supports.
However, they also increase the reactivity indirectly by an electronic effect that affects the
surface coverage of the Ru nanoparticle with adsorbed CO species leading to more favorable
CO/H ratios. These catalysts thus outperform those supported on Al,Os;, MgO and SiO; in
the whole investigated temperature range from 200 °C to 400 °C. The leading role with
respect to CO, conversion and CHy formation rate, however, changes around 310 °C. Below
310 °C, Ru supported on TiO, and ZrO, perform best, whereas at higher temperatures the
REO supported catalysts show higher activities.

Temperature-dependent and isothermal DRIFTS under reactive atmosphere in combina-
tion with CO»-TPD measurements indicate that in case of Ru-ZrO, oxygen vacancies enable
adsorption and activation of COsin the form of bidentate carbonates that are quickly hy-
drogenated to bidentate hydrogen carbonates and formate species. For the REO supports,
the data revealed that not only Lewis basic oxygen vacancies but also Brgnsted basic OH
groups serve as adsorption sites for CO,. The resulting bidentate and hydrogen carbonates
start contributing to the catalytic turn-over at temperatures above 300 °C, in agreement
with the temperature range where the REO supported catalysts start to perform better than
titania or zirconia supported ones. At lower reaction temperatures, however, these carbonates
are too stable rendering their involvement in the reaction unlikely. Here, adsorption and
activation of CO, and all following catalytic steps appear to take place on the Ru nanopar-
ticles alone following the common pathway via dissociative CO» adsorption just on the metal.
Interestingly, in case of Ru-TiO, the DRIFT studies under reaction atmosphere provided no
indications for CO, adsorbed on the TiO, support (in the form of bidentate carbonates) and
its involvement in the reaction even though Raman spectroscopy clearly revealed the abun-

dant presence of oxygen vacancies. In view of the high activity of this catalyst in particular

74



4.9 Interim Conclusions

at lower temperatures, it is likely that the oxygen vacancies promote the activity indirectly
via an electronic metal-support interaction which leads to a more favourable CO/H ratio on
the Ru nanoparticle as a result of a weaker bonding of CO.

According to this study, an improvement of the activity and selectivity of metal supported
CO, methanation catalysts supports exhibiting surface basicity should be chosen. Depending
on the intended reaction temperature, Lewis basic oxygen vacancies and Brgnsted basic OH
groups on the surface can contribute differently according to the strength of these sites. At
higher temperatures, REO supports turned out to be particularly interesting supports out-

performing other supports with basic surface sites.
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AN UNCONVENTIONAL CATALYST SYSTEM — HIGHLY
ACTIVE NI-SM203 CATALYSTS

Parts of this chapter have been published in J. Ilsemann, A. Sonstrom, T. Gesing, R.
Anwander and M. Baumer, “Highly Active Sm>O3-Ni Xerogel catalysts for CO, methana-
tion”, ChemCatChem, 2019, 11, 6, 1732-1741 and are adopted here verbatim (with permission
by Wiley).

5.1 What to Expect from this Chapter

In the previous chapter, the imperative nature of Lewis and Brgnsted basic sites on the
catalyst support was demonstrated. Yet, the approach via colloidal Ru nanoparticles is more
suited for scientific model studies and not necessarily applicable for industrial applications.
However, it is believed that the preceding study offers guidelines for the future preparation
of highly active catalyst systems, which shall be demonstrated here. Rare earth metal oxides,
such as Sm»Oj3, were shown to be particularly promising catalyst supports for CO; methana-
tion and are therefore chosen for further studies. Instead of Ru, Ni was applied as active
component due to its similar reactivity and CHy selectivity while coming at a significantly

lower price and of high importance owing to the often reported metal loadings of 20 wt.%
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5.2 Catalysts

and higher.** 3% 3" 26! The synthesis method reported in Chapter 3.2.2 allows the incorporation
of additional components during the synthesis, and thus, the simple fabrication of Sm>O;-Ni
catalysts by a one-pot approach was achieved. Materials synthesized by this method are used
to test if the design criteria developed in the preceding chapter can be applied to synthesize
competitive systems. Specifically, the scope of this chapter is threefold:

1. It is likely that the mechanistic findings from the previous chapter, i.e. CO, ad-
sorption and activation on the REO support, apply to Ni based catalysts as well,
and consequently a bifunctionality of system can be assumed. If the catalyst is
indeed bifunctional, an optimal Ni loading should exist which balances CO. ad-
sorption sites on the Ni-Sm»Oj; perimeter and H» dissociation sites on metallic Ni
particles, leading to a maximized catalytic performance. This Ni-to-Sm»Oj; ratio
must be found.

2. Often one-pot methods can lead to the encapsulation of the active component by
the support material making it inaccessible for the reactants and thus less reactive
than impregnated samples. By comparing the one-pot xerogel catalysts with a
catalyst prepared by impregnating pristine Sm»O; with the identical Ni loading,
insights into the effect of the preparation method can be gained.

3. The potential of this catalyst can only be evaluated if the performance is put into
context with reference catalysts. To this end, the catalytic performance is com-
pared with an industrial methanation catalyst (Ni-AlO3) and published reference

kinetics of a well-known Ni-Al,O; system.*

Note that this chapter does not address questions of catalyst stability and only focuses
on the characterization of the as-prepared catalysts as well as the reactivity data. The time-

on-stream behavior of the catalyst is topic of the subsequent Chapter 6.

5.2 Catalysts

Pure samaria and Samaria/nickel xerogels with 4, 11, 33, 39, 64 and 89 wt.% Ni were
synthesized according to the PO-CA method described in Chapter 3.2.2. The specific
amounts used are summarized in Table C-1 (appendix).

For the reference catalyst prepared by incipient wetness impregnation (denoted IWT), the
pristine Sm»O3 support was synthesized according to the procedure described above. After
calcination, the powders were, due to the small pore volume, impregnated three times with
an oversaturated aqueous Ni solution. Therefore, Ni(NOs), - 6 H,O was dissolved in deionized
water while continuously stirring the solution at 60 °C overnight. After each impregnation
step, the powder was dried at 120 °C for 2 hours in air. Then the powder was calcined again

at 600 °C for 1 hour after the last impregnation step.
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To benchmark the catalytic performance, an industrial methanation catalyst (9 wt.% Ni-
ALOs) is used. However, the manufacturer does not want to be disclosed. An overview on
the provided characterizations as well as some additional characterizations performed in-

house are attached in Chapter C.6.

5.3 Characterizations

All catalysts have been fully characterized by means of XRD, TEM, N, physisorption and
Ho-TPR. The details on the procedures are given in A.2 and B.1 in the appendix.

5.3.1 Structural Characterizations by XRD

The samples were analyzed by powder XRD to quantitatively evaluate their phases and
to determine their crystallite sizes. The acquired X-ray diffraction pattern are shown in
Figure 5-1. The patterns were analyzed by Rietveld refinement using the structural models
for Ni (space group Fm3m), NiO (space group Fm3m) and Sm»O; (space groups 12,3 and
Ia3). Representative results for the refinement of 39 wt.% Ni-Sm,O; are depicted in Figure

5-2.

Sm203

4 wt. % Ni
e

11 wt% Ni
i)
c
S
o 33 wt.% Ni
O
S~
> .
_-%- 39 wt.% Ni
c
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Figure 5-1 XRD pattern of the prepared xerogels. The tick marks below the X-ray diffraction
pattern indicate the possible reflection positions for cubic Sm203 with the space
groups Ia3 and 1213 and cubic NiO.
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Figure 5-2 Rietveld plot of 39 wt.% Ni-Sm:0s; observed pattern in black, calculated pattern in
red, difference curve in green. The possible reflection positions of Sm203 and NiO are
given as tick marks, top row: Sm:0s (Ia3), bottom row: NiO

All diffraction patterns exhibit the typical reflections for cubic C-type SmOs (space group
la3) at 28.45°, 32.87°, 47.09° and 55.88° 2 Theta (Cu-radiation). Upon an increasing Ni
content, the characteristic diffraction peaks for NiO (Fm3m) become predominant. The
quasi-binary samples can be explained by a combination of the two pure materials, showing

no additional peaks, that could be attributed to the unwanted perovskite. The sample 11

wt.% Ni-Sm»Os also contains diffraction peaks for A-type Sm,Os (1213) at 28.26°, 32.75° and

46.99° 2 Theta, indicating that the phase transformation from the A-type to the C-type
phase has not been fully accomplished, yet."*” This would suggest that the calcination dura-
tion is at the lower limit to achieve full phase transformation. However, since a second
thermal treatment step (reduction of the catalyst) follows, during which residual A-type

Sm»0s is transformed into C-type, which could be evidenced by post-reduction XRD meas-

urements (Figure C-1 in the appendix), this finding most likely does not affect the catalytical

results. Remarkably, the sample with 89 wt.% Ni shows three further peaks, though small,
at 44.5°, 51.9° and 76.5 2°Theta. Zhang”? synthesized pure NiO films by a sol-gel route based
on nickel acetate tetrahydrate and assigns the same peaks to Ni’ or Ni*", assuming a dispro-
portionation reaction during the annealing step at 500 °C.

3 NiO - Ni+ Ni,0; (5-1)

Based on our Rietveld refinements, we attribute these reflections to metallic Ni (Fm3m).
Since calcination takes place in air, we believe that the addition of citric acid leads to a

reducing atmosphere by decomposing to elemental carbon at 600 °C and as a results reducing
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Table 5-1  Lattice parameters a, crystallite size Lva(IB)and NiO loading as calculated by

Rietveld refinement.

wt.% Ni in NiOa /pm SmO; (Ia3) a  Average crystallite size NiO /wt.%

SmyOs3 / pm Lvo (IB) / nm

NiO Sm»0; (Ta3)
Sm»0O3 - 1092 £1 - 20 £1 -
4 wt.% Ni 419 +1 1093 +1 14 +1 13 £1 5 +£1
11 wt.% Ni 418 £1 1093 +1 15 +1 10 +1 14 +1
33 wt.% Ni 418 +1 1094 +1 11 £1 6 £1 38 +1
39 wt.% Ni 418 +1 1093 +1 8 +1 9 +1 43 +1
64 wt.% Ni 418 +1 1091 +1 18 £1 8 +1 69 +1
89 wt.% Ni 417 +1 1094 +1 19 +1 6 +1 91 £1

(0.7 £0.1 Ni)

4 wt.% Ni- 418 +1 1094 +1 7 +1 26 £1 5 +1
IWI

the NiO. Furthermore, it is noteworthy that the diffraction peaks of the samples containing
both NiO and Sm»Os are slightly broadened, indicating a smaller average crystallite size as
compared to pure samaria. Table 5-1 summarizes the calculated lattice parameters, the av-
erage crystallite sizes Lvq(IB) as well as the NiO loading of the catalyst. All lattice parame-

ters are in good agreement with the literature.” %

The average crystallite size of NiO is in
the range of 8 to 19 nm, whereas Sm,Oy crystallites (Ia3) are considerably smaller, ranging
between 6 and 10 nm. Except for the sample with intermediate Ni loadings the crystallites
sizes behave as expected. An increased loading of the respective element also causes an in-
crease in their average crystallite size and vice versa.

While the XRD measurements are fully conclusive for the xerogel catalysts, the impreg-
nated catalyst exhibits some deviations that need to be discussed in more detail. First of all,
we found considerable amounts of A-type Sm>O; (~38+1 wt.% determined by Rietveld anal-
ysis) as well as, secondly, Sm;0.CO; (28+1 wt.%) with main reflections at 23.06°, 26.79°,
31.49° and 46.11° 2 Theta. Taking into account that the pure Sm»O; did not contain any A-
type Sm.O3 but only the ordered C-type and assuming that upon calcination first the A-type
is formed which over time transforms into the C-type,"™ the question arises how, seemingly,
the opposite occurred during impregnation. As stated in Chapter 5.2, we used an aqueous
Ni-nitrate solution to impregnate the Sm>O3 support multiple times, consequently, it appears
likely that during the drying step small amounts of HNOs are produced. However, samaria
can be easily dissolved by an acid, and thus might be attacked and partially dissolved by
the formed HNO;.?** Upon the subsequent calcination step, the Sm»Oj; lattice is reformed but
as the second calcination step is shorter, the duration is not sufficient to complete the refor-

mation of the cubic C-type Sm»Os; lattice. This is also related to the presence of Sm>0.,COs.
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It has been reported that Sm»,O,COj; is an intermediary compound in the formation of Sm,O3
by releasing CO- during calcination, indicating again that the calcination time was not suf-
ficient to achieve the full transformtion.?®> *® In contrast to the 11 wt.% Ni-Sm»O; catalyst,
the high temperature reduction step prior to the reaction is sufficient to reduce NiO to
metallic Ni, yet considerable amounts of A-type Sm.O3 as well as Sm>0,COjy are still present
(see Figure C-2 in the appendix). Consequently, an influence on the catalytic performance

cannot be excluded.

5.3.2 Structural Characterizations by TEM

Transmission electron micrographs of the various samples after calcination were acquired
to understand if the particles are single crystals or multi crystalline. As visible in the TEM
images (Figure 5-3), all samples exhibit a particulate structure as expected for xerogels de-
rived from nitrates." Unfortunately, no clear contrast is visible in the micrographs allowing
to distinguish between NiO and Sm,O; particles. Even EDX measurements did not reveal
significant variations in the composition which would allow to correlate a certain shape or
area with either NiO or Sm»Os. For the sample with 4 wt.% Ni, the particle size ranges
mainly between 11 and 15 nm; however, some significantly larger particles, > 20 nm in
diameter, are also present. Since NiO and Sm»Os crystallites are similar in size as determined
by XRD, no clear distinction by size is possible either. Upon an increasing Ni loading the

primary particle sizes range between 14-19 nm, 16-20 nm, 20-24 nm and 17-22 nm for the

S

Figure 5-3 TEM images of selected Sm203 xerogels.
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samples with 11 wt.%, 39 wt.%, 64 wt.% and 89 wt.% Ni, respectively. The difference of the
TEM particle size to the crystallite size determined by XRD indicates the formation of poly-
crystalline particles. All samples exhibit crystal fringes, as can exemplarily be seen for the

sample 64 wt.% Ni-Sm>Os3, proving further the crystallinity of the samples.

5.3.83 Structural Characterizations by N2 physisorption

N, physisorption measurements were conducted to obtain information about the catalysts’
structures in dependence of the Ni loading. The results are shown in Table 5-2 as well as
Figure 5-4. Except for the sample with the highest Ni loading, the obtained specific surface
areas (SSA) follow a trend in that a decreasing SSA is observed with increasing Ni amount.
Impregnating and recalcining the sample does not affect the porosity as the SSA, pore volume
and pore radius remain almost unchanged in comparison to the pure Sm»Os;, hinting to a
high thermal stability of the Sm-O3; xerogel. The specific surface areas are rather small; e.g.

Neumann et al.'®?

synthesized Sm»03-Al;O; xerogels by a similar route and achieved specific
surface areas as high as 117 m? g'. The smaller surface areas can be explained by the high
molar mass of the samaria. When comparing the results to other Sm-O; supported systems,
the values are, however, in good agreement with the literature. Zhang et al.*” found a SSA
for a Ni-Sm»O3 xerogel prepared by a different route after calcination at 550 °C of 8 m? g,
whereas Gomez-Sainero et al.”®®

800 °C, with 9.7 m? g! SSA. Using the IUPAC classification, all samples exhibit, as shown

synthesized Sm,03-CeO, powders, which they calcined at

in Figure 5-4, type IV isotherms indicating mesopores and are, therefore, considered suitable
for catalytic applications. Micropores appear to be absent as no steep increase in N, uptake
is measured at low p/py values. With increasing Ni content, the hysteresis loop changes from
H2-type, indicative for porous materials with spherical pores, to H3-type, which is charac-

teristic for slit-shaped pores and plate-like particles. The derived pore size distributions are

Table 5-2 BET/BJH results for the synthesized xerogel powders.

Sample Specific surface  Pore volume' /  Average pore Max. in pore
area / m? g! cm® ! radius® / nm radius distribu-
tion” / nm
Sm-0O3 31 0.12 7.5 5.1
4 wt.% Ni 28 0.08 6.2 4.2
11 wt.% Ni 22 0.06 5.5 3.8
33 wt.% Ni 21 0.06 6.1 4.2
39 wt.% Ni 19 0.06 6.1 5.1
64 wt.% Ni 9 0.02 4.7 1.9
89 wt.% Ni 13 0.05 8.0 1.9
4 wt.% Ni-IWIL 27 0.11 7.9 5.1

"calculated by the Barret-Joyner-Halenda (BJH) method at p/po = 0.99

2 calculated of the desorption branch using the BJH method
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Figure 5-4 (left) N2 adsorption/desorption isotherms and (right) pore size distribution as deter-
mined by the BJH method of the synthesized xerogels.

rather broad. Additional Hg intrusion porosimetry measurements confirmed the absence of

the macropores, possibly undetected by N physisorption as shown in Figure C-3 (appendix).

Further, adding Ni to the synthesis reduces the pore volume of the mixed systems with a

rough trend towards smaller pore volumes with increasing Ni loading. Under consideration

of the pore size distribution and the decreasing surface area, this suggests that the addition

of Ni leads to denser and less porous xerogels.

