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Abstract

CO, methanation plays a central role in the power-to-gas (PTG) concept, which is an efficient
technology for renewable energy storage. High standards have been defined for synthetic natural
gas (SNGQG) to be fed into the natural gas grid. In order to meet these standard, namely a high
conversion and product gas purity, highly selective and active catalysts have to be applied. In this
context, supported Ni is of great interest due to its price, availability and high CHy4 selectivity.
However, these catalysts are prone to deactivation under severe conditions typically present
at high conversions, leading to a decrease in SNG quality. Therefore, thermostable catalyst
systems have to be developed, which necessitates the knowledge of governing deactivation phe-
nomena. With regard to CO, methanation, however, detailed deactivation studies are lacking.
In this work, the deactivation of Ni-Al catalysts in CO, methanation is systematically inves-
tigated. Both a detailed characterization study as well as a kinetic description of deactivation
are presented. In this context, also the interaction of the reactants CO, and H; with the catalyst
is studied. Moreover, the chemisorption of N>O for metallic Ni surface area determination is
evaluated. The results are summarized in four chapters.

In the first chapter, the structure of the catalyst samples is studied by XRD and N, phy-
sisorption. The reduction behavior is investigated by means of TPR measurements in a TG-
MS setup. Ni-Al catalysts of varying Ni loadings are synthesized via co-precipitation of the
corresponding metal nitrate solutions at a constant pH 9 and 303 K followed by calcination in
synthetic air. For reference purposes, NiO and NiAl,Oy4 are synthesized in the same way. Also
incipient wetness impregnation of y-Al,O3 with a Ni nitrate solution is applied for catalyst
synthesis. XRD analysis reveals that the precursors after precipitation consist of mixed basic
carbonates. The carbonate structure depends on the Ni content in the precursor. A takovite-
like structure is observed in the sample with a Ni/Al molar ratio of 3/1. Calcination of the
precipitated precursors at 723 K leads to the formation of Ni-Al mixed oxides with varying
structure depending in the Ni content. Bunsenite and y-Al,O3 are the only observable crys-
talline phases in impregnated samples after calcination independent from the Ni loading. N,
physisorption measurements indicate mesoporosity of all samples with the porosity of NiO
and NiAl,O4 being significantly lower as compared to the other samples. Multiple Ni species
in all samples are observed by TPR. Precipitated catalysts exhibit at least two Ni species of
varying crystallinity. The reducibility of these species decreases with rising Al content and

calcination temperature. TPR reveals multiple, partly amorphous Ni species and strong-metal



support interactions in impregnated samples, hampering the reducibility in comparison to pure
NiO.

The second chapter presents a characterization study of the active Ni phase and its surface
area by means of H,-TPD, pulsed and static H, chemisorption as well as N,O chemisorption.
H,-TPD from 84 - 753 K is capable of completely characterizing the H, interaction with Ni-Al
catalysts. Varying adsorption and pre-treatment conditions significantly affect the desorption
pattern and imply reversible morphologic changes as well as a restructuring of the adsorbed
hydrogen layer. Additionally, spillover effects and multiple overlapping desorption signals im-
pede the calculation of the exposed Ni surface area. In contrast to this, pulsed Hy adsorption
leads to results which are in good agreement with static Hy chemisorption and therefore can
be applied for Ni surface area determination. N»O chemisorption follows a three step process,
comprising fast decomposition and oxygen uptake, oxide layer growth and subsequent layer
thickening due to subsurface and bulk oxidation. Suppression of subsurface/bulk oxidation is
achievable at temperatures between 190 and 195 K for Ni-Al systems and at temperatures within
the range from 265 - 285 K for NiO. The ratio of oxygen atoms on the surface and the number
of Ni surface atoms (O/Nig) is 0.38 +0.07 in the first and 0.96 £ 0.05 in the latter case. Those
conditions can be applied for Ni surface area determination. The extent of Ni subsurface/bulk
oxidation does not change upon switching from N, O adsorption in a continuous flow to titration.
In the third chapter, selected samples were aged for 165h at 8 bar and 523, 573 as well as
623 K under hydrothermal conditions. Periodic activity measurements under kinetically con-
trolled conditions allowed for following the deactivation process with time on stream (TOS).
Fresh and deactivated samples are characterized by means of XRD, XPS, H,-TPD, CO,-TPD,
pulsed H, and CO, chemisorption, N, physisorption and FT-IR measurements. All samples
investigated exhibit a severe activity loss within the first 25 h on stream. Thereby, the stability of
Ni-Al mixed oxide catalysts increases with decreasing Ni loading at the expense of the activity.
The stability of an impregnated system is lower as compared to a Ni-Al mixed oxide catalyst
with a similar initial Ni surface area. Characterization results indicate that a loss of active Ni
surface area and the BET surface area are predominant deactivation mechanisms in impregnated
catalysts. A loss of medium basic sites, a reduction of CO, adsorption capacity and structural
changes are additional deactivation phenomena for precipitated Ni-Al mixed oxide systems.
Carbon formation has a negligible influence on deactivation under the experimental conditions
applied. Structure-activity correlations indicate a complex interplay of governing deactivation
mechanisms but also support structure sensitivity. The kind of active sites seems to remain
unchanged upon aging but the site density decreases.

The fourth chapter presents a detailed investigation of the CO, interaction with the Ni-Al
catalysts synthesized. For this, FT-IR and CO,-TPD are applied next to pulsed and static CO,
chemisorption. Results show that carbonates are formed upon CO, adsorption under flow close
to room temperature. Under static adsorption conditions, additional Ni-CO species are formed.
The binding strength of the carbonates to the catalyst surface increases in the order bicar-

bonate < bidentate carbonate < monodentate carbonate < bridged/"organic"-like species. Weak
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basic sites in precipitated samples forming bicarbonate decline with rising Ni content, whereas
medium and strong basic sites forming bidentate, monodentate and bridged/”organic”-like
species increase. The Ni loading only has a minor influence on the catalyst basicity of impreg-
nated systems. A high density of weak basic sites is observed in these systems. A more complete
characterization of the CO, interaction with Ni-Al catalysts is obtained when conducting TPD
measurements within the range from 218 -753 K. The CO, uptake determined from pulsed
adsorption and subsequent TPD, respectively, is significantly lower than results obtained from
static CO, chemisorption.
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Kurzzusammenfassung

Die CO,-Methanisierung spielt eine zentrale Rolle im Power-to-gas (PTG) Prozess, einem
effizienten Speicherkonzept fiir erneuerbare Energien. Dabei gelten hohe Anspriiche an die
Qualitit des erzeugten CHy, um es in das Erdgasnetz einspeisen zu konnen. Um die geforderten
hohen Umsitze und Produktgasreinheiten zu gewdhrleisten, miissen sehr selektive und ak-
tive Katalysatorsysteme eingesetzt werden. Aufgrund ihrer Wirtschaftlichkeit und hohen CHy-
Selektivitit kommt dabei getrigerten Nickelkatalysatoren grofe Bedeutung zu. Allerdings
kommt es bei solchen Systemen unter harschen Reaktonsbedingungen, wie sie typischerweise
bei hohen Umsitzen auftreten, zu schneller Desaktivierung, wodurch die Anforderungen an die
Produktgasreinheit nicht mehr erfiillt werden konnen. Deshalb ist die Entwicklung von stabilen
und robusten Katalysatoren unabdingbar und setzt ein breites Verstdndnis iiber vorherrschende
Desaktivierungsmechanismen voraus. Allerdings gibt es bisher nur wenige detaillierte Studien
zur Katalysatordesaktivierung bei der CO,-Methanisierung. In dieser Arbeit wird daher die
Desaktivierung von Ni-Al-Katalysatoren in der CO,-Methanisierung systematisch untersucht.
Dabei wird neben einer detaillierten Charakterisierungsstudie auch ein Modell zur kinetischen
Beschreibung des Desaktivierungsverhaltens abgeleitet. In diesem Zusammenhang wird auch
die Wechselwirkung der beiden Reaktanden, CO, und H,, mit den Katalysatoren untersucht.
Dartiber hinaus wird die Eignung der N,O-Chemisorption zur Bestimmung der Nickelober-
flache bewertet. Die Ergebnisse sind in vier Kapiteln zusammengefasst.