5.3.4 Characterization of the Reducibility by H>-TPR

H>-TPR profiles were recorded to study and compare the reducibility as well as the inter-
action between NiO and Sm»O; (Figure 5-5) Prior to the data collection, pre-experiments
revealed the necessity to pre-treat the samples at 400 °C for 10 h in order to ensure full
dryness and the absence of any adsorbed impurities. Since the XRD results revealed the
absence of any mixed phases, only one reduction peak is expected in the scanned temperature
regime accounting for the reduction of NiO to metallic Ni. As references, a pure SmsOs,
synthesized by the same sol-gel method, and a NiO sample, prepared by decomposing
Ni(NO3), - 6 HoO at 600 °C for 2 hours, were used. Although all profiles were recorded with

around 75 mg of the respective powder, the profiles are scaled by the respective sample mass
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Figure 5-5 TPR profiles of the synthesized xerogels. Heating ramp 5 °C min. The samples
were pre-treated at 400 °C in He for 10 h prior to the reaction.

to allow a better comparison. As the TCD signal of the pure Sm»>O; sample was too weak to
be properly displayed, we magnified the intensity by the factor 10. Similarly, the signal
intensity for the impregnated reference was enlarged by a factor of 5 to facilitate the detec-
tion of the high temperature reduction peak. The pure NiO sample shows a clear, distinct
peak centered around 380 °C, which is close to reported values by e.g. Jankovic et al.*®. The
highly loaded samples with 64 wt.% and 89 wt.% Ni show a remarkably similar reduction
profile and resemble the profile of pure NiO, although slightly shifted to higher temperatures
which might result from the embedment in Sm,Os;. Similar findings have been reported by
Augusto et al.?” for Ni-CeGd catalysts who argue that, with increasing calcination temper-
ature and metal loading, the reduction profiles become similar to the bulk behavior.™ At
lower loadings, the profiles are less clearly pronounced, exhibiting multiple peaks and shoul-
ders, which are though in the same temperature region. This contrasts to the results on the
impregnated catalyst, which show a main reduction peak at significantly higher temperatures
(680 °C), preceded by a shoulder at temperatures above 400 °C. As the XRD results revealed
the presence of only one NiO species and no mixed oxides for all catalysts, the diffuse profiles
indicate the presence of NiO in different chemical environments characterized by a varying
interaction with Sm»03.%% 3" Further, the xerogel catalysts show a pronounced tailing, which
occurs in the same temperature region as the reduction of the pure Sm,O;. Samaria is con-
sidered a thermally stable oxide which does not undergo complete reduction, however, it

possesses the ability to form oxygen vacancies in a reducing atmosphere at elevated
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temperatures.” We, thus, attribute at least part of the tailing to the formation of oxygen

vacancies within the Sm»Os; structure.

5.3.5 Determination of Adsorption Capacities by Pulsed H2 and CO2 Chemisorp-
tion

H; followed by CO, pulse titration experiments were carried out to determine the H, and
CO; uptake of the catalysts in dependence of the Ni loading. Under consideration of the
XRD and N, physisorption data and the assumption that hydrogen is adsorbed on metallic
Ni whereas COs is chemisorbed on the Sm>O; support, the Ni surface area and Ni dispersion
can be calculated. Additionally, the specific Sm»O; surface area is estimated by deducting
the specific Ni surface area from the overall specific surface area as determined by N, phy-
sisorption. The results are compiled in Table 5-3.

In terms of the H, uptake, no clear trend becomes obvious and the derived Ni surface
areas vary between 1.3 and 6.7 m® gl with a rough tendency towards larger Ni surface
areas with increasing Ni content. The absence of a clear trend can be reasoned with the
decreasing overall specific surface area determined by N, physisorption. For the samples with
64 and 89 wt.% Ni loading, the higher Ni content, at least in part, is annulled by the lower
specific surface area as a result of the synthesis. The Ni dispersion, in turn, follows the
expected trend, except for the 4 wt.% Ni-Sm»O; catalyst. Higher Ni loadings lead to a less
efficient exposition of Ni surface atoms. Interestingly, the H, uptake and the corresponding
Ni surface area as well as Ni dispersion is significantly higher for the impregnated catalyst
compared to the xerogel catalyst with the corresponding loading. In fact, the H, chemisorp-
tion capacity of the impregnated catalyst is comparable to the xerogel catalysts with higher
Ni loadings, which is also reflected in the superior Ni dispersion. This indicates a poorer
accessibility of Ni atoms for the xerogel catalyst, which can at least partially be explained
Table 5-3 H: and CO: adsorption capacities of the Ni-Sm203; catalysts determined by pulsed

chemisorption at 30 °C. Additionally, the Ni surface area, Ni dispersion and Sm203
surface area are stated.

H, uptake /  Ni surface Ni dispersion CO, uptake  Sm.O; sur-

pmol g area /m*g' /% / nmol g face area® /
m? g'!

4 wt.% Ni 17 1.3 4.9 154 26.7
11 wt.% Ni 75 5.9 8 114 16.1
39 wt.% Ni 68 5.4 2.4 121 15.6
64 wt.% Ni 85 6.7 1.6 60 2.3

89 wt.% Ni 56 4.4 0.7 39 8.6

4 wt.% Ni- 70 5.5 16.5 100 21.5

IWI

* approximated by deducting the Ni surface area from the overall BET surface area
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with the larger Ni crystallites as determined by XRD and the larger volume-to- surface ratio.

Following the H, titration measurements, the CO, uptake was determined by pulsed ti-
tration. Here, the adsorption capacity of the systems decreases for higher Ni loadings as is
to be expected due to the higher proportion of Ni on the specific surface area and the de-
creasing overall specific surface area, adding up to a low specific Sm»Oj3 surface area available

for CO, adsorption.

5.4 Catalytic Performance

All catalysts were tested for CO, methanation in a temperature interval between 200-
400 °C at a total flow rate of 50 mL min® with the feed gas being composed of 4/1/5
H,/CO,/Ar and at a weight hourly space velocity (WHSV) of 60 Ly gwe! h™. Prior to the
reaction, the samples were reduced in-situ at 500 °C for 10 h under flowing hydrogen. The
catalyst stability is addressed in detail in Chapter 6. Additional results on the simultaneous

CO/CO; methanation are presented and discussed in the appendix C.5.

5.4.1 Influence of Ni loading

The CO; conversion as well as CHy selectivity at the investigated temperatures are de-
picted in Figure 5-6 for all synthesized catalysts. Generally, the catalysts exhibit an excep-
tional conversion level, particularly at low and medium temperatures. The samples reported
here have a low onset temperature, being already active at 250 °C, while the methane selec-
tivity is for all samples and temperatures tremendously high. Interestingly, the sample with
39 wt.% Ni shows the highest conversion level, whereas the catalysts with 64 and 89 wt.%
Ni perform worse as compared to the 39 wt.% Ni loaded catalyst but are among each other
very similar, despite the differing Ni loading. Smaller Ni loadings, in turn, lead to the lowest
conversion levels. At high temperatures exceeding 300 °C, kinetic limitations lead to only
small increases in conversion, despite drastically higher temperatures. The methane selectiv-
ity is close to 100%, independently of the Ni loading. However, with increasing temperature
the selectivity is slightly decreasing due to CO formation via the endothermic reverse water-
gas shift reaction.

To explain the results, mechanistic as well as morphological reasons appear likely. On Ni
catalysts, it is known that CO, adsorption takes primarily place at the metal-support inter-
face rendering a pure Ni catalyst inactive for low temperature CO, methanation.™ '™ This is
also in accordance with pre-experiments over unsupported Ni. In case of the catalysts with
64 and 89 wt.% Ni loading, the Ni portion of the surface is already very high (in particular
when considering the large difference in molar mass of the two components) so that the area

for CO, adsorption on Sm,Os is rather low (Table 5-3). Apparently, the 39 wt.% Ni-Sm»Os

87



5.4 Catalytic Performance

90 -
—— 4 wt.% Ni
80 [ —m— 11 wt.% Ni 1
—8— 33 wt.% Ni
70 | —m— 39 wt.% Ni
N —m— 64 wt.% Ni
~ 60 —=— 89 wt.% Ni
S
® 50
()
E
S 40
(&]
o 30
O
20
10
0 1 1 1 1
200 250 300 350 400
Temperature / °C
100
99
X 98
>
g 97
3]
o 96
()
(7]
— 9B _m awt%Ni
O —®— 11 wt.% Ni
941 = 33wt%Ni '
—8— 39 wt.% Ni
93| —m—64wt%Ni 1
—8— 89 wt.% Ni
92 L : : : :

200 250 300 350 400
Temperature / °C

Figure 5-6 CO:2 conversion (top) and corresponding CHx selectivity (bottom) for various temper-
atures and Ni loadings. Reaction conditions: pressure 1 bar, flow rate 50 mL min’,
feed composition 4/1/5 H2/COz/Ar, 50 mg catalyst.

catalyst offers the best ratio of Sm.O; (CO, adsorption) and Ni sites (H. adsorption and

dissociation) including a high number of perimeter sites. In addition, the samples with 64

and 89 wt.% Ni loading, have a significantly smaller specific surface area, as discussed before.

Another factor, playing a role, could be the smaller pore radii or larger crystallite sizes in

the latter two cases. However, calculating the Weisz-Prater criterion according eq. (5-2)
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T Opys Gont
WP= cat

_ o (5-2)
4deco, Dio,

<1

b

in which r denotes the measured reaction rate, p... the catalyst density, d.. the catalyst
particle diameter, cco» the CO, concentration in the fluid and Dﬁff)z the effective diffusion
coefficient of CO, in H, under consideration of Knudsen diffusion, shows no intra particle
diffusion limitations for reaction temperatures below 350 °C, thus eliminating the pore size
as an influential factor.”™ In contrast, the significantly smaller average crystallite size of
39 wt.% Ni-Sm»Ojs is a likely factor, as small crystallite sizes are considered to be favorable
for the activity in structure-sensitive reactions like the CO, methanation.'® ** Yet, it has to
be kept in mind that the structure-sensitivity was determined over an inert supported Ni
catalyst (Ni-Si0s).?* The active sites are hence different from the bifunctional Ni-Sm»O3 cat-
alyst, such that the Ni particle size observations of the Ni-SiO, cannot be readily transferred
to the Sm,O; supported catalyst.

In addition, we determined the activation energy for the catalysts with 11 wt.%, 39 wt.%
and 64 wt.% Ni for the interval 230-300 °C. The corresponding graph is attached in the
appendix (Figure C-4). The activation energies were derived to be 82.4+3.8 kJ mol?,
81.64+2.7 kJ mol! and 83.5+3.9 kJ mol™ for the catalysts with 11 wt.%, 39 wt.% and 64
wt.% Ni, respectively. The determined activation energies are at the lower end of previously
reported values for Ni based systems and do not differ significantly from the activation
energy of the reference kinetics (77.5+6.9 kJ mol™). Yang et al.?™ found an activation energy
of 95 kJ mol?, whereas others reported values between 80-106 kJ mol* on various Ni based

systems. ™ 270

5.4.2 Comparison with Reference Catalysts

The catalytic performance is compared against three different references.

e By comparing the 4 wt.% Sm»Os xerogel catalyst against the equally loaded catalyst
prepared by impregnation, insights into the effect of the preparation method can be
gained.

To evaluate the overall potential of Sm>O; supported Ni catalysts for the CO, methana-
tion, the best performing catalyst (39 wt.% Ni-Sm2O3) is further compared against two types
of Ni-AlLOs catalysts.

e For one, an industrial methanation catalyst is run under the identical conditions to
benchmark the Ni-Sm»Oj catalyst against an industrial standard (Ni-y-ALO;™"). Ta-
ble 5-4 summarizes some key characteristics of the catalyst in parts provided by the
supplier as well as determined in-house. Additional and more detailed data on the
characterization of the system are attached in the appendix C.6. Unfortunately, no

reliable information regarding the Ni crystallite size could be derived by XRD.
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Table 5-4  Summary of the main physico-chemical properties of the reference catalysts. H2 and
CO: adsorption capacity of the industrial reference catalyst (Ni-Al:Os™") determined
by H: and COs2 titration at 30 °C. Additionally, the Ni surface area and Ni dispersion
are stated. For details, see Chapter C.6 (appendix). Values for the literature reference
catalyst (Ni-Al:O3!"*) are taken from Koschany et al.?!, if provided.

Ni load- Ni crystal- H, uptake  Ni surface Ni disper-  CO; up-

ing lite size / nmol g'  area sion take

/ wt.% / nm /m?g! / % / nmol g
Ni- 9 - 73 5.7 9.6 42
A12031n(1.
Ni- 19 16.6 - 21.3 6.1 -

e Secondly, the comparison with a highly active literature system (19 wt.% Ni-Al,Os)
is made by implementing their micro-kinetic model in an isothermal 1D pseudo-ho-
mogenous reactor model, assuming ideal conditions, e. g. no inter- or intra-particle
diffusion limitations, such that only the mass balance had to be solved numerically.
The reaction conditions have been chosen to reflect our conditions, such that a direct
comparison of the catalytic performance under identical conditions is possible. To
this end, the rate equation by Koschany et al.*! was employed without any alterations
The rate equation and kinetic parameters are given in the appendix (Table C-2).
Note that the authors do not consider the RWGS in their rate equation and assume
a CHy selectivity of 100%, which is therefore not included in the figure. Details on
the catalyst specifications taken from their publication are stated in Table 5-4, as
well.

For the comparison, the supported catalysts are defined as one unit and thus the CO,
conversion and CHy selectivity are used as a direct measure for the performance of the cata-
lysts. Admittingly, this represents rather an engineering approach, since the space-time-yield
as an engineering key indicator is readily derivable from the data, whereas from a catalysis
perspective a comparison per active site would be more appropriate. Yet, we refrained from
calculating reaction rates per surface area or turnover frequencies (TOFs) as there is no
consensus on the active site, let alone the number of active sites. To give an impression
nevertheless, the Ni surface area as stated in Table 5-3 and Table 5-4 are considered in the
discussion of the results.

An often-stated disadvantage of sol-gel derived catalysts is the non-accessibility of the
active component due to its encapsulation by a non- or microporous support shell,*” and the
characterization data presented over the course of this chapter does not allow to reject this
notion. While no significant amounts of micropores are present (as determined by the N,

physisorption measurements), pulsed H» chemisorption revealed a significantly lower Ni
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dispersion for the xerogel catalyst, indicating accessibility issues caused by the larger Ni
crystallite size and thus higher volume-to-surface ratio but potentially also by encapsulated
Ni particles. Yet, despite this, an equally good to superior catalytic performance in both CO.
conversion and CHy selectivity of the xerogel catalyst to the impregnated reference was found

(Figure 5-7). The present characterization data do not allow to unambiguously elaborate on
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Figure 5-7 CO: conversion (top) and corresponding CHau selectivity (bottom) for the Ni-Sm20s
xerogel catalyst in comparison to three reference catalysts. Reaction conditions: pres-
sure 1 bar, flow rate 50 mL min?, 4/1/5 H2/CO2/Ar, 50 mg catalyst, reduced at
500 °C for 10 h in H> prior to the reaction; reference kinetics adopted from Koschany
et al.’l.
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the origins of the higher reactivity for the xerogel catalyst. Differences in the Ni loading as
well as in the porosity (pore size and surface area) can be excluded as these parameters do
not differ significantly for the two catalysts. A different reduction behavior is possible but
post-reduction XRD measurements confirm the full reduction for both catalysts, in spite of
the significantly higher reduction temperature as derived by H.-TPR. Probably, the reduc-
tion time was long enough to make up for the slowed down reduction kinetics to ultimately
achieve full reduction of NiO to metallic Ni, nonetheless. Taking into account that for the
impregnated catalyst the Ni crystallite size after reduction is smaller (6+1 nm, whereas it is
9+1 nm for the xerogel catalyst, see Table D-1) and considerably closer to the reported
optimal Ni particle size (2-3 nm) compared to the xerogel catalyst,” a Ni crystallite effect as
origin for the superior performance of the xerogel catalyst seems unlikely. Consequently, the
difference in the CO, conversion can probably be reasoned with the presence of the additional
structural phases in the impregnated 4 wt.% Ni-Sm»O; catalyst, specifically the cubic Sm»O;
phase (12:3) and Sm>0-COs. Both phases are present after reduction, as evidenced by addi-
tional XRD measurements (Figure C-2), thereby potentially affecting the catalytic reactivity
in a negative way. Yet, so far, no investigations regarding the influence of different samarium
oxide phases in CO,; methanation have been reported.

The potential of the Sm>O3 supported catalysts become immediately obvious upon com-
parison with the reference kinetics (Ni-Al,Os') and the industrial methanation catalyst (Ni-
AlLOs™), particularly in the low to intermediate temperature regime. For instance, the re-
activity of the 39 wt.% Ni-Sm,O3 at 300 °C is about 40% higher (rel.) than the reference
kinetics under identical conditions despite the significantly lower Ni surface area for the Ni-
Sm»0O; catalyst.

Even more striking is the comparison with the industrial standard. While the CO, con-
version at 300 °C is already almost double as high, the superior performance becomes even
more pronounced upon consideration of the higher CH, selectivity for the samaria supported
catalyst. Considering the comparatively low Ni loading (9 wt.%) of the industrial catalyst,
one might argue that the higher reactivity is not surprising due to the higher Ni loading of
the Ni-Sm,O; catalyst, however, it has to be kept in mind, that a higher loading does not
necessarily equal a higher reactivity as is also demonstrated in Chapter 5.4.1 and in line with
observations by Zhang et al.*. In fact, comparing the Ni surface area of the industrial refer-
ence catalyst with the 39 wt.% Ni-Sm»O; catalyst shows very similar values, hence an almost
identical number of potential H, adsorption sites are present on both catalysts. The superior
performance can consequently be attributed to the higher CO, adsorption capacity of the
39 wt.% Ni-Sm»O; catalyst, which exceeds the capacity of the Ni-AlLO3™ reference catalyst
by a factor of ~ 3. It is further hypothesized that this effect is strengthened by the lower

overall BET surface area of the Ni-Sm,O; catalyst (19 m* g', in comparison to SSAx:
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apos = 145 m? g!) see Chapter C.6 for more details) resulting in a higher density of CO
adsorption sites and thus potentially a larger number of active, adsorbed CO, species in

proximity of the Ni particle.

5.5 Interim Conclusions

Drawing on the findings of Chapter 4, this chapter applied those findings as well as
successfully expanded the synthesis method introduced in Chapter 3.2.2 to prepare Ni-Sm2Os3
xerogel catalysts. The Ni loading was varied over a wide range between 4 and 89 wt.% to
find the optimal Ni content for a maximized methane yield. The catalysts are characterized
by means of XRD, N, physisorption, TEM, H>-TPR as well as pulsed H, and CO, chemi-
sorption to describe the physico-chemical properties in dependence of the Ni loading.

All xerogels are mesoporous and consist of separated but crystalline oxides. From a cata-
lytic perspective, an intermediate Ni loading (30-40 wt.%) should be targeted which we
attribute to Ni particle size effects as well as a favorable ratio of H» dissociation sites on the
metallic Ni and CO, adsorption sites on the Sm>O3 support, particularly on the metal-support
perimeter. In comparison to an impregnated reference catalyst with identical loading, the
xerogel catalyst exhibits a comparable but slightly superior reactivity. The optimized Ni-
Sm>0s catalysts are highly competitive and outperform an industrial Ni-Al,O; methanation
catalyst as well as a literature known system, of which the published kinetics were used to
calculate its catalytic performance under our reaction conditions. The superior performance
of the Ni-Sm»O; catalyst can be attributed to the higher CO, chemisorption capacity and,
under consideration of the specific surface area, to a significantly higher density of basic sites
in proximity of the Ni particles.

Although not discussed at this point, the catalyst stability proved to be an issue, and is
therefore the topic of the following chapter.
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THE AMBIVALENCE OF BASIC SITES - DEACTIVATION
MECHANISM OF NI-SM203 XEROGEL CATALYSTS

In the previous chapter, highly active Ni-Sm»Os; xerogel catalysts were synthesized, char-
acterized and applied for the CO, methanation. However, their time-on-stream behavior has
not been addressed yet, despite providing essential insights into the catalyst stability and

deactivation behavior. It is therefore subject of extensive efforts in this chapter.

6.1 What to Expect from this Chapter.

Apart from a high activity and selectivity towards the desired product, the catalyst life-
time is of utmost importance, particularly from an industry perspective. Yet, little is known
about the occurring deactivation behavior, which obviously depends on the applied catalyst
and the reaction conditions. As outlined in Chapter 2.4, sintering of the active component
and coking are often considered to be most prominent deactivation phenomena, while, in
fact, the deactivation mechanism is unknown due to the lack of characterizations of the spent
catalyst and careful time-on-stream experiments.*® Extensive time-on-stream experiments
under varying process conditions and careful characterization of the spent catalyst are inev-
itable to gain in-depth insight into catalyst deactivation. Ewald et al.*® provide one of the

few studies which addresses the deactivation of a Ni-Al,O; catalyst in such a detailed manner.
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They explained the observed activity loss of up to 65 % within 160 h with Ni particles sin-
tering and a loss of the specific surface area which, as a result, decreases the CO, adsorption
capacity of the catalyst. However, if catalysts with basic surface properties are applied, their
findings are not sufficient to describe the occurring deactivation phenomena. For instance,
Muroyama et al.” observed a severe loss of activity over 10 h on stream at 300 °C for their
Ni-Sm»O; catalyst which they could not explain with neither sintering nor coking. Conse-
quently, the occurring deactivation phenomena is still a matter of debate.

This chapter contributes here by addressing the time-on-stream behavior and deactivation
mechanism of the 33 wt.% Ni-Sm»Oj; catalyst. By a careful variation of the process conditions
during extended time-on-stream experiments combined with the characterization of the spent
catalysts, operando DRIFTS measurements and catalyst regeneration experiments ultimately

a sound deactivation mechanism is formulated.

Despite the focus on the 33 wt.% Ni-Sm»O; system, time-on-stream experiments were
conducted also for the catalysts with different Ni loadings, the impregnated Ni-Sm»Oj3 refer-
ence catalyst and the industrial Ni-ALOs system, of which the results are attached in the
appendix and briefly summarized here. These experiments reveal that the Ni-Sm,O; catalysts
deactivate independent of the Ni loading and initial conversion level (see Figure D-1), hence,
justify the restriction to focus on the 33 wt.% Ni-Sm»O; catalyst for an in-depth study of the
governing deactivation mechanism. The activity loss is further found to be completely re-
versible upon a regeneration step in Hs at 490 °C for 4 h. In comparison, the industrial Ni-
Al O3 catalyst exhibits a stable conversion over the entire time-on-stream experiment. Yet,
even at the end of the stability experiment, the catalyst is still considerably outperformed
by Ni-Sm,Os catalysts with high and intermediate Ni loadings. In turn, a more pronounced
deactivation is found over the impregnated catalyst. The corresponding catalytic results and
post characterization data by XRD and N, physisorption are presented in the appendix D.3

and reveal the absence of sintering.

6.2 Catalysts, Characterizations and Standard Reaction Conditions

All measurements were conducted using the 33 wt.% Ni-Sm»Oj catalysts. The findings are
assumed to be representative for all xerogel catalysts. The experimental procedures were
identical as reported in the preceding chapter and can be found in the corresponding parts
in the Appendix A and C. To unravel the deactivation mechanism, the main influential
reaction parameters 7, pcos, as well as the H,/CO, ratio were systematically varied. The
following reactions conditions were defined as the base case (“standard reaction conditions”):

e T =300 °C,

o  Viya = 50 mL min™ with a composition of 4/1/5 H,/CO,/Ar,
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e p=1 bar,

e time-on-stream = 600 min,

® M = 40 mg, and

e catalyst reduction at 500 °C for 10 h, (temperature ramp: 1 °C min™)

If the reaction conditions deviate from the standard reaction conditions, they are explicitly
stated at the beginning of the respective subchapter and are further summarized in Table
6-1. For all measurements, it was made sure that the reaction equilibrium is not constraining,
therefore the amount of catalyst had to be adjusted for the high temperature experiments.
After each experiment, the catalyst was regenerated at 490 °C in Hs for 4 h and subsequently
subjected to the identical reaction conditions as during the preceding experiment to check
for irreversible effects.

To enable a simple and direct comparison of the activity loss in the different experiments,
the relative activity a.a defined in eq. (6-1) as

XCOZ,t

arel(t) = ’ (6-1)

Xco,,t=0
in which Xcos: denotes the CO» conversion at a specific time t and Xcos o the initial con-

version, is displayed against the time.

6.3 Catalytic Results

6.3.1 Catalytic Results | - Activation Energies Before and After an Aging Period
Prior to the parameter variation study, the activation energy was determined before and

after an aging period to clarify if over the course of the experiment a change in the reaction
mechanism took place. A change in the activation energy hints to change in the reaction
mechanism associated with the nature of active sites, whereas a constant activation energy
is indicative for a loss of active sites.'® After reduction, the activation energy was determined
in the temperature interval between 230 °C and 310 °C before aging the catalyst for 1000 min
at 300 °C under the standard reaction conditions (Figure 6-1). Subsequently, the measure-
ments to derive the activation energy were conducted again under identical conditions. The
calculated activation energies are:

e Prior to catalyst aging: Ea e = 81.8+7.6 kJ mol™

o After catalyst aging: Ea seed = 82.246.6 kJ mol!
and therefore, strongly indicate no change in the occurring reaction mechanism. The activity
loss, most likely, can be ascribed to a loss of active sites. Further, the derived activation
energies are well within previously reported values** >

ter 5.4.1.

and confirm the findings from Chap-
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Figure 6-1 Arrhenius plot for the determination of the activation energy of the 33 wt.% Ni-Al2O3
catalyst before and after an aging procedure. Conditions: T = 230-310 °C, p = 1 bar,
Viotal = 50 mL min™ composed of 4/1/5 Hz/CO:/Ar, me¢ = 14 mg.

6.3.2 Catalytic Results Il - Influence of the Reaction Conditions

H,/CO, ratio

Thermodynamically, the H/CO, ratio has the most profound impact on the equilibrium
conversion and the selectivity. From that follows that coking occurs at H,/CO, ratios below
3, and if at the same time high conversion levels are achieved even catalyst oxidation has
been reported to become an issue due to the high H,O/H, ratio.”™ Consequently, by varying
the H,/CO; ratio we aimed at elucidating if either phenomena deactivates the catalyst. All
experiments were conducted under the same conditions as specified above, however, instead
of varying the CO, partial pressure, H, was modulated such that H,/CO, ratios of 1.3/1, 4/1
and 6.7/1 were achieved, while using Ar as balance gas such that a total flow rate of
50 mL min' was ensured. Table 6-1 summarizes the initial CO, conversion and CHy selec-
tivity. Notably, the CH, selectivity is hardly affected by an under-stochiometric H,/CO,
ratio. This can probably be reasoned with the bifunctionality of the Ni-Sm»,O3 catalyst that
relies on CO; adsorption on the support (see Chapter 4.8.1 and 6.3.3), whereas H, is expected
to adsorb dissociatively on the metallic Ni particle. As there are no indications for adsorbed
CO species on Ni, non-competitive adsorption of H, and CO, can be assumed. Consequently,

the selectivity is less prone to react sensibly to the feed composition if the adsorbed CO; on
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Table 6-1  Initial CO2 conversion and CHj selectivity for the time-on-stream experiments.

T H,/CO, Voo Viat Micat Xcozo Scrio
/ °C / - / mL min' / mL min?! / mg / % / %
300 1.3/1 ) 50 40 21.8 95.6
300 4/1 5 50 40 48.6 99.0
300 6.7/1 ) 50 40 58.4 99.5
400 4/1 5 50 33 72.0 97.1
490 4/1 ) 50 5 55.5 76.6
300 4/1 2 50 40 54.6 99.4
300 4/1 ) 50 40 48.1 98.9
300 4/1 8 50 40 47.2 98.8

the support is thermally stable, preventing its dissociation to CO. Hence, mainly the CO,
conversion is affected by the availability of Hs or the lack thereof, as is reflected in the data.
Generally, the relative time-on-stream performance, as shown in Figure 6-2, follows the same
asymptotic behavior as during the base case under the standard reaction conditions. Based
on these results, any kind of coke formation or catalyst oxidation should be excluded for
being responsible for the deactivation as the results contradict the thermodynamics of coke
formation as well as catalyst oxidation which would be favored at lower H./CO, ratios.

Instead, an improved catalyst stability was found with lower H./COs ratios.

0.95 b %

o
©

0.85 ¢

Relative activity / -

o
(o]

—e— 1.3/ H2/002

0.75 + —e— 4N H2/CO2
—e—6.711 H2/CO2

0.7

0 200 400 600
Time / min

Figure 6-2 Influence of the H2/CO: ratio on the catalyst stability. Conditions: T = 300 °C,
p = 1 bar, Vit = 50 mL min! with 5 mL min® CO:, Ar as balance, mc: = 40 mg.
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Influence of the reaction temperature

We further investigated the influence of the temperature on the catalyst stability. The
temperature was set to 300, 400 and 490 °C. In order to avoid any limitations due to the
equilibrium, the amount of catalysts used was lowered to 5 mg and 33 mg for experiments
at 490 °C and 400 °C, respectively. The corresponding initial CO, conversion and CHjy selec-
tivity are given in Table 6-1 as well. As thermodynamically predicted, reaction temperatures
exceeding 400 °C leads to a drastic decrease in the CHy selectivity due to significant contri-
butions of the unwanted RWGS as side reaction. Unexpectedly in the first place, higher
reaction temperatures markedly improve the catalyst stability. This points towards catalyst
poisoning as the governing deactivation mechanism, probably due to the formation of exces-
sively stable carbonates. Although beneficial in the short term, elevated temperatures raise
questions about the sinter stability of the catalyst in the long run. Therefore, we performed
with the catalyst three runs for 600 min at 490 °C, re-reducing the catalyst after each run
at 490 °C for 10 h (in total: ~75 h on-stream). Even after the final run, the initial activity is
fully restored indicating that the catalyst did not sinter significantly (see Figure D-4 in the
appendix). This is confirmed by characterization of the spent catalyst. To this end, powder
X-ray diffraction as well as N» physisorption measurements were carried out on the Ni-Sm»O;
catalyst after the reductive pre-treatment as well as after ~75 h time-on-stream at 490 °C as
this marked the harshest conditions. As summarized in Table 6-2, characterizations of the

spent catalyst reveal an impressively high thermal stability. Merely, the Sm,O; crystallite
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Figure 6-3 Influence of the reaction temperature on the catalyst stability. Conditions: T = var.,
p = 1 bar, Vit = 50 mL min! composed of 4/1/5 Hz/CO2/Ar, met = 40 mg.

100



6.3 Catalytic Results

Table 6-2  Specific surface area as well as Ni and Sm203 crystallite sizes of the 33 wt.% Ni-Sm203

catalyst as-synthesized, after reduction and after an ~75 h time-on-stream experiment

at 490 °C.

As-synthesized After reduction  After reaction
Specific surface area 21 21 22
/ m*g!
Ni crystallite size / nm 10.3 + 0.2 83+ 0.1 8.8 £ 0.2
Sm;Oj3 crystallite size 6.4+04 12.7 £ 0.1 14.4 + 0.1
(la3) / nm

P NiO crystallite size

size increased considerably during the reaction, however, this appears not to impact the
catalyst’s reactivity. The Ni crystallite size remained constant during the experiment,

whereas the specific surface area decreased only marginally.

Influence of the CO, flow rate

Based on the temperature-dependence of the catalyst stability, poisoning appears to be
the predominant issue. Here, the formation of thermally stable carbonates is likely due to
the propensity of Sm»Oj; to form such species (as is shown in Figure B-5 and Chapter 6.3.3).
Consequently, increasing the flow rate of CO, should lead to a faster deactivation rate and
was, therefore, set to 2 mL min!, 5 mL min™' and 8 mL min™. As can be easily seen by the

normalized activities in Figure 6-4, the conducted experiments support the notion that car-

0.9 ;

0.85

Relative activity / -

08¢
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0.7 : : :
0 200 400 600

Time / min

Figure 6-4 Influence of the CO: flow rate on the catalyst stability. Conditions: T = 300 °C,
p = 1 bar, Vit = 50 mL min? composed of 4/1/X Hz/CO:/Ar (as balance), mc: =
40 mg.
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6.3 Catalytic Results

bonaceous species likely cause the deactivation as the relative activity drop increases the
higher the CO, flowrate, i.e. the number of CO, molecules in contact with the catalyst. After
600 min, the relative activity drop is 13%, 19% and 22%.

6.3.3 Identification and Stability of Surface Adsorbates by DRIFTS

So far, the results strongly indicate that the catalyst suffers from poisoning due to exces-
sively stable carbonates which block active sites. To confirm these observations and to un-
derstand if there is a specific type of carbonate that causes the activity loss, DRIFTS meas-
urements were conducted.

After reductive pre-treatment and background acquisition (see appendix C.1 for the de-
tailed description), the catalyst was exposed to the reaction gases (5 vol.% CO., 20 vol.% H,
in He, total flow rate 100 mL min™) at 300 °C for 20 min. In the corresponding DRIFT
spectra (Figure 6-5, red trace) evidence for monodentate (1060, 1342 and 1508 cm™), biden-
tate (856 and 1560 cm™) and polydentate carbonate (856, 1060 and 1459 cm™) species can
be observed, whereas two sharp peaks at 1304 and 3016 cm™ can be assigned to gaseous CHy,
thus confirming the reactivity of the catalyst.?" ?™ 20 Interestingly and in contrast to the
observations on the Ru-Sm»Oj; catalyst in Figure B-5 and Figure B-6, no indications for
hydrogen carbonates (expected around 1654 cm), formyl (expected around 1760 cm™) or
adsorbed CO species (expected between 1900-2200 cm™) are found, pointing to a different

mechanistic scenario for the Ni-Sm»O3 catalyst which apparently heavily relies on carbona-
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Figure 6-5 Operando DRIFTS experiments at 300 °C in different gas atmospheres. Red traces:
exposure to 5 vol.% CO2, 20 vol.% H: in He at a total flow rate of 100 mL min. Blue

traces: exposure to 20 vol.% H: in He at a total flow rate of 100 mL min™.
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ceous species in line with the observations of Aldana et al."™ on a Ni-CeO»-ZrO, catalyst.
Upon removal of CO; from the feed, surface coverage with carbonates decreases only slowly.
Even after 120 min in H, and He, a broad absorption band between 1300 and 1600 cm™ still
indicates the presence of residual carbonates on the Sm»O; support, however, the features

27 attribute a

are too undefined to reliably assign them to a specific species. Daturi et al.
higher thermal stability to bi- and polydentate carbonates than to monodentate carbonates
on a CeO, support. Exposing the catalyst to the reactive conditions again, qualitatively

restores the initial surface coverage and activity.

6.3.4 Reactivating the Catalyst

While the DRIFTS data confirms the presence of thermally stable carbonates, the data
is, unfortunately, not fully conclusive which type of carbonate — monodentate or bi-/poly-
dentate — poisons the catalyst. However, reactivation experiments are helpful to further elu-
cidate the deactivation mechanism. After a standard time-on-stream experiment as defined
in 6.2 the catalysts were regenerated at different temperatures, gas atmospheres and dura-
tions. After the regeneration step, another catalytic run under identical conditions followed
to evaluate the efficiency of the applied regeneration procedure. The results are depicted in
Figure 6-6. While decreasing the regeneration temperature to 400 °C simply increases the
time required until the initial activity is achieved again from 4 to 8 h, strongly reducing
conditions are imperative to yield a significant regeneration effect. When the catalyst was
regenerated in Ar at 490 °C, the initial activity level could only be restored to ~88 % (at the

end of the preceding time-on-stream experiment the activity level was at 84%), whereas the
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Figure 6-6 Influence of different atmospheres and temperatures to regenerate the spent catalyst.
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full activity level could be achieved when H, was used instead of Ar. Consequently, desorp-
tion of carbonates, as also occurs in Ar atmosphere, is not sufficient to regenerate the catalyst

but the catalyst needs to be re-reduced.