Im ersten Kapitel wird die Struktur der eingesetzten Katalysatorsysteme mittels XRD und
N,-Physisorption untersucht. TPR-Messungen geben Aufschluss iiber das Reduktionsverhal-
ten der Katalysatoren. Die Synthese von Ni-Al-Katalysatoren erfolgt iiber Ko-Fillung der
entsprechenden Metallnitrate bei einem konstantem pH-Wert von 9 und 303 K sowie nach-
folgender Kalzinierung in synthetischer Luft. Auf gleiche Weise wurden NiO und NiAl,Oy4
als Referenzmaterialien hergestellt. Getrigerte Nickelsysteme werden auch iiber Kapillarim-
priagnierung von y-Al, O3 mit einer Nickelnitrat-Losung synthetisiert. Die XRD-Analyse zeigt,
dass das Fillungsprodukt aus Mischcarbonaten besteht. Die Carbonatstruktur hingt dabei
vom Nickelanteil ab. Eine takovitartige Struktur liegt im System mit einem molaren Ni/Al-
Verhiltnis von 3/1 vor. Kalzinierung bei 723 K fiihrt zur Bildung von Ni-Al-Mischoxiden,
wobei auch die Oxidstruktur vom Ni/Al-Verhiltnis im Katalysator abhéngt. In imprignierten
Systemen sind Bunsenit und y-Al,O3 die einzigen, iiber XRD detektierbaren, kristallinen

Phasen nach dem Kalzinieren, unabhéngig von der Nickelbeladung. Samtliche Proben weisen
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Mesoporen auf, wobei die Porositdt von NiO und NiAl,O,4 deutlich unter den entsprechenden
Werten der restlichen Proben liegt. TPR-Messungen belegen das Vorhandensein von mindestens
zwei Spezies unterschiedlicher Kristallinitit in geféllten Systemen. Die Reduzierbarkeit dieser
Spezies nimmt mit zunehmendem Aluminiumgehalt und steigender Kalziniertemperatur ab.
Auch in imprégnierten Systemen deuten TPR-Ergebnisse auf mehrere, teilweise amorphe, Ni-
Spezies sowie starken Metall-Triager-Wechselwirkungen, welche die Reduzierbarkeit dieser
Katalysatorsysteme deutlich verringern im Vergleich zu reinem NiO.

Im zweiten Kapitel wird die aktive Nickelphase sowie ihre Oberfldche mittels H,-TPD, gepul-
ster und statischer H,-Chemisorption sowie NoO-Chemisorption charakterisiert. H,-TPD von
84 bis 753 K ermdglicht die vollstandige Beschreibung der Hy-Wechselwirkung mit Ni-Al-
Katalysatoren. Anderungen der Adsorptionsbedingungen sowie der Katalysatorvorbehandlung
haben dabei signifikanten Einfluss auf das resultierende Desorptionsspektrum und deuten auf
reversible morphologische Anderungen der Nickeloberfliche und auf eine Restrukturierung
der adsorbierten Wasserstoffschicht. Zusitzlich erschweren auch Spillover-Effekte und sich
iberlagernde Desorptionssignale die quantitative Bestimmung der exponierten Nickelober-
fliche. Im Gegensatz dazu fiihrt die gepulste H,-Chemisorption zu Ergebnissen in guter Uber-
einstimmung mit denen der statischen Hy-Chemisorption und kann folglich fiir die Bestim-
mung der Nickeloberfliche angewendet werden. Die N,O-Chemisorption folgt einem Drei-
Stufen-Prozess, bestehend aus einer schnellen Zersetzung bzw. Sauerstoffaufnahme, Wachs-
tum der Oxidschicht sowie nachfolgender Subsurface- und Bulk-Oxidation. Die Unterdriick-
ung von Subsurface/Bulk-Oxidation von Ni-Al-Systemen ist bei Temperaturen zwischen 190
und 195 K moglich, wohingegen bei NiO dies schon bei Temperaturen zwischen 265 und
285K der Fall ist. Das Verhiltnis der adsorbierten Sauerstoffatome zur Anzahl der Nick-
eloberflichenatome (O/Nig) ist 0.38 - 0.07 im ersteren und 0.96 = 0.05 im letzteren Fall. Diese
Bedingungen konnen fiir die Bestimmung der Nickeloberfliche eingesetzt werden. Der N, O-
Adsorptionsmodus (Adsorption im Gasfluss oder iiber Titration) hat keinen Einfluss auf das
Ausmal an Subsurface/Bulk-Oxidation.

Im dritten Beitrag werden ausgewihlte Proben fiir 165h bei 523, 573 und 623 K unter hy-
drothermalen Bedingungen gealtert. Periodische Aktivititsmessungen unter kinetisch kontrol-
lierten Bedingungen ermoglichen die Nachverfolgung der Desaktivierung mit der Standzeit der
Katalysatoren. Frische und gealterte Proben werden mittels XRD, XPS, H,-TPD, CO,-TPD,
gepulste Hy- und CO,-Chemisorption sowie N,-Physisorptions- und FT-IR-Messungen charak-
terisiert. Alle Proben zeigen einen deutlichen Aktivititsverlust innerhalb der ersten 25 h. Die
Stabilitdt von Ni-Al-Mischoxid-Katalysatoren steigt mit abnehmendem Nickelgehalt zu Lasten
der Katalysatoraktivitit. Die Stabilitét eines imprédgnierten Systems ist niedriger im Vergleich zu
einem Mischoxid mit einer dhnlichen anfanglichen Nickeloberfliche. Charakterisierungsergeb-
nisse zeigen, dass der Verlust an aktiver Nickel- und BET-Oberfliche dominierende Desak-
tivierungsmechanismen in impréagnierten Ni-Al-Systemen sind. Zusitzlich tragen ein Verlust
an mittelstarken basischen Zentren und eine Abnahme an CO,-Adsorptionskapazitit zur Desak-

tivierung von Ni-Al-Mischoxid-Katalysatoren bei. Dabei treten auch strukturellen Anderungen



auf. Der Beitrag von Kohlenstoffablagerungen zur Desaktivierung ist unter den angewendeten
Bedingungen vernachlédssigbar. Die Analyse von Struktur-Aktivitits-Beziehungen deutet auf
ein komplexes Zusammenspiel mehrerer Desaktivierungsmechanismen und/oder Struktursensi-
tivitdt. Die Art der aktiven Zentren bleibt unveréndert. Deren Dichte nimmt jedoch ab.