6.4 Putting the Pieces Together — A Sound Deactivation Mechanism

The results from the preceding subchapters can be used to propose a sound deactivation
mechanism on Ni-Sm»Oj; catalyst during CO, methanation as well as to formulate strategies
how to limit its implications. Neither coking nor sintering occur during the time-on-stream
experiments even under harsh conditions that would actually favor the occurrence of either
phenomenon and are, therefore, not expected to pose problems under reasonable conditions
within the investigated range. In fact, catalyst poisoning due to thermally stable carbonates
appears to be the predominant deactivation mechanism as is shown by the accelerated de-
activation for higher CO, partial pressures. Operando DRIFTS measurements confirm the
formation of mono-, bi- and polydentate carbonates and show their slow desorption from the
surface. Yet, regeneration experiments prove that desorption of carbonates from the surface
is not sufficient to restore the catalytic activity, but that the catalyst support requires re-
reduction, therefore ruling out monodentate carbonates (CO. adsorbed on lattice O%) as the
predominant deactivation cause. Instead, stable carbonates formed on oxygen deficient sites
poison the catalyst, which apparently desorb as CO, donating one oxygen atom to heal the
oxygen vacant site in the samaria lattice. Restoring such site requires reducing conditions
and high temperatures (as is shown by the H>-TPR results on pristine Sm»O3 in Chapter
5.3.4). Consequently, the proposed mechanism also explains the observed improved stability
with higher temperatures at which carbonates are increasingly destabilized and oxygen va-
cant sites are regenerated more easily. A schematic summary of the proposed deactivation
mechanism is given in Figure 6-7. The proposed deactivation mechanism is in line with
findings of Kim and Thompson'™, who assume that carbonates and formates formed at ox-
ygen deficient sites deactivate an Au-CeO, water-gas shift catalyst and suggest that surfaces

should be modified to minimize oxygen deficiency for a stable operation.

A remark — Why do we not observe catalyst deactivation over the Ru-Sm.O;
catalyst?

At this point, the seemingly contradictory time-on-stream behavior of the Ru-Sm»Oj; cat-
alyst, despite the identical support, shall not be omitted. As shown in Figure B-3 (appendix),
the catalyst does not deactivate during the conducted time-on-stream experiment at 400 °C.

Hence, the formation of thermally stable bi- or polydentate carbonates appears to be less of
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Figure 6-7 Schematic depiction of the proposed deactivation mechanism and associated surface
state of the catalyst during different stages of the lifetime experiment.

an issue for the Ru catalyst. This is confirmed by the isothermal DRFITS experiments (Fig-

ure B-6) that, first of all, show no absorbance bands for polydentate carbonates. Further-

more, bidentate carbonates are formed in abundance but appear to be removed from the

Sm,0Oj3 surface in Hs, atmosphere in a significantly shorter time than from the Ni-based cata-

lyst. Yet, additional research is required to understand the effect of the active component on

the catalyst stability.

6.5 Interim Conclusions

This chapter elaborates on the time-on-stream behavior of the Ni-Sm.O; catalyst, exem-
plarily studied at the catalyst with 33 wt.% Ni loading, under different atmospheres to un-
derstand the governing deactivation mechanism. It could be demonstrated that the catalyst
stability is dependent on the process conditions; yet easily reversible by a regeneration step
in H, and at elevated temperatures. Particularly higher reaction temperatures and lower CO,
flow rates improve the time-on-stream behavior. In combination with operando DRIFTS and
regeneration experiments, the results show a propensity of the catalyst to form stable car-
bonates at oxygen deficient sites (bi- and polydentate carbonates) which block active sites
and, thus, poison the catalyst. Characterization of the spent catalyst by XRD and N, phy-
sisorption reveal a high thermal stability of the xerogel catalyst, which should allow to adjust
the process conditions, i.e. higher reaction temperatures or periodic regeneration steps, such
that the high activity can be maintained or restored. The results reveal the ambivalent effect
of the basicity of the catalyst support, on the one hand improving the reactivity while at the

same time giving rise to additional deactivation mechanisms.
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A remark — Influence of transient reaction conditions on the time-on-stream
behavior

The Power-to-Gas technology is often expected to be implemented in decentralized, small
scale applications. However, for these small-scale applications large storage systems are un-
feasible due to the associated costs. Instead, dynamic reaction conditions that minimize tem-
porary storage capacities are often discussed as a novel approach, implying a departure from
the usually applied steady-state conditions. In these small-scale systems, transients in the
reaction conditions are to be expected that imply an additional uncertainty.'™ #*! Yet, efforts
regarding the time-on-stream behavior under transient feeds are scarce, so far.** Mutz et
al.'™ 17 investigated the stability of supported Ni particles during Hs dropouts and found a
fast bulk like oxidation of Ni if oxygen impurities are present in a Hi-free feed.

Obviously, dynamic process conditions can have multiple facets, but from a catalyst point
of view and with respect to the CO, methanation, particularly changing H./CO; ratios and,
as a consequence of that in combination with the exothermicity of the methanation reaction,
reaction temperatures are of concern. To this end, additional experiments designed to un-
derstand the impact of transient reaction temperatures and H,/CO, ratios were performed

and are presented in the appendix E.
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EXTENDED OUTLOOK — TOWARDS THE INFLUENCE OF
THE STRUCTURAL PROPERTIES

The previous chapters elaborated on the effect of the support’s surface chemistry on the
CO; methanation. However, apart from that, also the internal mass transport (pore diffusion)
is a function of the support, although of its structural properties, and is usually assumed to
be either reaction rate limiting or not. This chapter shows that this notion is actually inac-
curate and oversimplified (Chapter 7.1). In fact, different diffusions velocities of the reactants
within the pore network as well as confinement effects can drastically affect the catalytic
performance; however, their systematic investigation is difficult to achieve and requires ad-
vanced model catalysts for a conclusive and in-depth investigation of the structural proper-
ties on the catalytic performance. Chapter 7.2 contributes here by expanding the current
“toolbox” by methods to precisely tailor the structural properties of Sm-O3 xerogels. Com-
bining the new methods with the already established synthesis of Ru nanoparticles opens the
path for systematic investigations of the catalytic performance in dependence of the struc-

tural properties in the future.

Parts of Chapter 7.1 have been published as a collaborative work in J. Ilsemann, S. Straf3-

Eifert, J. Friedland, L. Kiewidt, J. Thoming, M. Baumer and R. Giittel, “Cobalt@Silica
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Core-Shell Catalysts for Hydrogenation of CO/CO, Mixtures to Methane”, ChemCatChem,
2019, 11, 19, 4884-4893, of which only a brief summary is given in the following subchapter.

7.1 The Beneficial Effect of a Porous Network

When the effect of the pore size on the catalytic efficiency is discussed, this is usually
boiled down to the question if diffusion inside the catalyst particle is limiting the reaction
rate or to balance the “active surface area vs. pore size conflict”. Consequently, efforts have
been made to increase the pore size or to synthesize catalyst particles with hierarchical
porosity to facilitate mass transfer inside the catalyst to enhance the reactivity without
sacrificing too much active surface area and to shift diffusion limitations to higher tempera-
tures and larger catalyst particles.” However apart from that, a porous network inherently
generates a confinement effect, with a locally increased residence time and a higher chance
of readsorption of products and intermediary species affecting the catalytic activity and
selectivity. 247

In a recent collaborative work with the group of Prof. Giittel (Ulm University), we demon-
strated that there can be a beneficial effect of a porous network beyond the typical “active
surface area vs. pore size” notion.” In that study, we compared a cobalt@silica core-shell
catalyst (Co@mSiO,), where an active Co core is fully encapsulated by an inert, mesoporous
Si0, (mSiO,) shell, with a supported Co-mSiO, catalyst comprised of the identical Co parti-
cles and mSiO, support regarding their catalytic performance in the CO, methanation. As,
for the supported catalyst, the size of the Co core (~40 nm) exceeded the mSiO, pore size
(~3 nm), the Co cores could not penetrate the pore network of the silica support and the
particles were thus deposited on the outer surface, only. This approach enabled us to inves-
tigate the effect of the porous shell in an isolated manner. A schematic depiction of the
systems is given in Figure 7-1. Two findings stood out:

1. The CO, conversion for the core-shell catalyst was significantly higher than for the
supported Co-mSiO, catalyst. For instance, even though the reactants had to diffuse
through the porous shell to get to the active Co core, the Co@mSiO, catalyst was
about 3x as active as the supported catalyst at 350 °C.

2. Even more drastic differences could be observed regarding the CH, selectivity, which

was about 4-5x higher for the Co@mSiO, catalyst.

For the interpretation of these findings, two underlying phenomena are plausible — mass
transfer as well as confinement effects. For the catalytic turnover, the concentration of the
reactive species in proximity of the active nanoparticle is decisive. For the core-shell catalyst,

the composition at the reaction locus obviously depends on the diffusive transport of reac-
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CO, + CO+H0

CH, +H,0

Figure 7-1 Schematic depiction of the Co@mSiO: core-shell catalyst and the supported refer-
ence catalyst. Reprinted with permission.%

tants and products through the porous shell. Consequently, the diffusion rates governed by
the molecular diffusion coefficients and the pore size, as well as the effective diffusion length
given by the spatial arrangement of the active nanoparticles inside the supporting shell is
important. We believe that the pore size plays a major role for the core-shell architecture,
rather than the diffusion length. This hypothesis becomes evident, if the effect of the pore
size on the diffusion mechanism, in particular for meso- and microporous materials, is con-
sidered. While Knudsen diffusion occurs in mesoporous structures, configurational diffusion
dominates in microporous catalysts.® The latter mechanism depends strongly on the size
ratio of the pore and the diffusing molecule, as well as on the interaction between the wall
and molecule, among other factors.”™ Thus, a tremendously different composition in close
proximity of the shell encapsulated cobalt core compared to the gas bulk and to the surface
exposed Co particles in the supported Co-mSiO; is very likely, owing to the size difference
between the pores and the involved molecules. Similar findings have been observed for related
reactions where the selectivity is highly sensitive to the reactant concentration ratios at the
active sites like such as the Fischer-Tropsch synthesis.> ** Rytter et al. found a higher CH,
selectivity with increasing catalyst particle size that they attributed to the faster diffusion
of Hy than CO, and thus to an increasingly over-stoichiometric H,/CO ratio at the active
sites with increasing pore length.*" In other words, the reactant mixture segregated along
the pore length.

Another possible explanation for the reported observations on the Co@mSiO, catalyst is
based on an extension to the confinement effect, specifically on the restricted exit of product
molecules through the silica shell, encapsulating the Co nanoparticles. Considering that CO,
does not adsorb on SiO, surfaces, as shown in Chapter 4.8.4, the reaction proceeds solely
over the cobalt surface, where CO, adsorbs dissociatively,?! *? leading to the desorption of
CO as a byproduct. The restricted exit effect in the confined environment might increase

the probability for readsorption of CO on cobalt as compared to the supported reference
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catalyst. Thus, the methanation of the CO intermediate is favored for the core-shell struc-
ture, which explains the higher CH, selectivity observed. Similar findings have been reported
recently by Le et al.*) who showed that the confinement effect present in silica nanopores
enhances the CHy formation rate during CO, methanation.

Admittingly, these findings describe two extreme cases — fully encapsulated vs. non-en-
capsulated active Co core; however, it is fair to assume that these findings are also applicable
to catalysts with uniform properties as the investigated cases de facto represent active sites
at the inlet and the end of a pore within a catalyst with a uniform distribution of active sites
along the pore length. If, now, effects of the structural properties on the catalytic performance
for supported catalysts are to be studied systematically, factors affecting the surface reaction
(e.g. particle size effects of the active component or differences in support’s surface chemis-
try) must be excluded, while a uniform distribution of the active component has to be en-
sured. This eliminates impregnation, one-pot sol-gel and (co-) precipitation techniques for
catalyst preparation, evident for instance in Takahashi et al.'*. They prepared Ni-SiO, xero-
gels and controlled the pore size by templating methods to investigate pore size effects during
CH, reforming. However, the addition of the template also affected the Ni particle size, such
that no clear trends in the catalytic reactivity were found. Consequently, future research
strategies must rely on more complex building block approaches if supported catalysts are
to be studied. This thesis tries to contribute here by establishing a method to precisely tailor
the pore size of Sm,O; xerogels, which can then either be used to support uniform Ru nano-

particles or as a single-component catalyst.

7.2 Controlling the Porosity of Sm20s Xerogels

The development of synthesis strategies for materials with controlled porosity or even
hierarchically ordered structures has been of great interest in the recent past due to their
high importance for a wide range of applications. Among the frequently used techniques are
sol-gel methods. As described in Chapter 3 already, during the sol-gel process a network
consisting of aggregated particles is formed, in which the number, size and density of the
particles in a specific volume can be adjusted by the synthesis conditions. After formation of
a rigid gel, the space occupied by the solvent between the solid network equals the potential
pore volume/pore size after drying.** Basically, the efforts made to control this space can be
grouped into two categories — controlling the effects of solvent removal and templating tech-

niques — which are described in the following subchapter.

7.2.1 Feasible Strategies
The final pore structure is determined by the shrinkage of the network during the solvent

removal from the wet gel due to capillary forces induced by the retracting solvent meniscus.
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As the extent of shrinkage is determined by the balance between the collapsing resistance of
the gel (stiffness) and the present force of contraction (capillary pressure), either the stiffness
can be increased or the capillary forces can be decreased to adjust the pore size.?™ *¢ The
stiffness, for instance, can be controlled by the rate of polycondensation during the sol-gel
transition or by the appropriate conditions during the subsequent aging step.”> *7 The ca-
pillary forces, in turn, are a function of the liquid-vapor interfacial energy (surface tension),
the wetting angle and the pore radius. For instance, replacing the solvent inside the pore
structure with a solvent possessing a lower surface tension would reduce the capillary forces,
and thus, lead to larger pores. In the extreme case, the wet gel is dried with supercritical
fluids, thus eliminating the capillary forces as an influential factor inside the structure and
an aerogel is obtained. The wetting angle, in turn, can be adjusted by rendering the gel
surface hydrophobic, however, that approach is usually limited to SiO: containing xerogels
as the hydrophic groups are mostly silanols.* Ren et al.*® introduced an elegant way of
adjusting the pore size of an AlOjs aerogel prepared by the epoxide-addition method by
simply decreasing the molar ratio of propylene oxide to metal salt during the synthesis from
the usually reported 11:1, which results in a slower polycondensation reaction and significa-
ntly less porous gels. It is believed that the different porosities would also be reflected in
xerogels, due to the dependence of the capillary forces of the pore radius. Unfortunately, this
method however only allows to decrease the pore size, as increasing the amount of propylene
oxide quickly led to precipitation, instead of gelation.

If, however, the pore size of a gel is to be increased beyond the “inherent” level, templating
techniques have to be used to generate additional or larger pore spaces during the synthesis.
These techniques are appealing due to their simplicity and are, usually, distinguished into
hard and soft templating techniques. While for the former the pore structure resembles the
added solid template, this relationship holds not true for the soft templating techniques.
These synthetic approaches rely on phase separation effects, therefore, the term “structure-
directing agent (SDA)” is deemed more appropriate and used from here on.** Polymeric
additives as structure-directing agents induce a phase separation process usually by spinodal
decomposition of the system that separates the mixture into a SDA rich and a SDA poor
phase.? Concomitantly to the phase separation, the sol-gel transition occurs until the gela-
tion point, described by the formation of a solid network and the associated sharp rise of the
viscosity, is reached. Nakanishi et al.*” could show that the structure is basically frozen in
in that specific shape, due to the irreversibility of the polycondensation reaction of the sol.
That “snapshot” of the gel structure depends on the relative time of occurrence of phase
separation and gelation. Consequently, all parameters affecting the sol-gel transition can
have a pronounced effect on the final structure of the gel as different “snapshots” of the

phase separation process are taken.
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Extensive studies on various types of structure-directing agents have been conducted,
usually comparing the effect of different polymeric additives on their ability to induce phase

144, 299303 have contributed here to under-

separation. In particular, Nakanishi and coworkers
stand the underlying principles of phase separation and how this can be applied to produce
porous Al,Os, SiO; and Fe,Oj3 gels. According to their findings, particularly hydrogen-bonding
additives such as polyethylene glycol/oxide or poly acrylamide are best suited to induce
phase separation. However, no such efforts have been reported for rare earth metal oxides,
neither could mathematic correlations be established describing the structural parameters in
dependence of the type or amount of additive for any metal oxide, so far. If, though, highly
defined model catalysts are to be studied, such relationships need to be established first to
truly tailor the structural properties. As the propensity to induce phase separation depends
on the additive and its interaction with the sol, we first screened different structure-directing
agents for their applicability and captured two “snapshots” of the phase separation process
by conducting the synthesis at two different temperatures. Based on these results, we chose
the most promising additive for a concentration variation study to, ultimately, establish an

empirical correlation between the used additive amount and the resulting structural proper-

ties.

7.2.2 Comparing the Effect of Different Structure-Directing Agents

In the following, the effect of additives with different molecular weight on the structural
properties of Sm,Os xerogels, prepared by the PO-CA method (see Chapter 3.2.2), is inves-
tigated. Specifically, we examine the influence of block polymers with different molecular
weight (polyethylene oxides: molecular weight 8,000, 100,000, 600,000 and 1,000,000 g mol
!, denoted as PEG8000, PEO100K, PEO600K and PEO1M, respectively) and a block copol-
ymer (Pluronic P123, molecular weight: 5800 mol g') on their ability to introduce large
meso- or even macropores into a SmyOs xerogel as these additives have been successfully

299-301, 304, 305 Tdentical amounts of the

applied to adjust the porosity in SiO, and AlLO; gels.
additives (0.01 g) were dissolved in the ethanolic solutions before the addition of citric acid.
Small amounts of deion. H,O (1 mL) had to be added as well to increase the solubility of the
solid polymers. All other amounts were kept the same as stated in Chapter 3.2.2, but solvent
exchange was performed in hexane as in pre-experiments sharper pore size distributions could
be obtained. Further, the calcination time was increased to 4 h as some samples were not
fully crystalline. For reference purposes, a pure Sm.O; xerogel was prepared following the
same adapted synthesis procedure but without any polymeric additives. Since the scale-up
of the process might be difficult due to the number and complexity of involved steps, i.e.
phase separation and gelation, the target yield was fixed at 0.5 g of Sm.O3 at all times. As

our method leads to the formation of a rigid gel within a few seconds, we additionally
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performed the synthesis in an ice bath (-18 °C) to slow down the gelation kinetics to allow
more time for the phase separation to take place. This adjustment successfully delayed gela-
tion of the sol by several hours. The detailed descriptions of the synthesis procedures are
stated in the appendix F.1. After calcination, all samples were analyzed by N, physisorption
regarding their structural properties. Additional SEM images were acquired from selected

samples. The procedural descriptions can be found in the appendix F.2.

Table 7-1 summarizes the specific surface area, pore volume and average pore size,
whereas Figure 7-2 shows the measured isotherms and derived pore size distributions for the
samples prepared at ambient conditions. For a better visibility, the isotherms are normalized
to their overall N, uptake. Note that for the presentation of the pore size distribution, the
logarithmic differential distribution dV(log r) was chosen as that representation shows small
and large pores equally well and is plotted against the pore radius on a log-scale. However,
this representation only indicates which pores sizes are present, whereas their abundance
cannot be derived directly. Therefore, we included an additional measure (maximum in the
pore size distribution), which states the most abundant pore size. The data is also normalized
to the maximum value for a simplified comparison. All additives drastically alter the struc-
tural properties of the Sm,O; xerogel, albeit in different ways. The small hysteresis loops in

the measured isotherms indicate mainly macroporous samples with some contribution of

Table 7-1  Specific surface area, pore volume as well as the average pore size and the maximum
in the pore size distribution, as determined by N2 physisorption measurements for
Sm203 xerogels without and with different types of additives prepared at two

temperatures.
Additive Specific surface  Pore volume /  Average pore Max. in pore
area / m* g’ cm? gt radius / nm radius distribu-
tion / nm
No additive 23 0.06 5.3 3.5
PEGS8000 28 0.32 22.6 15.1
PEO100K 40 0.35 17.4 12.6
PEO600K 6 0.02 8.7 1.9
PEO1IM 7 0.03 8.1 1.9
P123 9 0.09 19.6 25.7
At -18 °C
PEG8000 42 0.29 14.3 9.4
PEO100K 29 0.23 15.9 12.4
PEOG600K 23 0.15 13.1 10.6
PEO1IM 20 0.14 14.3 9.3
P123 42 0.3 14.4 9.5
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Figure 7-2 (left) N2 physisorption isotherm of the Sm:0; xerogels with 0.01 g of various SDA;
(right) derived pore radius distributions. The pore radius is plotted on a logarithmic
scale. The synthesis was performed at ambient conditions (22 °C)

mesopores. The absence of a sharp increase in the N, uptake at low relative pressures con-

firms that no micropores are present in any sample. Additives with the lowest molecular

weight (PEG8000, PEO100K and P123) significantly enlarged the average pore radius to
medium-to-large mesopores. Interestingly, only the addition of PEG8000 and PEO100K also
increased the pore volume, whereas the addition of P123 led to a considerably denser Sm->Os3
xerogel. Instead of increasing the porosity, using PEO600K and PEO1M as structure-direct-
ing agents compressed the Sm,O; structure as the pore volume and specific surface area are
significantly smaller than for the reference sample. Further, these xerogels exhibit a poorly

defined, rather inhomogeneous pore size distribution.

When the synthesis is performed at -18 °C, the hysteresis loops in the isotherms become
more pronounced, clearly indicating mesoporosity (Figure 7-3). The derived pore size distri-
butions are considerably sharper for all additives, and shifted to smaller radii. No drastic
compacting of the Sm>O3; xerogel due to the addition of PEO600K, PEO1IM and P123 was
observed. In fact, decreasing the synthesis temperature led to less distinct differences between
the used structure-directing agents as indicated by the similar porosity parameters, albeit

still smaller than for the additives with a lower molecular weight. In other words, a lower
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Figure 7-3 (left) N: physisorption isotherm of the Sm:0; xerogels with 0.01 g of various addi-
tives; (right) derived pore radius distributions. The pore radius is plotted on a loga-
rithmic scale. The synthesis was performed in an ice bath at -18 °C

synthesis temperature resulted in more homogenous and finer structures. A more pronounced

effect of the structure-directing agent addition, however, is achieved at ambient synthesis

temperatures. Distinct differences in the micro structure in dependence of the applied addi-
tive are also observed in the SEM images (Figure 7-4). While, in comparison to the additive-

free Sm,03, an increased pore size is visible for all SDAs (as was to be expected from the N,

physisorption experiments), an interconnected network formed upon addition of PEG8000

and PEO100K, whereas a coarser, rather fragmented structure of almost spherical particu-
lates formed in the presence of PEO600K and PEO1IM. Given that PEG8000 and PEO100K-

PEO1M only differ in the chain length of the (-CH>-CH,-O-) block, the observed differences

in the microstructure can be explained with the relative time of occurrence of phase separa-

tion and gelation. Coarser, even fragmented structures are formed, the longer the time dif-
ference between phase separation and gelation is.”* ** It is likely that due to the higher
molecular mass and the larger amount of possible hydrogen binding sites of PEOG600K and

PEO1M, phase separation proceeds significantly faster as for the lighter additives, whereas

the gelation time is not significantly affected by the type of additive. Consequently, the time

difference between phase separation and gelation is larger for the additives with a higher

molecular weight, giving rise to the rather fragmented structures. According to Feinle et
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Figure 7-4 SEM images of Sm203 xerogels prepared with and without structure-directing agents.
All samples, except the sample without additive, were synthesized at -18 °C.
al.? this can, in extreme cases, even lead to non-monolithic structures. This, however, was

not observed during our experiments.

7.2.3 Tailoring the Structural Properties — The Influence of the Amount of
PEG8000

Based on these results, we chose to narrow the focus on the effect of PEG8000 as a
structure-directing agent, as the sharpest pore size distribution comprised of mainly large
mesopores and a clearly interconnected network was achieved upon its addition. To investi-
gate if we can, actually, tailor the porosity by the addition of PEG8000, we varied the added
amount of PEG8000 by several order of magnitudes (0.001 g up to 0.1 g, target yield Sm,Os:
0.5 g) and, again, performed the synthesis at ambient temperature as well as at -18 °C.

For the samples produced at ambient conditions, Figure 7-5 shows the N, physisorption

isotherms and the derived pore size distributions, while Table 7-2 summarizes the porosity
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parameters. Again, following the IUPAC classification, the measured N, isotherms indicate
the formation of mostly large mesopores as well as a few small macropores. Only the sample
containing 0.001 g PEG8000 shows a pronounced hysteresis loop and pore size distribution
in the mesoporous regime. Additionally, the pore size distribution is significantly sharper as
for the samples with higher amounts of additives. Generally, no clear trends on the amount
of PEGS8000 added to the synthesis can be observed and the pore size distributions appear
rather broad and undefined, indicating an abrupt, uncontrolled process. However, when the
gelation is slowed down, a clear picture evolves showing distinct trends in dependence of the
amount, of PEG8000. The hysteresis loop in the N, isotherms (Figure 7-6) decreases in size
with increasing amount of additive and the derived pore size distributions are shifted to
larger pore sizes as is also reflected in the average pore size (Table 7-2). In fact, plotting the
pore volume, average pore size and maximum in the pore size distribution against the amount
of PEG8000 reveals a logarithmic relationship between the structural parameters and the
PEGB8000 addition with remarkable accuracy over a wide range of added PEG8000 amounts
(Figure 7-7). Apparently, the structural properties are highly sensitive to the addition of

small amounts of PEG8000, while larger amounts have only an incremental, additional effect
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Figure 7-5 (left) N2 physisorption isotherm of the Sm20s3 xerogels with various amounts of
PEGB8000; (right) derived pore radius distributions. The pore radius is plotted on a

logarithmic scale. The synthesis was performed at ambient conditions (22 °C).
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Table 7-2  Specific surface area, pore volume as well as the average pore size and the maximum
in the pore size distribution, as determined by N: physisorption measurements for
Sm203 xerogels prepared with different amounts of PEG8000 and at two different
synthesis temperatures.

PEGS8000 con-  Specific surface  Pore volume /  Average pore Max. in pore
centration area / m*g’ cm? gt radius / nm radius distribu-
tion / nm

0.001 32 0.09 5.8 4.2

0.005 30 0.18 11.9 7.2

0.01 28 0.32 22.6 15.1

0.05 29 0.26 17.8 12.7

0.1 29 0.22 14.7 10.7

At -18 °C

0.001 19 0.04 4 1.9

0.005 41 0.19 9.3 6.3

0.01 42 0.29 14.3 9.4

0.05 40 0.35 17.2 9.4

0.1 37 0.38 20.2 15.1
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Figure 7-6 (left) N2 physisorption isotherm of the Sm:0s xerogels with various amounts of
PEGS8000; (right) derived pore radius distributions. The pore radius is plotted on a

logarithmic scale. The synthesis was performed in an ice bath (-18 °C).
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Figure 7-7 Dependency of the pore size and pore volume of Sm:03; xerogels on the amount of
PEGS8000. The synthesis was performed at -18 °C.

on the structure, possibly due to micelle formation. Additional SEM images were recorded

for the samples with large amounts of PEG8000 (Figure 7-8) and confirm the formation of

an interconnected network, rather than the formation of a fragmented structure.

7.3 Interim Conclusion

This chapter illustrated the importance of the structural properties as a decisive factor for
the catalytic performance using a Co@mSiO, core-shell catalyst, and thereby motivates the
necessity for systematic studies on the influence of the structural properties. A pre-requisite

for such studies is the ability to prepare support materials with precisely tunable pore sizes.

Figure 7-8 SEM images of Sm203 xerogels prepared with 0.05 and 0.1 g PEG8000 synthesized
at -18 °C.
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In this chapter, this could be achieved by expanding the sol-gel method established in Chap-
ter 3 by the addition of structure-directing agents to induce phase separation in the sol prior
to gelation, ultimately leading to larger pores. To this end, polyethylene oxides (block poly-
mer) with  different =~ molecular =~ weights  ranging  between 8,000  and
1,000,000 g mol* as well as a block co-polymer (Pluronic P123) were tested and compared
regarding their ability to affect the porosity during the synthesis of Sm,Os; xerogels. The
presented method clearly shows the potential of PEG8000 as a structure-directing agent and
allows to precisely tailor the structural properties of Sm>O; xerogels if the gelation process is
sufficiently slowed down, which was achieved here by performing the synthesis at -18 °C.
Yet, additional experiments are required to elucidate the pore forming mechanism, i.e. the
time scale of phase separation. Understanding and manipulating the underlying time scales
is expected to contribute to a broader applicability to tailor the porosity of other REOs and
transition metal oxides as well as in the scale-up of the synthesis. Yet, the highly defined
Sm»O; xerogels can potentially be applied as tailored single-component catalysts or as model

catalyst support for studies regarding the structural parameters, already.
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In recent years, the CO, methanation has developed into an often-investigated reaction
due to its potential to reduce CO, emissions in the atmosphere and its applicability in the
power-to-gas process as a long-term energy storage with high capacity. To date, the viability
of the process is hampered by the lack of catalysts which are able to activate and reduce the
stable CO, at low reaction temperatures. Usually, supported catalysts are applied that are
comprised of an active component (i.e. Ni and Ru) and an oxidic, high-surface area support.
While the role of the active component is well understood, this thesis puts the support at
the center and considers it at as an integral part to design more efficient catalysts. It was
hypothesized that the support’s surface chemistry, i.e. the acid/base properties play an in-
tegral role in the adsorption and activation of carbon dioxide to enhance the reactivity.
Specifically, this thesis aimed at:

e isolating and understanding the influence of the acid/base properties of the sup-
port by studies on supported Ru model catalysts to develop support-activity cor-
relations,

e applying these correlations in order to produce a highly active catalysts which is

competitive with industrial standards and literature systems,
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e and understanding the time-on-stream and deactivation behavior of the developed
systems.

To this end, model catalysts with uniform Ru particles were deposited on four different
oxide classes grouped according to their type of basicity: rare earth metal oxides (Sm,Os,
Gd;05 and Y:0s) with Brgnsted and Lewis basic sites, TiO, and ZrO, as Lewis but non-
Brgnsted basic supports, as well as MgO and AlO3 as Brgnsted but non-Lewis basic oxides,
and SiO, which exhibits neither Brgnsted nor Lewis basic sites. This approach allowed to
investigate the influence of the surface properties of the various supports in an isolated
manner. Extensive characterization by means of N» physisorption, XRD, TEM and COs-
TPD complemented by DRIFTS (to study the CO; adsorption mode) were carried out and
confirmed the aforementioned classification.

The catalytic results indicate the imperative presence of Lewis basic oxygen vacancies for
a high catalytic reactivity as the catalysts exposing such vacant sites — the REO, ZrO, and
TiO, supported ones - yield the highest methane formation rate over the investigated tem-
perature range. Temperature-dependent and isothermal DRIFTS experiments under reactive
atmosphere reveal a progressive accumulation of CO species on Ru, formed upon dissociative
CO» adsorption, for catalysts supported on oxides without Lewis basic oxygen vacancies
(ALO3, MgO and SiO,) - a trend which is not observed on catalysts exposing such Lewis
basic sites. This points towards a poisoning of the Ru surface and indicates the importance
of effects induced by the support (electronic effect due to metal-support interaction) on the
Ru particle to avoid such poisoning to provide sufficient sites for H, adsorption and dissoci-
ation. However, among the catalysts with Lewis basic properties, a change in the most active
support class occurs at around 310 °C. At lower temperatures, the catalysts supported on
oxides with only Lewis basic sites (TiO, and ZrO,) exhibit the highest activity, whereas at
higher temperatures the REO supported catalysts perform best. This can be reasoned with
a shift in the mechanistic regime. In case of the Ru-TiO,, DRIFTS experiments and CO.-
TPD measurements show that the high activity is caused by an indirect effect of the support
on the Ru particle, facilitating the support-independent CO pathway. In turn, CO, is addi-
tionally activated on oxygen vacancies to form bidentate carbonates that react via bidentate
hydrogen carbonates and formates to methane over the ZrO, supported catalyst. On the
REO supported catalysts, DRIFTS data showed that not only Lewis basic oxygen vacancies
but also Brgnsted basic OH groups adsorb CO, to form bidentate and hydrogen carbonates,
respectively. However, their hydrogenation starts at temperatures above 300 °C, which co-
incides well with the temperature at which the REO supported catalysts perform best.

Based on these results, catalysts with surface basicity should be applied for CO; methana-
tion; yet, the choice of a specific basic support has to be made considering the indented

reaction temperatures. For reaction temperatures between 300-400 °C, which are to be
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expected particularly in polytropic reactors, REOs appear to be a promising choice of support
material. Consequently, Sm>O3; was chosen as support for the preparation of a highly active
Ni-Sm»O; catalyst to test the applicability of the derived guidelines. To optimize the Ni-
Sm>O3 catalyst, the right balance between H, dissociation sites (on metallic Ni) and CO,
adsorption sites (on Sm:0Os) had to be found and required a study on the influence of the Ni
loading. To this end, a sol-gel approach was applied because of its simplicity and possibility
to produce highly homogenous catalysts with various Ni loadings and high thermal stability.
An intermediate Ni loading of 30-40 wt.% Ni is found to yield the highest CO, conversion
which is attributed to the small Ni crystallite size (6 nm) and the Ni-to-Sm,Os ratio for an
adequate balance of H, dissociation and CO. adsorption sites. The developed catalyst pro-
duces significantly higher CHy yields as an industrial Ni-AlOs catalyst as well as a well-
known literature system (19 wt.% Ni-ALOs). In comparison to a reference catalyst prepared
by impregnating pristine Sm»O3 with an aqueous Ni solution, the xerogel catalyst exhibits a
higher reactivity and thus, underlines the applicability of sol-gel derived materials for cata-
lytic purposes.

However, the high reactivity is only partly sustainable as the Ni-Sm-O; catalysts suffer
from a rapid, but reversible deactivation in dependence of the reaction conditions but inde-
pendent of the Ni loading. Yet, despite the rapid deactivation the activity after 600 min is
still higher than found on the industrial reference catalyst. By variation of the reaction
conditions, characterization of the spent catalysts, DRIFTS experiments and regeneration
experiments, it could be established that the catalyst is poisoned by thermally stable car-
bonates that are formed on oxygen-deficient sites and block active sites. In other words, the
support’s basicity is of ambivalent character and needs to be carefully tuned to increase CO-
adsorption for higher reaction rates without binding it excessively strong to avoid a self-
poisoning. Other common phenomena like sintering and coking can be excluded even under
harsh and prolonged experiments, i.e. for 85 h at 490 °C and for severely under-stoichiometric
H,/CO, ratios, respectively. The variation of the process conditions show that the stability
can be increased by adjusting the process conditions to higher temperatures and lower CO,
partial pressures. In this respect, particularly the high thermal stability of the xerogel cata-
lyst is of importance as it allows to run the reaction at elevated temperatures and to period-

ically remove the poisoning species by a high temperature treatment in reducing conditions.

The present thesis aims at contributing to rationalize catalyst development for CO,
methanation; yet it also reveals that, to date, none of the common support materials is a
clear frontrunner which produces the highest methane yield over the entire relevant temper-
ature range between 200 and 400 °C. Such a universal catalyst support will probably need

to combine the advantages of REOs and TiO; or ZrO,. In this light, doping the REOs with
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low-valent dopants to increase the oxygen vacancy density could provide an interesting start-
ing point. Furthermore, mixed oxides, i.e. perovskites (ABOs), appear as a promising support
class due to their inherent basicity and oxygen mobility. In pre-experiments (not shown here)
the applicability of the developed synthesis route could be expanded to produce SmTiO; and
SmZrO; perovskites. As addressed in the extended outlook already, an understanding of the
structural parameters and hence an optimization of such is still scarce. A methodology to
precisely adjust the structural properties of Sm»>O; xerogels by the simple addition of struc-
ture-directing agents has been developed and expands the “tool box” for preparing well-

defined model catalysts that can serve as a starting point for future studies.

- Na, Jan. Was macht die Forschung?

Sie ist fertig, Opa. Sie ist endlich fertig
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A. Catalytic Set-Up and Standard Techniques

A. CATALYTIC SET-UP AND STANDARD TECHNIQUES

A.1 Catalytic Set-Up

All catalytic experiments were conducted in the set-up schematically depicted in Figure
A-1. The gas flow rates of Ar, Ha, CO, and CO or CHy were controlled by mass-flow control-
lers (Bronkhorst Mattig). Additionally, Ar could be flowed through a saturator to co-feed
water. To preheat the gases and to prevent water from condensing inside the set-up, all
tubing was heated to at least 120 °C.