Im vierten Kapitel wird die Wechselwirkung von CO, mit Ni-Al-Katalysatoren detailliert un-
tersucht. Hierzu werden neben der gepulsten und statischen CO,-Chemisorption auch FT-IR-
und CO,-TPD-Messungen eingesetzt. Die Ergebnisse zeigen, dass durch die CO,-Adsorption
nahe Raumtemperatur im Fluss Carbonate auf der Katalysatoroberfliche gebildet werden. Unter
statischen Adsorptionsbedingungen werden zusétzlich Ni-CO-Spezies gebildet. Die Bindungs-
stirke der gebildeten Carbonate zur Oberfldche nehmen in der Reihenfolge Bicarbonat < biden-
tates Carbonat < monodentates Carbonat < gebriickte Carbonatspezies zu. In Ni-Al-Mischoxid-
Katalysatoren nehmen schwach basische Zentren, die zur Ausbildung von Bicarbonat fiihren,
mit zunehmendem Nickelgehalt ab. Mittel und stark basische Zentren, die bidentates und mo-
nodentates Carbonat sowie verbriickte Carbonatspezies bilden, nehmen dagegen zu. Nur ein
schwacher Einfluss der Nickelbeladung auf die Basizitdt von imprignierten Systemen wird
beobachtet. In diesen Systemen ist die Dichte an schwach basischen Zentren am hochsten.
CO,-TPD im Temperaturbereich von 218-753 K ergibt ein vollstindigeres Bild der CO,-
Wechselwirkung mit Ni-Al-Katalysatoren. Berechnete Werte fiir die CO;-Aufnahme basierend
auf gepulster CO,-Chemisorption bzw. nachfolgender TPD liegen deutlich unter entsprechen-

den Ergebnissen der statischen CO,-Chemisorption.
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1 Introduction

1.1 Motivation

Melting polar ice, rising sea level, droughts and extreme weather phenomena - these are the
effects of the climate change which cannot be denied. Although there is natural warming,
anthropogenic contributions to global warming are significant. In 2017, human-induced global
warming reached 1 °C above the pre-industrial level and is assumed to further increases at a rate
of 0.2°C per decade [1]. In December 2015, 195 countries adopted the Paris Agreement and
agreed on the attempt to limit further warming to 1.5 °C but to hold global warming by all means
below 2 °C [2]. For meeting this ambiguous target, CO, emissions have to be reduced to 25 -
30Gt y_1 in 2030 and net CO; emissions should reach zero by the end of 2050 [1, 3]. Against
the background of a rising world population and energy demand within the next decades,
however, this is a challenging task. Strategies to limit global warming include electrification and
simultaneous carbon intensity reduction of electricity, the usage of H, and biogenic feedstock
as well as CO; capture storage and utilization [3-5]. In this context, the development and access
to an efficient renewable energy supply are essential [5].

In the context of energy transition and energy supply from renewables, Germany wants to set an
example and passed a law (EEG) in 2014 with the aim to increase the contribution of renewable
energy to 80 % of the gross electricity consumption by 2050 [6]. Energy production from renew-
able resources in Germany has been rising continuously within the last decade and increased
significantly from 162.5 TW h in 2014, when the EEG was introduced, to 216.4 TW h in 2017
(Figure 1.1A) [7]. A major drawback of the energy production from renewables, however, is the
fluctuating supply due to the dependence on weather and seasonal conditions. For example,
solar energy production is increased during the summer when most sunny hours per year
occur (Figure 1.1B). This is a big challenge for power suppliers, who have to compensate for
fluctuations in order to keep the power grid stable. This implies that conventional power plants
have to be operated dynamically and brought online when power generation from renewables
decreases or have to be shut down during windy and sunny days. An dynamic operation mode of
conventional power plants, however, is often difficult to achieve or even impossible. Moreover,
distribution problems can arise, especially in the case of Germany, where the highest percentage

of renewable energy is produced in the North, whereas some of the largest energy consumers
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Figure 1.1: (A) Energy production from renewable resources in Germany (data taken from [7]); (B)
Fluctuations of the energy production from renewables in 2015 in Germany (data taken from [8]).

are located in the South. Currently, the strategy to overcome the latter issue is the extension of
the power grid and building new power lines. This, however, often leads to controversy.

For compensating fluctuations in the power supply, the development and implementation of
efficient storage technologies are important. This is even more essential when taking into
consideration a power supply solely based on renewables. Efficient technologies imply a high
storage capacity and the simultaneous possibility to store energy over a long period of time. It

is also important that the energy loss upon storage is reduced to a minimum. Figure 1.2 gives

an overview and comparison of existing energy storage technologies.

lyear - Power-to-Gas
Power-to-Heat e
1 month — district aquifer storage
heating systems (CH,)
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Figure 1.2: Storage technologies for renewable energy in comparison (adapted from [9, 10]).

The comparison shows that electric and mechanic technologies are lacking storage capacity
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and time. Chemical storage technologies on the other hand allow for a high capacity in the
range of TW h that can be stored up to several month or years. Among them, the Power-to-Gas
(PtG) concept (schematically depicted in Figure 1.3) is one of the most promising. Herein, Hy
is produced from renewable resources, via electrolysis of water. H, itself is already an energy
carrier but is lacking a high energy density and is challenging for storage due to its reactive
character and energy intensive compression. To overcome this dilemma, H, can be further
converted with CO, to CHy, synthetic natural gas (SNG), which is of a higher energy density
than Hy. SNG can be stored and transported in the already existing gas grid and reconverted
for energy production when needed [10]. CO, can be derived from biogenic feedstock [11],
flue gases of conventional power plants or off-gases from industry, such as cement production
or refineries, which are among the biggest producers of industrial CO, emissions [12]. Also
COy capture from the atmosphere has been proposed and commercialized. A major challenge
originating from the application of bio-derived feed as well as flue and off-gases are NOx and
sulfur compounds present in such feed, whereas CO, capture from air results in a very clean
CO, feed stream [13].

Power grid

.. H,O O
Electricity ° °

Wind energy, : Power
Electrolysis .
Solar energy generation

Fossil fuels,
Biomass, ...

Methanation Gas grid

Figure 1.3: Schematic illustration of the Power-to-Gas concept (adapted from [9, 10]).

The efficiency of CO, methanation, from a thermodynamic point of view, lies between 80 and
83 % without taking into consideration waste heat recovery [10, 14]. The efficiency of water
electrolysis, in contrast, is within 75 - 80 %. The overall efficiency of the PtG process according
to Figure 1.3 is between 45 and 60 % assuming a clean CO, feed [10]. However, this is signifi-
cantly lower as compared to an efficiency of roughly 90 % of hydroelectricity generation. On the
upside, the storage capacity of the German gas grid currently is about 200 TW h with an energy
loss during transport being lower by a factor of 10 as compared to power lines. Therefore, the
PtG concept not only allows access to a high storage capacity but also represents an alternative

transport system for energy.
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Germany is pioneering CO, methanation. Several pilot and demonstration plants are in opera-
tion with the corresponding plant power input ranging from 25kW to 6.3 MW [15]. Thereby,
high standards of the product gas have been defined in order to be fed into the gas grid [13, 16,
17]. The maximum Hj content in the dry product gas may not exceed 5 Vol-% [13]. However,
there are also applications and situations, like storage tanks in vehicles or the operation of
gas turbines, where a maximum Hj concentration of only 1 Vol-% is required [17]. Moreover,
the CO, content should be lower than 2.5 mol %. To meet those high standards, highly active
and selective catalysts in the methanation step are required. Additionally, the catalysts should
be thermostable to ensure a long operation at a high CO; conversion and selectivity towards
CHy. Also in the context of feed gas impurities mentioned earlier, which lead to severe catalyst
deactivation, the development of highly stable, active and selective catalysts is essential. This
necessitates the knowledge of governing deactivation mechanisms. However, with regard to
CO, methanation, deactivation studies are scarce and a detailed knowledge of causes leading to

deactivation is lacking.