The catalysts were loaded in a fixed-bed reactor (quartz glass tube reactor, inner diameter
6 mm), operated at atmospheric pressure, and fixated with quartz wool. Reactor heating was
achieved by a self-designed metal block oven, which was controlled by a thermocouple placed
at the end of the catalyst bed.

The effluent gases passed through a cold trap (operated at -1 °C) to remove water formed
as a reaction product before they were analyzed with an on-line compact gas chromatograph
(Global Analyser Solution) equipped with a thermal-conductivity sensor. A RT-Molsieve 5 A
column (15 m) was used to separate CO and CH,, whereas CO, was separated on a RT-
Porabond column (30 m).

For some experiments, a non-dispersive IR sensor (NDIR, Sick AG) equipped with a
Multor module for the simultaneous detection of CO, CO; and CH4 was used, instead of the
pGC. By running standard samples on the NDIR and nGC it was ensured that the catalytic
results do not differ between both analysis tools. If the NDIR is used, it is explicitly stated

below the figures.

The residence time distribution of the set-up was determined for the typical flow rate of
the catalytic experiments (50 mL min'). To this end, a new set point was sent to the MFC
at t = 0 s and the evolution of the signal was tracked by the NDIR. The cumulative distri-
bution function F(t) is shown in Figure A-2. After 160 s no changes in the concentration are
detected anymore. The measured profile can by described fairly well by a cascade model of
ideally mixed continuously stirred tank reactors with a number of tanks N = 75 and a resi-

dence time T = 98 s.
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Figure A-2 Residence time distribution of the catalytic set-up depicted as F-curve. At t =0s a
new set point was send to the MFC.

A.2 Standard Characterization Techniques

Powder XRD. The catalysts were characterized by XRD to identify and quantify the
phases present as well as to calculate the average crystallite sizes. The samples were meas-
ured using a 6/26-Bragg-Brentano geometry on a X’Pert MPD powder diffractometer (Pan-
alytical, Almelo, Netherlands). The instrument was equipped with a secondary Ni filter, Cu
Koz radiation (A = 154.05929(5) pm, A2 = 154.4414(2) pm), and an X‘Celerator multi-strip
detector. Data were collected at ambient condition in the 26 range from 15° to 90° with a
step width of 0.0167°/step and a total collection time of 200 s/step. Selected catalysts were
measured on a Stoe MP diffractometer (STOE & Cie GmbH, Darmstadt, Germany) equipped
with a primary Ge(111) monochromator, Mo Koy radiation (A = 71.3607 + 0.0012 pm), and
a Mythen 1K detector. The diffractograms were collected at ambient conditions in the 26
range from 5° to 45° with a step width of 0.015°/step and a total collection time of 180 s/step.
X-ray powder data Rietveld refinements were carried out, using the “DiffracPlus Topas 4.2”
software (Bruker AXS GmbH, Karlsruhe, Germany). To describe the X-ray diffraction pro-
files, the fundamental parameter approach was applied in the Rietveld refinements. For the
diffractometer configuration, the corresponding fundamental parameters were fitted to pow-
der data of standard LaBe. During the refinements, general parameters, such as scale factors
and background parameters (Chebychev polynomial), were optimized. Additionally, the lat-
tice parameters, atomic coordinates, isotropic atomic displacement parameters, average crys-

tallite size Lia(IB) and micro-strain (&) were refined.
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N, physisorption. Na physisorption measurements were conducted in order to analyze the
catalyst’s porosity using a NOVA 4000e (Quantachrome Instruments, USA) gas sorption
system. Prior to data collection, the samples were outgassed at 200 °C for at least 2 hours
under vacuum. Adsorption/desorption isotherms were collected in the pressure range
0.01 - 0.99 p/ps. The pore size distribution was calculated using the desorption branch on
the basis of the Barret-Joyner-Halenda (BJH) model, whereas the pore volume was deter-
mined on the basis of the amount of adsorbed N; at p/ps = 0.99. The specific surface area
was calculated based on five-point BET measurements in the pressure range 0.1 - 0.3 p/ps.

All measurements were conducted at -196 °C.

Transmission Electron Microscopy. TEM images were acquired using a Tecnai F20 S-
TWIN (200 keV) microscope to gain insight into the catalyst microstructure and to deter-
mine the particle size. To this end, the catalysts were ground to a fine powder before being
loaded onto a TEM grid (ultrathin carbon film, Quantifoil, Cu 200 mesh) by dragging the
grid through the powder. The mean particle size was determined by analysing the micro-
graphs with the software ImagelJ (version 1.48). For each sample, at least 150 particles were

measured.
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B. ADDITIONAL EXPERIMENTAL DETAILS AND RESULTS —
CHAPTER 4

B.1 Characterization

The procedural description of the standard characterizations (XRD, TEM and N, phy-

sisorption) are described in A.2.

Atomic Absorption Spectroscopy. To determine the Ru loading, AAS measurements were
conducted using a flame atomic absorption spectrometer (Carl Zeiss Technology, AAS 5 FL).
To this end, Ru was digested by a fusion method established by Taddia and Sternini*®,
which was later confirmed to be the most efficient and reliable method to digest Ru’ as well
as RuO,.*" In short, 150 mg of the supported catalysts were mixed with 0.38 ¢ KOH and
0.65 g KNOs, subsequently heated within 60 min to 450°C in a muffle furnace and kept at
this temperature for another 60 min. After cooling down, 50 mg of K5S,Os were added, before
the melts were dissolved in Milli-QQ water. Next, 10 mL of 1 M KOH were added and the
resulting solution was further diluted with Milli-QQ water to achieve a total volume of 50 mL.
10 mL of the solution were mixed with 5 mL of concentrated HCl and 10 mL Milli-Q water

and then analyzed.

COs-Temperature Programmed Desorption. To probe the basicity of the various systems,
i.e. the strength of the basic sites, CO>TPDs were recorded. About 100 mg of the powder
catalysts were placed in a stainless-steel reactor and pretreated at 400 °C for 60 min
(3 °C min) in 20 vol.% Ha/Ar (Viot=50 mLy min™), which corresponds to the activation of
the catalysts in the catalytic experiments. After cooling down to 50 °C, the powders were
saturated with CO, for 60 min, before flushing the set-up with pure Ar for 30 min to remove
any remaining gaseous CO; from the system. Subsequently, the samples were heated to 950°C
with a heating rate of 5 °C min' in Ar while desorbing CO, was detected using a mass
spectrometer (HPR20, Hiden Analytical). To enable a quantitative comparison, the mass
spectrometer was calibrated for CO, (44 amu), CO (28 amu) and Ar (40 amu), of which Ar
was used as internal standard. The total amount of desorbing CO, was then determined by

integrating the desorption peaks.

DRIFTS. Diffuse reflectance infrared Fourier-transformed spectroscopy (DRIFTS) meas-

urements were conducted, on the one hand, to characterize CO- adsorption on the catalysts
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and thus to complement the CO»--TPD measurements. On the other hand, DRIFTS experi-
ments under reaction conditions were carried out to gain mechanistic insights. All measure-
ments were conducted using a Varian-670 FT-IR spectrometer equipped with a liquid nitro-
gen cooled MCT detector and an IR cell in praying mantis geometry (VC-DRM-5, Harrick).
All spectra were recorded with a resolution of 4 em™ in absorbance mode and the average of
128 scans (acquisition time: 78 sec) is reported.

After placing the sample on the temperature-controlled sample holder in the IR cell, the
sample compartment was flushed with He to remove any impurities prior to the spectra
collection. Subsequently, the sample was heated to 400 °C in 20 vol.% H,/He within 30 min.
This temperature was then kept constant for another 60 min to activate the catalyst.

To determine the CO, adsorption modes, the same pre-treatment as used for the COo-
TPD measurements was applied. After activation, the samples were cooled down to 50 °C in
He and the background was recorded. Subsequently, the samples were saturated with CO»
for 60 min. Next, the compartment was flushed with He (100 mL min™) for 30 min to remove
any remaining gaseous CO, from the tubing and the sample stage. Afterwards, the spectra
were collected.

For the reaction studies, the samples were cooled down to 100°C in He atmosphere after
activation and after the background was recorded. Subsequently, the catalysts were exposed
to 5 vol.% COs, 20 vol.% Hs and 75 vol.% He at a total flow of 100 mL min™. The tempera-
ture was increased stepwise until 350 °C and a spectrum was recorded at each temperature
after 5 min to ensure thermal equilibration.

In addition, isothermal studies were carried out. Again, the fresh catalysts were first ac-
tivated and subsequently cooled down to 350 °C in He where the background was recorded.
Next, 5 vol.% CO, were added to saturate the sample for 15 min while recording a spectrum
every two minutes. Next, the CO, flow was stopped and the catalysts exposed to pure He
(100 mLx min!) for 30 min. A spectrum was recorded after 1, 3, 5, 7, 9, 11, 15, 20, 25 and
30 min. Afterwards, the sample was exposed to a Hy/He mixture (20 vol.% H.) at a total
flowrate of 100 mLx min™ for another 30 min during which spectra were collected in the same
manner as before. Lastly, the samples were exposed to the reactant mixture (5 vol.% COs,,
20 vol.% H, in He, total flowrate 100 mLx min™) and one spectrum was acquired after 1 min
of exposure.

For the Ru-TiO; catalyst, another procedure was chosen (for reasons explained later). A
fresh catalyst was activated in Hs at 400°C and then cooled down to 350 °C in He where a
background spectrum was recorded. Subsequently, the sample was saturated with CO, for
15 min (5 vol.% CO; in He, total flowrate 100 mL, min™), which corresponds to the satura-
tion step of the other isothermal ad-/desorption experiments. In contrast to the other cata-

lysts, however, the Ru-TiO, catalyst was then exposed to 5 vol.% CO. and 20 vol.% H: in
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He at a total flow rate of 100 mLyx min™. During the entire experiment, the temporal evolu-

tion of the adsorbed species was followed by collecting spectra every two minutes.

RAMAN. Raman spectra were recorded on a LabRam ARAMIS (Horiba Jobin Yvon)
Micro-Raman spectrometer equipped with a laser working at 785 nm and less than 20 mW.
The use of a 50x long working distance objective (Olympus) with a numerical aperture of
0.55 provides a focus spot of about 5 pm diameter when closing the confocal hole to 1000 pm.
The spectra were collected in the range 90 cm™ to 800 cm™ with a spectral resolution of
approximately 1.2 cm™ using a grating of 1800 grooves mm™ and a thermoelectrically cooled
CCD detector (Synapse, 1024 x 256 pixels). The spectral positions were calibrated against
the Raman mode of Si before and after the sample measurements. In some cases, the opti-
mized filtering was required to minimize the fluorescence and to reduce laser intensity to
avoid sample damage. At least 15 spectra were collected with an acquisition time of
10 s /window for an adequate signal-to-noise ratio. The high-temperature spectra were per-
formed using a Linkam heating stage (T'S1500) connected to a continuous gas (5 vol.% H, +
95 vol.% Ar) supply to the stage. The powder samples were loaded and the compartment
was flushed with the gas mixture for several minutes before heating at the sample 50 °C.
Afterward, the temperature was ramped to 200 °C at 20 °C min® and kept for 45 min. In
each case, the sample was then cooled down from the target temperature to 50 °C followed
by collecting spectra to exclude the quasiharmonic (lattice thermal expansion effects) and
anharmonic contributions in shifting the Raman bands. After a thermal equilibration period
of 5 min spectra were collected, and the experiment was repeated between 50 °C and 400 °C
with a 50 °C step (e.g., 50 °C -> 200 °C -> 50 °C -> 250 °C-> 50 °C -> 300 °C -> 50 °C -
> 350 °C -> 50°C ->400 °C -> 50 °C). As much as three different locations were chosen at
each temperature step, and an averaged spectrum was produced for better statistics. After
background correction and normalization, the peaks were fitted with Gauss-Lorentzian

model.

B.2 Catalytic Experiments

The reactor was filled with 50 mg (75 - 150 um) catalyst which was diluted in the ratio
1:10 with quartz particles in the same size fraction. Prior to the catalytic experiments, all
catalysts were reduced in-situ in flowing H, at 400°C for 1 h (heating ramp: 3 °C min).
After this activation step, the reactor was cooled down to the starting temperature of 200 °C
in inert gas atmosphere. The activity and selectivity of the catalysts for the CO, methanation
reaction were determined in the temperature range between 200 to 400 °C using a feed gas

composition of 4/1/5 H;/CO,/Ar. The total flow rate was set to 50 mLx min™, corresponding

132



B. Additional Experimental Details and Results — Chapter 4

to a weight hourly space velocity (WHSV) of 60 Lx ga' h''. Each temperature was kept

constant for 42 min and conversion and selectivity were averaged over the last 24 mins.

In pre-experiments no C.; hydrocarbons were detected. Based on the inlet and outlet

molar flow rates, the formation and consumption rates (referred to mass of ruthenium) of

the involved compounds were calculated according to Eq. (B-1),

re = 7;lx,in_ﬁx,outr. (B-l)
Mpy

We furthermore define the methane selectivity according to Eq. (B-2),

TcH,
SCH4 = TCO . (B-2)
2

B.3 Additional Characterizations

1. Raman spectra of Ru-TiO; and Ru-ZrO, (as-prepared)

Ru-TiO2 _

Normalized intensity / a.u.

100

Figure B-1

200 300 400 500 600 700
Raman shift / cm™
Raman spectra of the as-prepared Ru-TiO:2 and Ru-ZrO: catalysts at ambient condi-

tion. The tick marks refer to observed band positions of anatase’® and monoclinic
ZrOz™,

B.4 Additional Catalytic Results

1. Weisz-Prater calculations

The criterion was calculated for all temperatures and catalysts according to the following

equation
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WP = Lmifzfm <1 (B-3)
4cco, DCO2
Knudsen diffusion is taken into account for all catalysts except Ru-TiO2 and Ru-ZrO, as
these catalysts exhibit macropores. The following catalyst densities are assumed (as stated
by  the supplier, if available):  papos =2.3-10°g m*® oo = 3.6 10° g m™,
orioe = 4.2 - 10° g m?3, ozoe = 5.7-10° g m™ and psioe = 2.7 - 10° g m™®. For the REO cata-
lysts, the densities were approximated as osmos = 6.9 - 10° g m™, pga0s = 7.4 - 10° g m™® and
ov20s = 6.9 - 10° g m™®. For the xerogel catalysts a tortuosity of 2 was assumed based on a

310

previous study on rare earth metal oxide aerogels.’’’ For all other catalysts, the tortuosity

was presumed to be 3. The results are compiled below.

Table B-1 Results of Weisz-Prater criterion calculations.

200 °C 230 °C 270 °C 290 °C 310 °C 350 °C 400 °C

Ru-SmyO3 0 0.0092 0.0561 0.1185 0.2724 0.5420 0.6683
Ru-Gd:O3  0.0054 0.0217 0.0992 0.1854 0.3209 0.6174 0.6542
Ru-Y>03 0 0.0039 0.0270 0.0593 0.1214 0.3709 0.4804
Ru-ALO;  0.0028 0.0091 0.0347 0.0623 0.1037 0.2179 0.3294
Ru-MgO 0 0 0.0054 0.0150 0.0299 0.2034 0.4013

Ru-TiO, 0.0229 0.0589 0.1564 0.2315 0.3184 0.4912 0.6123
Ru-ZrO, 0.0030 0.0175 0.0998 0.1954 0.3173 0.5468 0.6554
Ru-SiO; 0 0 0.0116 0.0292 0.0593 0.1661 0.3184
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2. Arrhenius plots
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Figure B-2 Arrhenius presentation of all catalysts for the investigated temperatures. The dashed
line refers to a linear fit in the temperature range 200-310 °C, showing the deviation

at elevated temperatures.
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3. Stability runs
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Figure B-3 Normalized methane formation rate vs. time at 400 °C for selected catalysts. The

136

methane formation rate was chosen as a descriptor as it would reflect changes in the
conversion rate as well as selectivity. The rates are normalized to the initial methane
formation rate. Reaction conditions: pressure 1 bar, flow rate 50 mL min?, 4/1/5
H:/CO2:/Ar, 50 mg catalyst.
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4. Reproducibility
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Figure B-4 Methane formation rates for the investigated catalysts and for various catalyst

batches to ensure reproducibility of the synthesis route; blue symbols indicate catalyst
batch 1, red symbols indicate batch 2, green symbols indicate batch 3. Another batch
refers to newly synthesized Ru nanoparticles and support materials (if synthesized
in-house). The methane formation rate was chosen as a descriptor as it would reflect
changes in the conversion rate as well as selectivity. In the main text data corre-

sponding to batch 1 is shown.
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5. Additional DRIFTS data
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Figure B-6 Isothermal DRIFTS experiments carried out for Ru-Sm20s3 at 350 °C under different
gas atmospheres. Red spectra: exposure to 5 vol.% CO:2 in He for 15 min; blue spectra:
pure He for 20 min; green spectra: subsequent exposure to 20 vol.% H: in He; yellow
trace: exposure to 5 vol.% CO: and 20 vol.% H: in He, Vi, = 100 mL min~!. Temporal

evolution of the spectra from lighter to darker colors (bottom to top).
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Figure B-7 Isothermal DRIFTS experiments carried out for Ru-TiO:2 at 350 °C under different
gas atmospheres. Red spectra: exposure to 5 vol.% CO: in He for 15 min; blue spectra:
pure He for 20 min; green traces: subsequent exposure to 20 vol.% Haz in He, Vo =
100 mL min~!. Temporal evolution of the spectra from lighter to darker colors (bot-

tom to top).
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Figure B-8 Isothermal DRIFTS experiments carried out for Ru-SiO2 at 350 °C under reactive
atmosphere. As no surface adsorbates were visible, we refrained from exposing the
catalyst to different gas atmospheres; conditions: 5 vol.% CO2, 20 vol.% H: in He,
Vioe = 100 mL min~1. Temporal evolution of the spectra from lighter to darker colors

(bottom to top).
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C ADDITIONAL EXPERIMENTAL DETAILS AND RESULTS —
CHAPTER 5

C.1 Catalyst Synthesis

The following amounts of chemicals were used to prepare the catalysts.

Table C-1 Amounts of precursor to synthesize 1 g of catalyst.

Ni(NOs); - 6H:O0  Sm(NOs)s - xH,O  Ethanol / Propylene  Citric acid

/g /g mL oxide /mL /g
Pure SmyO3 - 2.20 9.9 3.8 0.95
4 wt.% Ni 0.20 2.06 10.6 4.1 1.02
11 wt.% Ni  0.55 1.95 12.5 4.8 1.20
33 wt.% Ni  1.63 1.49 17.9 6.8 1.72
39 wt.% Ni 1.93 1.34 19.3 7.4 1.86
63 wt.% Ni ~ 3.12 0.81 25.1 9.7 2.41
89 wt.% Ni  4.41 0.24 30.8 11.9 2.96

C.2 Characterization Methods

The procedural description of the standard characterizations (XRD, TEM and N, phy-

sisorption) are described in A.2.

H, temperature-programmed reduction. To determine the optimal reduction temperature
and to gain insights into the metal-support interaction, temperature-programmed reduction
(TPR) profiles were recorded, using an Autosorb I (Quantachrome Instruments, USA) device
equipped with a TCD detector. The samples (75 mg) were pre-treated at 400 °C for 10 h
under flowing He to remove any adsorbed impurities. After cooling the samples down to
50 °C, the cell was purged with He until a steady TCD signal was observed and subsequently
heated to 1000 °C with a linear heating ramp of 5 °C min™ in 5% H,/Ar.

Pulsed Hy and CO, chemisorption. Hydrogen and carbon dioxide pulse titrations experi-
ments were conducted on an Autosorb iQ (Quantachrome, USA) equipped with a thermal
conductivity detector. For the measurements, 50 mg of the respective catalyst were fixated
with quartz wool in a U-shaped quartz glass reactor. The catalysts were pre-treated in 5%
Hs in Ny at 500 °C for 10 h to reduce NiO to metallic Ni, corresponding to the reduction
temperature and duration during the catalytic experiments. Subsequently, the sample was

cooled down and a pure H, pulse (volume per pulse: 272 nL.) was injected into the N, carrier
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gas stream monitoring the TCD signal with the provided TPRWin software. Once a stable
base line was obtained, the next injection followed. In total, 16 injections were added. After
that, the sample was heated to 200 °C in N» to remove any adsorbed H, before being cooled
down to 30 °C again for the CO, pulse titration experiment. For that, pure CO, pulses (loop
volume. 272 L) were injected into a He carrier gas stream after the baseline was stabilized.
This was repeated at least five times or until the deviations between the peak areas for the
individual peaks was less than 3%.

Data processing was done manually by integrating the peak areas. For the H; pulse ex-
periments that average of the last eight peak areas was used as calibration factor to calculate
the H, uptake during the first eight injections, whereas for the CO, adsorption capacity the
last three peak areas were averaged for the calibration factor.

Based on the H, adsorption capacity, the specific Ni surface area (Sxi) was calculated by

eq. (C-1) assuming dissociative H, adsorption on Ni:
_ NHZ NA VA

Sni =
i
Meat ONi

(C-1)

in which Svi denotes the Ni surface area per gram catalyst, Na the Avogadro constant, Ny
the amount of adsorbed Hs, z the stochiometric adsorption factor (here z = 2 for dissociative
H, chemisorption on Ni), m.. the catalyst mass prior to reduction and oy; the number of Ni
atoms per unit area (here: 1.54 - 10 m?). Additionally, the Ni dispersion (Dy;) was deter-
mined under consideration of the molecular weight of Ni (M = 58.71 g mol") and the Ni

loading of the catalyst (w) according to eq. (C-2)
_ NH VA MNi

Dy .
Megr W

(C-2)

C.3 Catalysis and Reference Kinetics

The general catalytic set-up is described in A.1. For the measurements in this chapter,
the following specific condition apply:

For the catalytic experiments, 50 mg of the powder catalyst (75-200 pm) were used and
diluted with 300 mg Al:O; consisting of particles in the same size fraction.

Prior to the reaction, the catalysts were reduced in-situ in flowing H, at 500°C for 10 h
(heating ramp 1 °C min'). After reduction, the reactor was cooled down to 200 °C in inert
gas atmosphere.

During the catalytic experiments, the total flow rates remained fixed at 50 mLx min™
with the following feed composition: H,/CO,/Ar = 4/1/5. The catalysts were tested between
200-400 °C in intervals of 50 °C. Each temperature was held for 42 min (corresponding to 7
runs on the pGC) during which the catalytic performance was monitored with an on-line

compact gas chromatograph (Global Analyser Solution) and the CO, conversion and
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selectivities were averaged over the last 24 min (= last 4 pGC runs). CO; conversion as well

as CHy yield and selectivity were determined according to the following equations:

X =1 CCOZ,out

cOo, — - ] _

Cco,0ut T CcH,out T Cco,out (C-3)
Y _ CCH4,out

CH, = » }

Cco,,0ut T CcHyout T Ccoout (C-4)
S = Yen,

CHy — : C-5

Xco, (C-5)

Pre-experiments confirmed the absence of any higher hydrocarbons.

As a reference, we used a micro kinetic model available in literature, which was imple-
mented in an isothermal 1D pseudo-homogenous reactor model, assuming ideal conditions,
e.g. no inter- or intraparticle diffusion limitations, such that only the mass balance (eq. C-
4) had to be solved numerically in Matlab (R2015a).

dny;

dm, ..t

T (C-6)

Choosing the reaction conditions according to our experimental conditions enabled a di-
rect comparison of the catalytic performance under identical conditions. To this end, the

rate expression of Koschany et al. * was employed without any alterations.

)
5 05 Pcu,Pu,0

. 10.5,0.5 A5 o

k P, Pco, (1 K

- 4
Pcog Pry freq
= P 2 (C'7)
H-0 5 .
<1+KOH po_s +KH2P%Q+[{mixpg%2>
Hp

Their kinetic parameters are given in Table C-2. It must be noted, though, that, prior to
the kinetic measurements, Koschany et al.*! aged their catalyst to avoid deactivation while
collecting data for the kinetics, whereas, we did not subject our samples to such an aging

procedure.

Table C-2  Applied kinetic parameters as determined by Koschany et al.?'.

Parameter Parameter
ko 3.46 * 10~* mol bar s 1g 1 Ay, 0.44 bar %5
E, 77.5 k] mol~! AHy, —6.2 k] mol™!
Aon 0.5 bar~05 Amix 0.88 bar~%°
AHgy 22.4 k] mol™! AH iy —10 k] mol™t
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C.4 Additional Characterization Results

1. X-ray diffractogram of 11 wt. %Ni-SmsOs after 5 hours of reduction

Intensity / Counts

I Crrrrrrr rreerrerreertr rerererern Smyo, (1a3)
L1 et erertr rerrrrrrerrreer rerrerrr Smy0,(32,3)
I I I [ | Nio
! ! . I ! . | . Ni
20 30 40 50 60 70 80 90
Diffraction angle 2 Theta (CuKa112) /°

Figure C-1 Diffractogram after reduction of 11 wt.% Ni-Sm2Os3; the possible reflection positions
of Sm20s (Ia3 and 12:3), Ni and NiO are given as tick marks below the pattern.
After five hours of reduction, the initially present peaks at 28.26°, 32.75° and 46.99°

2 Theta for the A-type samarium oxide (space group 12,3) are not present anymore.

2. Additional X-ray diffractograms of 4 wt.% Ni-Sm:O-IWI after reduction and after
reaction.

Figure C-2 shows the acquired X-ray diffraction pattern of 4 wt.% Ni-Sm,Oj3 catalyst after
reduction and after the time-on-stream experiment discussed in Chapter D.3. The results
from the Rietveld refinements are stated in Table C-3.

Note that the contributions of SmO(OH) probably stem from storing the catalyst at
ambient conditions for several months before they were analyzed. During this period it is

likely that Sm,Os reacted with H.O to form SmO(OH) (eq. (C-8)).
SmyO03+Hy0—2 SmO(OH) (C-8)

It is not expected that this phase is present during the catalytic experiments. Further-

more, due to the low mass of H,O the impact on the Rietveld results is small.
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Figure C-2 X-ray diffraction patterns for the 4 wt.% Ni-Sm203-IWI catalyst after reduction and
after reaction. Note that unlike the diffractograms presented in Chapter 5 the pat-
terns were recorded on a Stoe MP diffractometer equipped with Mo Ka: radiation.

Table C-3 Lattice parameters, crystallite size Lva(IB)and NiO loading as calculated by Rietveld
refinement for the 4 wt.% Ni-Sm20;-IWT catalyst after reduction and after reaction.

Phase Space group Share / wt.% Lattice parame- Ly (IB) / nm
ters/ pm

After reduction

C-type SmOs  Ia3 4041 a = 1096+1 10+1
A-type SmyOs 12,3 38+1 a = 1128+1 641
SmO,COs3 P63/mmc 11+1 a =394 +1 18+1
¢ = 1550 +1
SmO(OH) P121/ml 8+1 a = 436 1441
b = 377
c =615
Ni Fm3m 341 a = 349+1 641
After reaction (10 h at 400 °C, see Chapter D.3)
C-type SmOs  Ia3 4941 a = 1096+1 10+1
A-type SmyOs 12,3 3041 a = 1123+1 641
SmO,COs3 P63/mmc 10+1 a =394 +1 18+1
¢ = 1551 £1
SmO(OH) P121/ml 8+1 a = 436 1441
b = 377
c =615
Ni Fm3m 3+1 a = 35041 6+1
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8. Mercury intrusion porosimetry
To confirm the absence of macropores Hg intrusion measurements were exemplarily con-
ducted for the 64 wt.% Ni-Sm»Oj; system. The pores in the micrometer range are the in-
terparticle voids since a powder sample was used and can, therefore, not be attributed to the
catalyst itself. The mercury intrusion measurements confirm the pore size distribution in the

mesoporous range as determined by N physisorption measurements.

Pore size distribution
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Figure C-3 Pore diameter distribution as determined by Hg intrusion porosimetry. Catalyst:
64 wt.% Ni-Sm203
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C.5 Additional Catalytic Results

1. Determination of activation energies
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Figure C-4 Arrhenius plot for the derivation of the activation energies of the 11 wt.%, 39 wt.%
and 64 wt.% Ni-Sm203 catalysts. Conditions: T = 230-300°C, p = 1 bar,
Viotal = 50 mL min™', 4/1/5 H2/COz/Ar, me = 10 mg.

2. CO/CO, methanation

We, further, conducted simultaneous CO,/CO methanation measurements to evaluate
the influence of CO on the catalyst performance as well as to gain insights into the reaction
mechanism. Therefore, we adjusted our measurement procedure. The reactor was loaded
with 30 mg of 64 wt.% Ni-Sm»0Os. The feed composition was set to 4/1/1.5 Hy/C/Ar at
50 mL min™. During the experiment CO, was replaced stepwise by CO such that a constant
COx flow was maintained. The following CO,/CO ratios were set:
1/0 > 0.88/0.12 > 0.65/0.35 > 0.44/0.56 > 0.12/0.88 > 0/1 and vice versa. The tempera-
ture remained fixed at 300 °C. The product gas composition was monitored using a quadru-
pole mass spectrometer (HPR-30, Hiden Analytical) and Ar as reference flow to quantify

CO,, CO and CH,. The results are given in Figure C-5.
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Figure C-5 Simultaneous CO:z/CO methanation at 300 °C, catalyst: 64 wt.% Ni-Sm20s3 (30 mg),
feed: 4/1/1.5 H2/COx/Ar at 50 mL min™. Solid lines indicate the carbon feed compo-
sitions.

The carbon balance is close to 1 at all times. Starting from pure CO, methanation, CO,
was stepwise replaced in the feed with CO as indicated by the solid lines. Once the carbon
feed comnsisted only of CO, CO, partial pressure was increased at the expense of CO. As can
be easily seen, no deactivation or poisoning occurs after adding CO to the feed. In fact, the
methane yield (= carbon conversion) increases with higher CO share proving the high activ-
ity not only for CO, but also for CO methanation. The methane yield is maximized under
pure CO methanation conditions, whereas it is the lowest in pure CO, methanation condi-
tions. The steep decline in CH, in the first 1000 s can be attributed to the rapid deactivation
as has been discussed in Chapter 6. It is remarkable that CO conversion is under the present
reaction conditions over 90%, while the reverse water-gas shift reaction (RWGS) contributes
only little as indicated by the low CO. concentration in the product gas. Furthermore, judg-
ing from the conversion, CO is converted preferentially over CO;to methane. This indicates
that the activation barrier for CO activation is lower compared to the activation of COs,
which is in agreement with the literature. Kopyscinski et al.* found an activation energy
for CO methanation of 74.1 kJ mol! which is within the 72-78 kJ mol™ interval reported by
Gardner and Bartholomew!®. In opposition, we determined the activation energy for CO,
methanation at the applied catalyst to be 83.5 kJ mol!, which is in the reported range of
80-106 kJ mol™? for different Ni-Al,O; systems.*" 2™ ™ Inui et al.’'* suggest that the prefer-
ential methanation of CO under co methanation conditions results from a stronger adsorption

of CO on the surface. Tada and Kikuchi®® performed a meta study to gain mechanistic
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insights into the selective methanation of carbon monoxide and developed a mechanism
based on numerous literature findings. They assume that CO, adsorption takes place on the
support to form carbonates, whereas CO and H. adsorb on the Ni surface. After the dissoci-
ation of Hs, hydrogen either hydrogenates CO adsorbed on the metal or spills over to car-
bonates on the support to form formates. However, only the formates in close proximity to
the metal are subsequently decomposed to CO and further hydrogenated to methane. Un-
fortunately, the authors do not elaborate further on the steps involved in the hydrogenation
of CO, nor on the rate determining step (RDS). If the RDS is not the C-O bond cleavage of
the CO intermediate/educt or the conversion of the carbonates proceeds by formaldehyd and
methoxy species as suggested by Aldana et al., this mechanism can very well explain the
observed lower reaction rate of CO,, in line with the observations in Chapter 4.8.1 and 6.3.3.
While several studies assume that CO, conversion takes place once CO has been removed

d,** 3 our results point in the same direction, however, cannot fully confirm

from the fee
their findings, yet. We, thus, conclude, that the addition of CO to the feed at least signifi-
cantly retards CO, methanation. The exceptional performance for the simultaneous as well
as pure CO methanation proves the suitability of the investigated materials for other cata-

lytical applications such as syngas conversion or efficient CO removal.

C.6 Characterization of the Industrial Ni-Al2Os Catalyst

The following data were provided by the manufacturer and by Ronny Zimmermann (Max
Planck Institute for Dynamics of Complex Systems):
e Niloading: 9 wt.% determined by ICP-OES
e Mean pore diameter: 9.9 nm determined by mercury intrusion
e Porosity: 69% determined by mercury intrusion
e Specific surface area: 145 m? g' determined by N, physisorption
e Recommended reduction procedure: 400 °C for at least 8 h (temperature ramp:
20-40 °C min™) in 50% H, in N,

Additionally, we carried out XRD and H>-TPR measurements in-house following the pro-

cedures described in A.2 and C.2.

1. X-ray diffraction

The X-ray diffraction pattern of the industrial catalyst is shown in Figure C-6 and reveals
the presence of small crystallites and a rather poor crystallinity as indicated by the broad
and unresolved peaks as well as the low signal-to-noise ratio, respectively. The peak positions

match well with cubic NiO as well as y-AlOs.
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Figure C-6 X-ray diffraction pattern of the industrial Ni-Al:O3 catalyst.

2. Hy-temperature programmed reduction

Ho-TPR was measured analogous to the Ni-Sm»O; catalyst, except for the pre-treatment
duration and temperature, which was reduced to 2 h at 200 °C. The measured profile Figure
C-7) exhibits two pronounced reduction peaks, a sharp low temperature peak at 270 °C as
well as an additional broad peak between 380-800 °C. The former can be attributed to the
reduction of NiO to metallic Ni, whereas the high temperature peak indicates the presence
and reduction of an additional Ni oxide species. Although not clearly evidenced in the X-ray
diffraction pattern, the peak most likely corresponds to the reduction of the thermally stable

NiALO.
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Figure C-7 TPR profile of the industrial Ni-Al2O3 catalyst. Heating ramp 5 °C min™'. The samples
were pre-treated at 200 °C in He for 2 h prior to the reaction.
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D ADDITIONAL EXPERIMENTAL DETAILS AND RESULTS —
CHAPTER 6

D.1 Experimental Description - DRIFTS

To verify the proposed deactivation mechanism, Diffusive Reflectance Infrared Fourier-
Transformed Spectroscopy (DRIFTS) studies were conducted on a Varian-670 FT-IR spec-
trometer equipped with a liquid nitrogen cooled MCT detector and an IR cell in praying
mantis geometry (VC-DRM-5, Harrick). All spectra were recorded with a resolution of 4 cm
!in absorbance mode and the average of 128 scans (acquisition time: 78 sec) is reported.

As the cell could not achieve temperatures high enough for in-situ reduction, the samples
were pre-reduced in the catalytic set-up and stored in inert gas atmosphere before being
placed on the temperature-controlled sample holder in the IR cell. To remove any impurities
and air, the chamber was purged with He for 15 min, followed by an additional mild reduc-
tion step at 400 °C in 20 vol.% H, in He at a total flowrate of 100 mL min" for 30 min.
Subsequently, the catalyst was cooled down to the intended reaction temperature of 300 °C
and the background was recorded in H>-He atmosphere. Next, the sample was exposed to
the reactant mixture composed of 5 vol.% CO, 20 vol.% H, in He (total flowrate:
100 mL min') and a spectrum was recorded after 15 min. After which CO, was removed
from the feed stream, and the temporal evolution of the surface coverage in 20 vol.% H, in
He (total flowrate: 100 mL min') was tracked by collecting spectra after 5, 10, 20, 60, 90
and 120 min. Finally, the catalyst was exposed to the initial reactant mixture again and a

spectrum was recorded after 5 min.