1.2 Objective

The scope of this thesis is to develop an understanding of the catalyst deactivation in CO,
methanation. Ni-Al systems are applied for the studies as they are of industrial interest. The
catalytic performance is highly depended on the properties of the active metal phase and the
basicity of the catalyst material [18-21]. Therefore, adequate methods to characterize the active
Ni phase and its surface area, respectively, have to be developed. A basic knowledge of the
H, and CO; interaction with the catalyst is to be established which can be used, together with
structural and morphological investigations, to elucidate deactivation phenomena. Within this

work, this achieved in the following chapters:

e Chapter 2 summarizes thermodynamic and mechanistic aspects of CO, methanation. An
overview of investigated catalyst systems in literature is given. Concluding, the theoretical

background of catalyst deactivation in methanation is derived.

e Chapter 3 describes the basics of the catalyst synthesis procedures and all characteriza-

tion and measurement techniques used.

e Chapter 4 presents catalyst characterization results by means of N, physisorption, XRD
and TG-MS measurements. Parts of this chapter were published in:

S. Ewald, M. Kolbeck, T. Kratky, M. Wolf, O. Hinrichsen, On the deactivation of Ni-Al
catalysts in CO» methanation, Applied Catalysis A: General, 2019, 570, 376-386.
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e Chapter 5 examines the interaction of H, and N,O with Ni-Al catalysts by means of
static and pulsed H, chemisorption, H,-TPD as well as N, O chemisorption. The potential
of those techniques in characterizing Ni-Al catalysts and the active Ni surface area,

respectively, is evaluated. This chapter was published in:

S. Ewald, S. Standl, O. Hinrichsen, Characterization of nickel catalysts with transient
methods, Applied Catalysis A: General, 2018, 549, 93-101.

e Chapter 6 presents a detailed study of catalyst deactivation in CO, methanation. Selected
samples are aged up to 165 h under defined conditions and their loss of intrinsic activity
is evaluated. A kinetic description of the deactivation behavior is derived. Comprehen-
sive catalyst characterization, comprising both standard and transient techniques, allows
to gain insight into governing deactivation mechanisms. Structure-activity relations are

analyzed. This chapter was published in:

S. Ewald, M. Kolbeck, T. Kratky, M. Wolf, O. Hinrichsen, On the deactivation of Ni-Al
catalysts in CO, methanation, Applied Catalysis A: General, 2019, 570, 376-386.

e Chapter 7 applies FT-IR measurements, CO,-TPD as well as static and pulsed CO,
adsorption to investigate the interaction of CO, with the catalysts applied. CO, adsorption
modes and their stability are analyzed. Results obtained from transient techniques are
compared with those from static measurements on a quantitative basis. This chapter was

published in:

S. Ewald and O. Hinrichsen, On the interaction of CO» with Ni-Al catalysts, Applied
Catalysis A: General, 2019, 580, 71-80.

e Chapter 8 summarizes the results obtained in this work and outlines issues worth further

research.






2 Theoretical Background

2.1 Thermodynamic aspects of CO, methanation

The hydrogenation for CO, to CHy according to equation 2.1 was first described by Sabatier
and Senderens [22]. Possible side reactions include CO methanation (equation 2.2), the reverse

water gas-shift reaction (equation 2.3) and the Boudouard reaction (equation 2.4) [23-25]:

COy+4Hy = CH4+2H,0  AHY =-165.0kJmol”!  AGY =-113.2kImol™!, (2.1)
CO+3Hy == CH;+H,0 AHQY =-206.1kImol™!  AGS =-141.8kJmol"!, (2.2)
COy+Hy == CO+H,0 AHY =41.2KImol™!  AGY =28.6kImol ™!, (2.3)

2C0 ==C+CO, AHQ=-172.4kImol”"  AGY =-119.7kImol". (2.4)

Under standard conditions, CO, methanation is an exothermic and exergonic reaction, leading
to volume contraction. Consequently, product formation is thermodynamically favoured at ele-
vated pressures and low temperature. Exemplary thermodynamic data, presented in Figure 2.1,
was calculated through the Gibbs free energy minimization approach using the NIST-database
and the Shomate-equation. CO, CHy as well as carbon were considered as compounds in the
reaction network [24] assuming ideal gas behavior. The results correspond well with those of
Gao et al. [23]. At low reaction temperatures around 400 K, CO, conversion>99 % can be
achieved with the CHy yield also exceeding 99 %. With increasing temperature and decreasing
pressure both CO, conversion and CHy yield decrease according to Le Chatelier’s principle. At
temperatures higher than 800 K, reverse water gas-shift reaction is gaining influence. As a con-
sequence, CO, conversion and CO yield increase, whereas CH4 yield continuously decreases.

For the storage of SNG in the natural gas grid in Germany, the CO, content in the dry product
gas, pressurized to 8-12bar, may not exceed a content of 2.5 mol % as mentioned above,
whereas the CHy4 content should be above 95 %. This corresponds to a CO, conversion higher
than 97 % [14]. For CO, methanation at 8 bar using a stoichiometric feed gas composition

(Figure 2.1), this is achieved at temperatures below 593 K. At those temperatures, however,
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the reaction, which is an eight electron transfer process, underlies kinetic limitation. This
necessitates the application of a suitable catalyst. Moreover, theoretical studies revealed low
stability and runaway of common tubular reactors and efficient heat removal has to be ensured
when operating at stoichiometric feed gas composition [26].
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Figure 2.1: (A-C) Influence of total pressure and temperature on CO, methanation using a
stoichiometric feed gas composition; (D) Equilibrium product gas composition at various
temperatures (p = 8bar,H,/CO, =4/1).

The influence of the Hy/CO5 ratio in the feed gas on CO, methanation is depicted in Figure 2.2.
Both CO, conversion and CHy yield significantly decrease with declining H,/CO, ratios. The
maximum values for the CHy yield are about 74 and 42 % for a Hy/CO, ratio of 3 and 2,
respectively. The temperature dependence of the CO, conversion remains unchanged upon
altering the H»/CO, ratio. With increasing temperature, the CO, conversion declines, before
it rises again at temperatures higher than 800 K due to the reverse water gas-shift reaction.
This is in line with an increasing CO yield at these temperatures. Only a minor influence of the
H,/CO, ratio on the CO yield is observed. The CHy yield initially increases with temperature at
H,/CO; ratios below 4, before it decreases again at higher temperatures. In addition, significant
amounts of carbon are observed at temperatures below 500 and 900 K at H,/CO; ratios of 3 and
2, respectively. Carbon is not observed when using a stoichiometric feed gas composition. The

formation of carbonaceous species are known to drastically reduce the catalyst activity.
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Figure 2.2: Influence of the Hy/CO; ratio in the feed gas and the reaction temperature on equilibrium
product gas composition in CO, methanation (p = 8 bar).

2.2 Catalysts for CO, methanation

For the catalytic methanation of CO, group 8-10 transition metals have been proven to
be very active [15, 27]. The activity was found to decrease in the order Fe >Ni>Ru>Co
for Si0, supported systems, whereas the catalyst selectivity towards CHy rises in the order
Fe <Co<Ni<Ru [28]. Similarly, the activity for alumina-supported catalysts increases succes-
sively from Pt over Rh to Ru, whereas Ir and Pd revealed activities in the same range as Pt. The
selectivity for these alumina-supported systems exceeds 90 % [29].

Rh has been investigated in numerous studies in literature [30-33]. It was found that the activity
of larger Rh particles is higher as compared to smaller ones at temperatures below 458 K,
whereas no influence of particle size was observed between 458 and 473 K [32]. A comparison
of the specific activity of Rh supported on Al,O3, Si0,, MgO and TiO, revealed that Rh/TiO,
is the most and Rh/Si0O; is the least active system [31]. Also Pt supported on TiO; nanotubes
exhibited good performance for CO, methanation [34, 35]. Strong metal-support interactions
are well known for TiO, supported systems and they were proposed to alleviate carbon-oxygen
bond cleavage increasing the catalytic activity [34, 36-38]. Small amounts of O, in the feed
gas increases the specific activity of Rh/Al,O3 probably due to the formation of reactive Rh
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gem-dicarbonyls [39]. With regard to Pd-containing catalysts, good performance was achieved
by supporting Pd on Mg-containing oxides [40, 41]. Moreover, the orientation of the exposed
crystallographic planes have been shown to significantly influence the activity and selectivity
of Pd nanoparticles embedded in mesoporous silica [42].

Ru catalysts are the most active for CO, methanation. For example, Abe et al. reported a
CHy yield close to 100 % percent at a temperature of about 433 K and a reaction rate of
0.04 umol min~! g_1 close to room temperature for Ru/TiO, prepared by a barrel-sputtering
method [43]. Kowalczyk et al. [44] investigated the influence of different support materials
on the performance of supported Ru catalysts. It was found that for high metal dispersions,
the turn over frequency increases in the order Ru/C <Ru/MgO <Ru/MgAl,O4 <Ru/Al,0O3.
Also CeO, [45] and ceria-zirconia [46] as support material were investigated and found to
significantly promote CH4 formation due to the presence of oxygen vacancies, enlargement
of the specific surface area and faster reaction of intermediates with Hy [45]. Increased acti-
vity as compared to Ru/Al,O3 was observed for Ru/TiO;,-Al, O3, which was attributed to the
interaction of TiO and Ru, that reduces the average Ru particle size and impedes Ru particle
agglomeration [47].

Supported Ni is the most often investigated due to its price, availability and also high activity
in CO, methanation and selectivity towards CH,. Several support materials such as Al,O3 [19,
48-52], SiO; [53-55], TiO; [56, 57], CeO; [58, 59], ZrO; [60, 61] and Ce-Zr oxides [59, 62]
have been investigated with regard to their influence on the performance of supported Ni ca-
talysts. Vance and Bartholomew [54] reported that the specific activity and the CH, selectivity,
respectively, increase in the order Ni/Si0, <Ni/Al,O3 <Ni/TiO,, whereas Pandey et al. [63]
found that the CHy yield increases in the order Ni/SiO, < Ni/TiO; < Ni/ZrO, < Ni/Al,O3 for
catalyst with a Ni loading of 10 wt-%. In the latter case, the increasing activity was attributed
to a rising CO, adsorption capacity in the same order. Ni supported on CeO,, ZrO, or Ce-Zr
mixed oxides as support material have been reported to exhibit good catalytic performance
due to their high oxygen storage capacity, their basic character and ability to highly disperse
Ni as well as an improved reducibility [21, 59, 64—-66]. Muroyama et al. [67] also examined
more exotic materials such as Y,03, SmyO3 and Lay O3 and found that the CHy yield at 523 K
decreases in the order N1/Y,03 >Ni/Sm,O3 > Ni/ZrO; > Ni/CeO, > Ni/Al,O3 > Ni/La,O3.
The influence of the Ni loading of Ni/Al, O3 catalysts on the CO, methanation activity and CHy
selectivity was studied by several groups [48, 51, 52, 68]. The CO, conversion was reported
to increase when the Ni content rises from 10 to 20 wt-%, before it decreases again at higher
loadings. This effect was attributed to a decreasing Ni dispersion at high Ni loadings. Moreover,
higher Ni loadings also improve the reducibility, hence increasing the amount of metallic Ni and
in this way the catalytic activity [68]. Interestingly, studies of Aksoylu and Onsan revealed that
the Ni surface specific activity increases with Ni loading for catalysts where the Ni content is
below 15 wt-% [52]. Garbarino et al. could show, that the CO selectivity increases with rising
Ni content and Ni particle diameter, respectively. It is proposed, that in large Ni crystallites,

plain faces, active for reverse water gas-shift reaction, are largely exposed, whereas edges of
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the Ni crystallites, facilitating methanation, predominate in smaller Ni particles [48].

Wu et al. [69] investigated CO, hydrogenation over a 0.5 wt-% and a 10 wt-% Ni/SiO; catalyst.
Their results indicate, that the catalytic activity decreases with increasing Ni loading, whereas
the CHy selectivity increases with rising Ni content. Formate, which is formed as intermediate,
is proposed to be competitively hydrogenated to CO or CHy, whereupon larger Ni clusters
favor the CHy formation. Schiiler et al. [70] applied chemical vapor deposition (CVD) for
the synthesis of Ni/SiO, catalysts. The influence of pressure, deposition time and temperature
on the specific Ni surface area was investigated in a design of experiment (DoE) approach.
An interaction of time and temperature was found, which influences the results of the CVD
process, whereas interactions between time and pressure as well as pressure and temperature
are negligible. Moreover, the catalytic activity of a 10 wt-% Ni/SiO, catalyst synthesized by an
optimized CVD technique, was shown to outperform a conventional Ni/SiO, system synthe-
sized by incipient wetness impregnation. Several studies also employed mesostructured silica
nanoparticles (MSN) [71-74] and zeolites [75, 76] as support material. MSN exhibits beneficial
features for catalysts, such as a large pore volume and a very high surface area [77]. The catalytic
activity of Ni based zeolites was reported to increase with rising Si/Al ratio, most likely due to a
high hydrophobicity of catalysts with large Si/Al ratios. Water, which has an inhibiting effect on
CO, methanation [78, 79], is adsorbed on the catalyst, hence increasing activity [76]. Aziz et al.
compared several oxidic, MSN and zeolite materials. The catalytic activity in CO, methanation
at atmospheric pressure within the range from 423 -723 K was reported to increase within
the order Ni/Al, O3 < Ni/S1i0, < Ni/HY < Ni/MCM-41 < Ni/MSN. The superior performance of
Ni/MSN was proposed to originate from an increased concentration of basic sites and/or oxygen
vacancy site density [12, 72].

Next to classic metal-support systems also Ni-Al hydrotalcite-like catalysts have been investi-
gated [19, 52, 79-86]. Abello et al. systematically varied the Ni loading in those systems and
found the highest activity and selectivity at a Ni/Al ratio of 2 [81]. He at al. found a significantly
improved performance of a hydrotalcite derived Ni-Al system as compared to Ni/Al,O3 due to
an increased Ni dispersion and basicity [84]. This is in line with studies of Abate et al. [82] and
the work of Aksoylu and Onsan [52]. However, a conclusive statement about the optimal catalyst
composition is difficult, as the metallic Ni content and dispersion highly depend on the degree
of reduction and the reducibility, respectively. Also Gabrovska et al. [85] varied the Ni loading
of Ni-Al hydrotalcite and could demonstrate that the systems with a Ni/Al ratio of 3 exhibits an
optimal performance upon reduction at 673 - 723 K, whereas a Ni/Al ratio of 0.5 performs best
when increasing the reduction temperature to 803 - 873 K. It is well known, that the composition
and the synthesis conditions strongly influence the reducibility of the catalyst [87-90]. Doping
e.g. with La, Fe or Mn can further improve catalytic performance [18, 63, 86].