D.2 Influence of Ni loading

The stability of selected Ni-Sm»O; catalysts with Ni loadings of 4, 11, 37 and 64 wt.% Ni
was tested at 300 °C. Figure D-1 illustrates the deactivation profile over time for the inves-
tigated Ni-SmoOs catalysts under the standard reaction conditions. All catalysts exhibit a
significant drop in conversion at 300 °C over 600 min. However, after applying a subsequent
re-reduction step in pure Hs at 490 °C (hydrogen bracketing technique), the initial conversion
level can be completely restored. The selectivity remains unchanged over the measurement
period. Deactivation is independent of the catalyst used, as they all loose about 14% (rel.)
of activity over the measurement period, thus, structural changes are unlikely due to the
differing morphology of the catalysts. This point is further strengthened by the reversibility

of the deactivation as sintering or structural changes are usually irreversible.
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Figure D-1 Time-on-stream experiments with various Ni-Sm203 catalysts and the Ni-Al:O3 refer-
ence catalyst. Conditions: T = 300 °C, p = 1 bar, Vigq= 50 mL min! composed of
4/1/5 H2/CO2/Ar, meat = 50 mg. Catalyst regeneration has been performed at 490 °C
in pure H:2 for 4 h. The square denotes the CO:2 conversion after the regeneration
procedure and under identical reaction conditions.

D.3 Influence of Preparation Method

To understand how the preparation method influences the catalyst stability, we performed
four successive runs at 400 °C over the 4 wt.% Ni-Sm»O3 xerogel and impregnated catalyst.
After each run the catalyst was regenerated at 490 °C in pure H, for 10 h and subsequently
exposed to the initial reaction conditions. The results are shown in Figure D-2. For a better
comparison, we normalized the data to the initial activity measured in the first run. As
becomes immediately obvious, the impregnated catalyst suffers from a more severe and pro-
gressive deactivation as the initial activity cannot be restored by the regeneration procedure,
whereas even in the fourth run, the activity of the xerogel catalyst is still very similar to the
first run. We characterized the catalyst after the extended experiments by XRD and N,
physisorption to check for indications of sintering, however, found no significant crystallite
growth or decrease in surface area for either catalyst (Table D-1). At the current state, the
origin for the more pronounced deactivation is still unclear; however, poisoning due to car-

bonates is expected to be the governing deactivation phenomena.
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Table D-1

100 200 300 400 500 600
Time / min

Repetitive time-on-stream experiments for the 4 wt.% Ni-Sm20;: xerogel (XG) and
4 wt.% Ni-Sm203 impregnated catalyst (IWI). After each run the catalyst was regen-
erated at 490 C for 10 h in Ha. Conditions: T = 400 °C, p = 1 bar, Viga= 50 mL min-
! composed of 4/1/5 H2/CO2/Ar, mew = 50 mg. For a better visibility only the first
and the fourth run of the xerogel catalyst are shown. Run 2 and 3 do not deviate

significantly.

Comparison of the structural properties - Ni crystallite size (determined by XRD)
and specific surface area (determined by N2 physisorption) - for the 4 wt.% Ni-Sm203
xerogel catalyst and the 4 wt.% Ni-Sm203 impregnated catalyst as-synthesized, after
reduction and after reaction.

Xerogel catalyst Impregnated catalyst

Crystallite sizes...

as-synthesized (NiO) / nm 14 £1 7+1

after reduction (Ni) / nm 9 +1 6 +1

after reaction (Ni) / nm 742 6 +1
Specific surface area...

as-synthesized / m?* g 28 27

after reaction / m* g 25 28

The corresponding X-ray diffraction pattern of the impregnated catalyst are shown in

Figure C-2.
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D.4 Additional Characterizations by XRD

The X-ray diffraction pattern of the 33 wt.% Ni-Sm»Os; catalyst after reduction and after

the time-on-stream experiment is shown in Figure D-3.

after reduction

Intensity / Counts

after reaction

5 10 15 20 25 30 35 40 45 50
Diffraction angle 2 Theta (MoKa1) /°

Figure D-3 X-ray diffraction patterns for 33 wt.% Ni-Sm20s xerogel catalyst after reduction and
after reaction. Note that unlike the diffractograms presented in Chapter 5 the pat-
terns were recorded on a Stoe MP diffractometer equipped with Mo Ka: radiation.

D.5 Additional Catalytic Results

An additional experiment was performed at 490 °C comprised of three subsequent time-
on-stream experiments with varying H,/CO; ratio (Figure D-4). We chose 490 °C as reaction
temperature for two reasons. For one, it marked the harshest conditions to test the sinter
stability of the catalyst. Secondly, as it is also the regeneration temperature, the idea was to
prevent the formation of thermally stable carbonates and/or regenerate the catalyst in-op-
erando. To this end, we exposed the catalyst to strongly over- as well as under-stochiometric
H,/COs, feed ratios, apart from the stochiometric 4/1 ratio.

After reduction, the catalyst was first exposed to a stochiometric H,/CO, ratio for about
600 min (red trace). Subsequently, the catalyst was regenerated at 490 °C for 10 h. At the
start of the second run, a stochiometric feed was supplied again for 30 min to check for
irreversible effects, before the H,/CO, ratio was decreased to 1.3/1 for about 500 min (yellow
trace). At the end of the run, the feed gas was switched back to the stochiometric ratio for
~30 min again. Subsequently, the catalyst was regenerated, followed by run 3 which was

conducted analogously but with an over-stochiometric H,/CO, ratios (blue trace). To ensure

154



D Additional Experimental Details and Results — Chapter 6

that no irreversible effects occurred, the catalyst was regenerated one last time and subse-
quently exposed to the stochiometric H»/CO, ratio for 30 min again.

While the experiment confirms the high sinter stability of the catalyst, an in-operando
regeneration by supplying additional H, to regenerate oxygen vacancies is not possible as the
final activity is independent of the H, supply. This contrasts with the observations made in

Figure 6-2 and points towards a temperature-dependent H. dependence of the deactivation

rate.
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Figure D-4 COa2 conversion vs. time for repetitive time-on-stream experiments at 490 °C and
different H2/CO: ratios; Reaction conditions: pressure 1 bar, flow rate 50 mL min™,
CO: flow rate 5 mL min?, Ar used as balance, 8 mg catalyst. Note that at the start
and at the end, the H:/CO: ratio was set to 4/1.
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E TIME-ON-STREAM BEHAVIOR UNDER TRANSIENT REAC-
TION CONDITIONS

At this point, we do not aim to fully elucidate the effect of transient conditions on the
catalyst, but rather aim at demonstrating the ability of the Ni-Sm»Oj; catalyst to react flex-
ibly to changing H,/CO, ratios while transient reaction temperatures are problematic. Ad-
ditionally, we investigated if the catalyst stability can be improved by frequent short-term

regeneration steps.

E.1 Catalysts and Reaction Conditions

If transient reaction conditions are to be studied, they need to be carefully defined not
only in regard to the reaction conditions but also to the time scale. Apart from the scope of
the study, the latter depends on the characteristics of the experimental set-up, i.e. the resi-
dence time distribution (RTD). When the reaction conditions are changed stepwise, the RTD
needs to be sufficiently short in relation to the step width. In pre-experiments the delay

between mass flow controller and analytics was determined to be 160 s. (see appendix A.1).

For the following experiments, we focused on the influence of a step-wise change of the
H,/CO, ratio and the reaction temperature. As in Chapter 6, the xerogel catalyst with
33 wt.% Ni is applied for all experiments. The experimental conditions for the transient
experiments were chosen to reflect realistic process conditions, and when averaged equal the
conditions of the steady-state reference experiment. As inlet temperature 300 °C was chosen,
while the hot-spot temperature was assumed to be 450 °C, which is a reasonable guess for a
reactor with high thermal control.*”® Specifically, the reaction conditions were defined
for the transient Hy/CO; ratio experiments as:

e H,/COs 1.3/1-4/1-6.7/1 with Ar as balance gas such that a constant total flow
rate of 50 mL min! was achieved,
e temperature: 400 °C, and
e step time: 18 min (= 3 runs on the pGC).
for the transient temperature experiments as:
e H,/COy/Ar: 4/1/5 at a total flowrate of 50 mL min™,
e temperature: (cycle 1) 300 °C — 375 °C — 450 °C — (cycle 2) 300 °C - ...,
e step time: 30 min, with a

e ramp time between steps of 5 min.

156



E Time-on-Stream Behavior under Transient Reaction Conditions

E.2 Catalytic Results | - Stepwise Hz2 Supply @400°C

The effect of a stepwise Ho supply (4/1 -> 6.7/1 -> 1.3/1 -> 4/1 ->...) at 400 °C is shown
in Figure E-1 (yellow). For reference purposes, an additional three runs under stationary
feed compositions with the same H,/CO, ratios as during the step experiment were conducted
(blue traces: 6.7/1 Ho/COy; red traces: 4/1; green traces: 1.3/1). No significant effects of a
stepwise changing H. supply is observed. In fact, the methane yield almost perfectly switches
between the different yield levels measured in the stationary experiments. Note that the first
measurement of the 6.7/1 H,/CO, ratio during the step experiments is off, due to bad timing

of the pGC run which injected when the set-up was still in the transient regime.
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Figure E-1 Influence of a stepwise changing H> supply on the methane yield over time and in
comparison to steady-state experiments with different H2/CO: ratios. Reaction con-
ditions: T = 400 °C, p = 1 bar, Vis. = 50 mL min? with 5 mL min! COa, Ar as bal-
ance, met = 40 mg. Step feed in the order: 4/1 -> 6.7/1 -> 1.3/1 -> 4/1 ->..
H>/COa. Each step is held for 18 min.

E.3 Catalytic Results Il - Transient Temperatures

In two experiments the impact of a transient reaction temperature was investigated. Usually,
such a situation is not encountered during most steady-state operations; yet, when the hy-
drogen supply suddenly changes in a polytropic reactor, it affects the conversion and tem-
perature profile in the reactor as a result of the exothermicity of the reaction. This situation
was mimicked by modulating the reaction temperature between three temperatures (300,
375 and 450 °C), while ramping up/cooling down quickly (5 min) in between the individual

steps. In total, four such cycles were performed and compared with an additionally performed
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steady-state experiment at the mean reaction temperature of the cyclic experiment (375 °C)
over a fresh catalyst (Figure E-2). During steady-state operation, the catalyst looses about
~17% (rel.) of its initial activity, which is, in line with the observations in Chapter 6.3.2. In
comparison, the deactivation is accelerated when the reaction temperature is not constant
over time-on-stream. In fact, the difference in CO, conversion between the steady-state and
the cyclic temperature modulating experiment increases with increasing cycle number, alt-
hough the average reaction temperature is the same for the cyclic and steady-state operation,
suggesting that transients lead to irreversible catalyst deactivation. This can be reasoned
with the temperature dependence of catalyst poisoning by carbonate formation as shown in
Figure 6-3, which is more severe at low temperatures. Consequently, conditions which lead

to lower reaction temperatures should be avoided from a catalyst stability perspective.
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Figure E-2 (red traces) Temperature modulation experiment, (blue traces) steady-state experi-
ment at 375 °C. Conditions: pressure 1 bar, H2/CO2/Ar 4/1/5 at a total flow rate of
50 mL min?, 8 mg catalyst (33 wt.% Ni-Sm20:) Note that instead of the pGC, the
NDIR was used to detect CO2, CO and CHau.

E.4 Catalytic Results Ill - Periodic Regeneration Experiments — Inter-
mittent CO2 Supply

As the catalyst could be regenerated by applying a regeneration step after 600 min, we
checked if periodic regeneration steps but for a short term only (12 min) can significantly
improve the stability. To this end, we performed two additional experiments at 490 °C (Fig-

ure E-3). For the periodic regeneration experiment, CO, was removed from the feed every
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30 min for a duration of 12 min. By applying such a periodic regeneration step, the activity
can be maintained at a higher lever; however, 12 min are not sufficient to restore the initial
activity level again. Ultimately, the decision on the regeneration period and frequency will

be an economic one which will aim at maximizing the methane yield in a given time period.
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Figure E-3 Effect of an intermittent CO:2 supply on the catalyst stability. Conditions:

T = 490 °C, p = 1 bar, Vi = 50 mL min? composed of 5 mL min? CO: and
20 mL min? Hzin Ar, me: = 4 mg.
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F ADDITIONAL EXPERIMENTAL DETAILS — CHAPTER 7

F.1 Synthesis procedures

For a typical batch of 0.5 g Sm»O3 the following amounts of precursor and additives were

used:

1.27 g of Sm(NOs3);s - 6H.0 (99%, Chempur) were dissolved in 5.7 mL ethanol (p.a.,
Sigma Aldrich) in a glass vial.
For the screening of different additives, 0.01 g of an additive, either:

o PEGS8000: polyethylene glycol, MW=8000 g mol,

o PEO100K: polyethylene oxide, MW=100,000 g mol",

o PEO600K: polyethylene oxide, MW=600,000 g mol?,

o PEOIM: polyethylene oxide, MW=1,000,000 g mol?, or

o Pluronic P123, MW=5800 mol g
and 1 mL of deion. water were added and stirred until fully dissolved. For the
concentration series with PEGS8000, either 0.001, 0.005, 0.01, 0.05 or 0.1 g were
added. The amount of deion. water remained fixed at 1 mL.
0.55 g citric acid (anhydrous, 99.5%, Roth) were added and dissolved under rapid

stirring. (standard solution)

For the synthesis at ambient conditions the next steps were as follows:

2.21 mL of propylene oxide (99.5%, Sigma Aldrich) were added to the standard
solution and the solution was stirred vigorously for a few seconds before the stir
bar was removed.

Gelation occurred within a few seconds and an opaque white-yellowish monolith

formed. A few cracks formed.

For the synthesis in the ice bath:

160

An ice bath was prepared by mixing ice and natrium chloride in the ratio 3 to 1
(-18 °C).

The standard solution was allowed to cool down for about 5 min.

2.21 mL of propylene oxide were added to the cooled standard solution and the
solution was stirred vigorously for a few seconds and the stir bar was removed.
Gelation occurred within several hours and resulted in a crack-free monolithic gel

with an opaque white-yellowish appearance.
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Processing of the wet gel was performed in the identical manner.

o The wet gels were allowed to age undisturbed for 24 h.

e Three solvent exchanges in hexane (99%, ACROS Organics) were performed by
decanting the old solvent and replacing it such that the gel surface was covered
with a solvent layer of about 2-3 mm in thickness.

e The gels were dried at ambient conditions in the fume hood for at least 5 days
before being transferred into crucibles for calcination.

e The dried gels were calcined in a muffle furnace at 600 °C for 4 hours in air. The

temperature was ramped up 1 °C min™.

F.2 Structural Characterizations

Scanning Electron Microscopy. SEM images were acquired on a SUPRA 40 (Zeiss, Ger-
many) operated at 10.0 kV acceleration voltage, 300 pA probe current and 4 mm working
distance to gain insights into the catalyst microstructure. For the sample preparation, con-
ductive double-sided carbon tape was placed on a microscope holder and dipped into the
Sm20; powder. A gold layer was sputtered on the sample prior to acquiring the images in

order to increase conduction.
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NOTATION

Symbol Description Unit
Roman

Qrel relative activity -

CCHd out CHy concentration in the effluent gas stream vol. %
CCO.out CO concentration in the effluent gas stream vol. %
Cco2 CO» concentration mol m™
Cco20ut CO; concentration in the effluent gas stream vol. %
eat catalyst particle diameter m, pm
D Ni dispersion -

DEQ’; effective binary diffusion coefficient of CO,in H. m? s

E4 Activation energy kJ mol!
Meat catalyst mass g

M molar mass of Ni g mol™
N number of

Na Avogadro constant mol!
Ny amount of adsorbed Ho mol

n; molar flow rate of specie j mol s

D pressure Pa, bar
Do reference pressure Pa

el measured reaction rate mol s gea
i reaction rate of specie j mol min™ g’
Scha CH, selectivity %

Scrao CH, selectivity at t = 0 min %

Sxi Ni surface area m? g

T temperature °C

t time s, min, h
Tisttig Hiittig temperature °C

Tonete melting temperature °C
Tramman Tamman temperature °C

Veotal total volumetric flow rate mL min!
w Ni loading wt.%
Xeoz CO; conversion %
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continued from previous page

Symbol Description Unit
Xco2o CO, conversion at t = 0 min %
Yens CH, yield %

z stochiometric adsorption factor -
Greek

AR Gaggk Gibbs free energy at 298.15 K kJ mol™*
AR Hagsi reaction enthalpy at 298.15 K kJ mol™
Aw shift in Raman frequency cm™
Vj stochiometric coefficient of specie j -
Ocat catalyst density kg m?
ONi number of Ni atoms per unit area m?
T residence time s
Abbreviations

nGC compact gas chromatograph

AAS atomic absorption spectroscopy

BET Brunauer-Emmet-Teller method

BJH Barret-Joyner-Halenda method

CA citric acid

DRIFTS diffuse reflectance infrared fourier-transform spectroscopy
EDX energy dispersive X-ray spectroscopy

EVD equal-valence dopant

HVD high-valence dopant

IWI incipient wetness impregnation

LVD low-valence dopant

MS mass spectrometry

NDIR nondispersive infrared detector

OCM oxidative coupling of methane

PEG polyethylene glycol

PEO polyethylene oxide

PO propylene oxide

REO rare earth metal oxide

SDA structure-directing agent

SEM scanning electron spectroscopy

continued on next page

163



Notation

continued from previous page

Symbol Description Unit
SSA specific surface area

SSITKA Steady State Isotopic Transient Kinetic Analysis
STEM scanning transmission election microscopy

TCD thermal conductivity detector

TEM transmission electron microscopy

TGA thermal gravimetric analysis

TOF turnover frequency

TPD temperature-programmed desorption

TPR temperature-programmed reduction

WHSV weight hourly space velocity

WP Weisz-Prater modulus

XG xerogel

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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