A more detailed description of catalyst systems would go beyond the scope of this work but can
be found in recent reviews [12, 15, 24, 27, 91].
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2.3 Mechanistic aspects of CO, methanation

Governing reaction mechanisms are intensively discussed in literature. Proposed mechanisms
be divided into two groups. The first group proposes CO as intermediate in two possible reaction
pathways. Both pathways assume dissociative adsorption of CO, and H,. For the unassisted
pathway, subsequent carbon-oxygen bond cleavage occurs, forming adsorbed carbon and oxy-
gen. Both species are then hydrogenated to CH4 and H, O, respectively. In the hydrogen-assisted
route, the adsorbed carbonyl species is hydrogenated to COH and formyl, respectively. Then the
second carbon-oxygen bond cleavage takes place forming a CH-species which is then further
hydrogenated to CHy. Also the formation of CH,O species as intermediates in the hydrogen-
assisted pathway were reported [30, 33, 92-94]. Mechanisms belonging to the second category

Table 2.1: Proposed mechanisms for CO, methanation considering CO as intermediate.

Hydrogen-assisted CO dissociation Unassisted CO dissociation

I: COy+2* — CO*+0O* 1: CO,+2* — CO*+O*
2: H, +2* —— 2H* 2: Hy +2* — 2H*
3: CO*+H* ——= CHO"+* 3: CO*+* — C"+0*
4:  CHO*+* —— CH"+0O" 4: C*+H* ——  CH"+*
5: CH*+3H* —— CH4"+3"* 5: O*+H* — OH*+*
6: CH4* ——= CHy+x 6: OH*+H* — H20*+*
7: O*+H* —— OH"+" 7: H,0* — H,O+*
8. OH"+H* — H)O"+" 8: CH"+3H* —— CHy*+3"
9: H20>k — H20+* 9: CH4>|< — CH4+>|<

propose hydrogenation of formate species without forming CO as intermediate. Herein, CO; is
adsorbed on the support forming carbonate species. Carbonate on the metal-support interface
is then hydrogenated to formate, which is then further hydrogenated to methoxy species and
finally to CH4. Hydrogen atoms required for these steps are provided by the metal phase where
H; is dissociatively adsorbed [20, 21, 40]. Formate species, which diffuse from the support to
the metal-support interface, were also reported to act as precursor for the formation of CO in-
termediates on the active metal surface, where CO is then further hydrogenated to methane [95,
96].

The presence of various intermediate species also depends on the catalyst composition and
structure as well as on the reaction conditions and surface coverages. Carbonate and formate
intermediates often have been observed on support materials of high basicity, where CO, is
adsorbed on basic sites, such as surface hydroxyl and oxygen groups [97], and the resulting
carbonate species is stabilized. Park et al., for example, could show that increasing the basicity
of Pd/SiO; systems by Mg, significantly increases the CO, methanation rate as compared to
pure Pd/SiO,. In the Pd-Mg/SiO, system, Mg carbonates are formed as intermediates that are
further hydrogenated to methane. CO, methanation over Pd/SiO, on the other hand, proceeds

via dissociative CO, adsorption, whereupon most of the CO formed desorbs before further
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hydrogenation [40]. Theoretical studies of Kim et al. support these results [41]. Similarly,
Falconer and Zagli found that CO and CO, methanation follow the same reaction mechanism on
Ni/Si0, [53], whereas Pan et al. [20] as well as Abello et al. [80, 81] proposed hydrogenation
of carbonate intermediates on Ni/Al,O3 and Ni-Al catalysts, respectively. In contrast to this,
formation and hydrogenation of carbonyl intermediates were reported on both Rh/TiO; [33,
98], Rh/Si0 and Rh/Al,O3 [32, 99]. Carbonaceous intermediates on the catalyst support were
also found on Ni-based ceria-zirconia catalysts [20, 21, 100]. Thereby, also oxygen vacancy
sites have been proposed to be active sites for CO, adsorption, leading to carbonate forma-
tion [100]. In Ni-promoted mesostructured silica nanoparticles (Ni/MSN), on the other hand,
oxygen vacancies have been reported to stabilize oxygen originating from carbon-oxygen bond
cleavage of CO, on the Ni phase. The stabilized oxygen atom is then hydrogenated to water. CO
as well as hydrogen atoms, formed on the Ni phase, migrate to the support, forming carbonyl
and formate species which are further hydrogenated to CHy [71].

It is also possible that several mechanisms and pathways occur at the same time. Vesselli
at al. [101, 102] proposed that hydrogen-assisted CO, activation with subsequent carboxyl-
intermediate formation and conversion to CHy, takes place over Ni(110) and polycrystalline Ni,
respectively. At the same time, also formate is formed in a parallel pathway but is hydrogenated
at a significantly slower rate and accumulates on the surface. Formate-derivates were therefore
described to be spectator species. Formate-spectator species were also observed for supported
Rh catalysts [33, 103].

2.4 Catalyst deactivation

2.4.1 General aspects of catalyst deactivation

Causes for catalyst deactivation can be of chemical, mechanical and thermal origin, whereas in-
trinsic deactivation mechanisms can be classified into six different types, namely attrition/crush-
ing, poisoning, fouling, thermal degradation, vapor compound formation accompanied by trans-
port as well as vapor/solid and solid/solid reactions. Predominant deactivation mechanisms
among other factors are dependent on the type of active metal and the type of reaction. With
regard to the scope of this thesis, the discussion of common deactivation mechanisms, therefore,

is mainly focused on supported Ni catalysts in methanation reactions.
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2.4.2 Thermal degradation and sintering

Thermal degradation and sintering have been described as main causes for Ni catalyst deac-
tivation in methanation reactions. Sinter phenomena are generally temperature dependent and
require the mobility of atoms and clusters. As a rule of thumb, atoms located around defects
become mobile at temperatures higher than the Hiittig temperature, 7, which can be calculated

with equation 2.5:
Ty =0.3Tye (2.5)

At temperatures exceeding the Tamman temperature, 77 (equation 2.6), the mobility of bulk
atoms and small clusters increases [104]:

Tr=0.5Tperr- (2.6)

T01¢ 1s the melting point of the respective species. With the melting point of Ni being 1725 K,
Ty is 518 K and T is 863 K [104]. In contrast to this, Ty and T of Al,O3 are 695 and 1159 K,
respectively. This shows, why Al,O3 is considered a thermostable support material.

Sintering is generally considered to follow two mechanisms, namely particle migration with
subsequent coalescence and Ostwald ripening. In the first mechanism, particles of the active
phase migrate over the support and coalesce. Thereby, particle migration is a result of mobile
Ni atoms on the Ni surface (Ni adatoms) that diffuse from one side of the Ni particle to the
other [105]. Ostwald ripening describes atom and vapor migration from one crystallite over
the support and/or the gas phase to another crystallite were it is incorporated [104-108]. Upon
sintering, large particles grow on expense of small ones. Empirically, particle sintering can be
fitted with equation 2.7:

%:(1+k3-zy. 2.7)
1

In equation 2.7, d; is the particle size of species i after a certain reaction time 7. The initial
particle diameter of species i is represented by d?, ks 1s the sintering constant and j is the order.
In case of particle migration and coalescence, n = 1/7 is obtained, whereas sintering according
to Ostwald ripening exhibits n = 1/3 [108]. However, it has to be considered, that all of these
processes can occur at the same time and are coupled with each other [106].

Next to the temperature also the support material (including its structure and interaction with
the active phase), promoters, metal type and the gas atmosphere influence sintering effects.
The carrier and structural promoters may inhibit particle migration in a way that they form
"valley positions", where the active metal particle is "trapped" [104]. Also support surface

defects as well as micro- and macropores with pore diameters close to the metal particle size
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impede surface migration and sintering [106]. With regard to metal-support interactions in co-
precipitated Ni-Al catalysts, it was reported that nickel-aluminate like structures are formed
upon reduction, in which metallic Ni crystallites are partially covered or embedded, increasing
sintering resistance [90, 109-111]. In contrast to this, the presence of water vapor has been
shown to significantly accelerate Ni particle sintering [105, 112-114]. In steam atmosphere
Ni,-OH complexes are formed on the Ni surface, which exhibit a lower energy of formation
and diffusion as compared to Ni adatoms [113]. Water can also weaken and destroy strong
metal-support interactions and accelerate Ni particle sintering in this way [115].

Another critical component accelerating Ni particle sintering is CO due to the formation of
carbonyl species [116-120]. Thereby, Ni metal atoms react with CO forming volatile Ni(CO)4
or mobile subsurface carbonyl species, which diffuse from small crystallites over the surface to
larger ones where they are decomposed, increasing the particle size [106, 116]. The sintering
process can be modeled according to Ostwald ripening [118, 119]. Carbonyl formation is gen-
erally favored at low temperatures and high CO partial pressures [106, 116]. Under conditions
where the Ni carbonyl formation rate exceeds its decomposition rate, Ni carbonyl vapor is
stabilized and can be removed from the catalyst bed by the product gas stream, leading to a
loss of active Ni. At high temperature and low CO partial pressures the decomposition rate
exceeds the formation rate and Ni carbonyl is decomposed onto the Ni particle again before it
can be transported out of the system [106].

Not only the active Ni phase is prone to sintering, but also the catalyst carrier. Sintering can
proceed via surface diffusion, solid-state diffusion, formation of volatile species, grain boundary
diffusion and phase transformation [106]. Accordingly, the gas atmosphere has a significant
influence on sintering. In oxidizing milieu, silica and alumina are most stable, whereas carbon
is more stable in reducing atmosphere. Similar to the Ni phase, steam significantly accelerates

carrier sintering.

2.4.3 Carbon formation

Coke and carbon formation, as a form of fouling, is another predominant deactivation mech-
anism for Ni catalysts. Coke is a product of hydrocarbon decomposition, whereas carbon is
formed upon disproportion of CO. The mechanisms for carbon formation are illustrated in
Figure 2.3A [106, 121]. CO dissociation at temperatures between 473 and 773 K leads to the for-
mation of adsorbed atomic carbon, C¢,, which can be dissolved in Ni (Cy) or further converted to
polymeric, amorphous species (C ﬁ) and Ni3C. At higher temperatures (573 - 1273 K), graphitic,
crystalline carbon, C., and vermicular filaments, fibers and whiskers, C,, can be formed. For
whisker and graphene formation, carbon migrates to the rear of the Ni particle through surface
and subsurface diffusion where nucleation and formation of whiskers and graphene layers take
place. Ni atoms migrate in the opposite direction to allow for continuous fiber growth with
the Ni particle on top (Figure 2.3) [105, 122, 123]. Metallic Ni, in this way, is still accessible
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for reactant species and consequently, whisker formation does not necessarily lead to catalyst
deactivation, unless pores of the support get blocked [106]. For coke- and carbon-insensitive
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Figure 2.3: Mechanisms of (A) carbon and (B) whisker formation (adapted from [106, 121, 123]).

reactions, to which also methanation of CO belongs, carbon deposits can be removed in H,, as
shown in Figure 2.3. Catalyst deactivation in this case highly depends on the interplay of carbon
formation and gasification rate. Carbon formation is circumvented under conditions where the
gasification rate exceeds the rate of carbon formation. For CO methanation, as a rule of thumb,
this regime is achieved at temperatures below 600 and above 700 K, but also depends on the
reactant concentration and the catalyst activity [106]. Also the catalyst composition, structure
and morphology influence carbon formation. For example, Ni step-edge sites are preferred
nucleation centers for whisker and graphene layer formation. However, nucleation only starts
above a minimum Ni particle diameter of 6 to 7nm [41, 124]. Also the shape of the growing
filament depends on the Ni particle size [122].

For Ni catalysts in CO, methanation under stoichiometric feed gas composition carbon forma-
tion was not observed [23, 66, 82, 125]. However, thermodynamic calculation revealed that at

CO»/H, of 2 or lower leads to carbon formation [23].

2.4.4 Poisoning

Poisoning occurs due to species (reactants, products or feed gas impurities) that chemisorb
strongly on the catalyst. Poisoning can involve blocking of active sites, access blocking of
adsorbed reactant species to each other, impeding surface diffusion, changes of the electronic
properties of the metal atoms as well as geometrical changes and surface restructuring. Alter-
ation of the surface geometry is especially critical in structure-sensitive reactions [104, 106].
Impurities in the feed gas such as As, P and S compounds as well as halides were reported to

be critical for Ni in hydrogenation reactions [106]. Arsenic and phosphorous components lead
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to deactivation due to alloy formation with Ni [126, 127]. Also alkali metals are strong poisons
and can lead to deactivation due to blockage of active Ni sites. For a Ni/MgO system, an almost
tenfold reduction of activity was reported at a sodium content of 0.07 wt-%, whereas adding
0.5 wt-% potassium reduced the activity by four decades [128]. Moreover, alkali can react with
alumina supports forming f3-alumina, which drastically reduces the mechanical strength of the
support [127]. The majority of poisoning studies, however, concentrate on sulfur components,
mainly H5S, as they are common impurities in feedstocks for methanation. Also sulfur was
reported to block active sites. A strong non-linear correlation between the catalyst activity and
sulfur coverage was observed [129, 130]. Rostrup-Nielsen et al. described the activity decrease
with the correlation given in equation 2.8 [108]:

rLO: (1-05)", (2.8)
where r is the catalyst activity at a certain sulfur coverage, ®g, and 0 is the initial activity
of the non-poisoned catalyst. From the exponent / one can calculate the number of atoms
forming an active site for reaction. However, it has to be mentioned, that the structure and
stoichiometry of adsorbed sulfur is determined by a complex interplay of reaction temperature,
reactant concentration, sulfur coverage and gas atmosphere [106, 129, 131-133]. For CO metha-

nation, pre-sulfidation, for example, leads to a significantly more severe deactivation than in situ
poisoning [129]. Under in situ conditions, CO adsorbs on the most active sites for methanation,
whereas sulfur is chemisorbed on Ni terraces. When pre-sulfiding, sulfur species also adsorb on
the most active sites [132]. At high CO partial pressures, chemisorbed sulfur can be removed as
COS [106]. Regeneration can also be achieved in HyO/H; atmospheres [134]. Also the catalyst
composition influences deactivation due to poisoning [131]. Additives such as Mo were reported
to selectively adsorb sulfur increasing the sulfur resistance of Ni catalysts [106].

Poisoning does not necessarily have to be disadvantageous. For example, sulfur as well as potas-
sium preferentially adsorb on Ni step sites and can impede graphene and whisker formation in
this way [105, 123]. Also the catalyst selectivity can be tuned by selectively poisoning active

sites [106].

2.4.5 Solid/solid and gas/solid reactions

H,O was described to be capable of re-oxidizing metallic Ni [135]. High CO and CO, con-
versions in methanation reactions lead to a high H,O partial pressure, which might favor
re-oxidation. Despite this, metallic Ni was reported to be stable up to a HyO/H, ratio of
50 [136]. However, there is also evidence that steam induces spinel-formation [137] and struc-

tural changes were also observed under CO, methanation conditions [80, 81].
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2.4.6 Kinetic modeling of deactivation

As explained above, catalyst deactivation can be a complex interplay of several mechanisms.
This complicates the kinetic modeling of deactivation. In the simple case, in which deactivation
occurs through sintering and structural modifications, the activity loss is traditionally described

with a simple power-law model, shown in equation 2.9 [138]:

dae)

q ~Kadrel ™. (2.9)

Herein, m is the order of deactivation and a,e (relative activity) is the catalyst activity after
a specific time on stream, ¢, per initial activity. The rate constant of deactivation, k;, can
be described with the Arrhenius-type correlation given in equation 2.10, with k; being the
pre-exponential factor, T being the reaction temperature and E; being the activation energy of
deactivation:

E
kg =kgo-exp <—d) . (2.10)

R-T
A major drawback of the simple model, given in equation 2.9, is the assumption that activity
ultimately approaches zero. However, in most cases, the activity levels off at a residual value
at infinite time on stream. Therefore, the results obtained from the simple power law model
often indicate physically not meaningful phenomena such as changing deactivation orders with
increasing reaction time [139]. A generalized power law equation (equation 2.11), taking into
consideration a residual relative activity dyejeq. allows for a more consistent description of

catalyst deactivation:

da
drtel =kq- (arel (t)_arel,eq)m ) (2.11)

However, for the application of the generalized model, it is essential to accurately determine

drel eq» Which requires long measurement times.
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3.1 Catalyst synthesis

In this work, Ni-Al catalysts were synthesized via co-precipitation and incipient wetness
impregnation. Co-precipitation is the simultaneous precipitation of the catalyst components.
Thereby, a solid is formed upon supersaturation of a homogeneous mixture of the corresponding
metal salts solutions. Supersaturation, for example, can be achieved by adjusting the precipita-
tion temperature, evaporation of the solvent or adding a precipitation agent, the latter of which,
can change the pH.

There are several ways in which co-precipitation using a precipitation agent can be performed.
In a common approach, the metal solution is filled in a stirred tank and precipitated by con-
tinuously adding the precipitation agent. Alternatively, the mixture of metal salt solutions can
be added to the precipitation agent. Another, more complex, technique is co-precipitation at a
constant pH. Thereby, the metal solutions and the precipitating agent are added simultaneously
to the vessel in a way that the pH, needed for precipitation, is kept constant [9, 140, 141].
The latter is applied in this work. The corresponding setup is depicted in Figure 3.1. After
precipitation, the precipitate is calcined and/or reduced, whereupon the counter ions to the metal
cations are decomposed and the final catalyst is obtained. Therefore, it is important to select
counter ions that can be decomposed during calcination/reduction. Examples of favorable ions
are nitrates, hydroxides or carbonates [142].

Incipient wetness impregnation is one of the simplest methods for catalyst synthesis. Herein, an
aqueous or non-aqueous solution, containing the desired active component, is added dropwise to
the dried support material. Upon impregnation, the liquid fills the pores of the support material
due to capillary forces. The total volume of the added solution corresponds to the pore volume
of the support material. Similarly to the precipitation route, the precursors after impregnation
are dried in vacuum, inert gas or air and subsequently calcined [9, 141].

The synthesis procedure for the catalysts applied in this work is described in greater detail in

the corresponding sections in the subsequent chapters.
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Figure 3.1: Setup for co-precipitation of Ni-Al catalysts.

3.2 Elemental analysis

Elemental analysis was conducted in the microanalytic laboratory of the Technical University of
Munich. For the determination of the Ni content in the samples, photometry or atom absorption
spectroscopy were applied, depending on the estimated Ni loading.

For photometry, the solid sample is solubilized. Subsequently, a coloring agent is added, which
reacts with Ni, forming a color complex. The color complex absorbs light of a characteristic
wavelength. The concentration of Ni can be determined from the intensity decrease.

For atom absorption spectroscopy, the solubilized sample is dispersed in a mixing chamber,
forming an aerosol. Subsequently, the aerosol is dried, mixed with an oxidizing gas and atom-
ized. Similarly to photometry, the Ni species absorbs light of a characteristic wavelength and its
concentration can be determined from the light intensity decrease.

For the analysis of carbon, hydrogen and nitrogen species, the sample is treated in O, at a
temperature of 1273 K. CO,, H>O and N, formed are separated via gas chromatography and
analyzed quantitatively using a thermal conductivity detector.
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3.3 N5 physisorption

The knowledge of the exposed surface area and the porosity of catalytic materials is essential
in heterogeneous catalysis. For their characterization, N, physisorption is commonly applied.
For this, N, is dosed into a cell, which contains the sample and is held under vacuum at 77 K.
Adsorption takes place until equilibrium pressure, p, is established. The N, uptake is calculated
from the difference of the gas amount admitted into the cell and the amount of gas required to
fill the volume around the sample. This is repeated point by point up to a relative pressure, p/py,
close to 1, with p being the saturation pressure of the probe gas at the operating temperature.
In this way, an adsorption isotherm is obtained [143]. Subsequently, the sample is commonly
evacuated point by point to obtain the desorption branch of the isotherm. Depending on the
sample porosity and texture, different isotherm shapes are observed. Literature differentiates

between six types of isotherms, which are depicted in Figure 3.2. Microporous materials (pore
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Figure 3.2: Isotherm types obtained upon N, physisorption (adapted from [143]).

diameter d, <2 nm) typically exhibit isotherms of Type I. A high N, uptake is observed at low
pressures due to micropore filling and with increasing p/pg, the isotherm reaches a limiting
value, indicating that all surface sites are filled. Type II isotherms are obtained with non-porous
or macroporous (dp>50nm) materials, where next to monolayer also multilayer adsorption
takes place. At low adsorption pressures, the isotherm follows the same trend as a Typel
isotherm until monolayer coverage is reached at the inflection point B. With increasing p/pg,
multilayer adsorption starts and the isotherm rises. Type III isotherms are of convex shape
due to a weak interaction of the adsorbate with the adsorbent. Type IV isotherms also exhibit
an inflection point B and are of a similar shape as Typell isotherms. The characteristic of
TypelV isotherms is the hysteresis between the adsorption and desorption branch. This is
caused by N, condensation in mesopores (2 nm <dp, <50 nm). Type V isotherms are similar to
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Type III isotherms at low relative pressures but exhibit a hysteresis upon desorption. A stepwise
multilayer adsorption on non-porous surfaces results in a Type VI isotherm. The hysteresis

H1 H2

v, (mi)

plp, (1) —.

Figure 3.3: Types of hystereses loops upon N, physisorption (adapted from [143]).

shape is dependent on the pore structure and geometry and can be classified in four groups,
shown in Figure 3.3. Type H1 is obtained in the case of well-defined cylindrical pores and
agglomerates of uniform spheres, whereas, Type H2 hystereses are observed for disordered and
not well-defined pore structures. The characteristic feature of a Type H3 hysteresis is a vertical
rise of the isotherm at high relative pressures. This shape is commonly observed in the case of
aggregates of non-rigid plate like particles forming slit-shaped pores. Similarly, hystereses of
Type H4 indicate narrow slit-shaped pores but in the microporosity range. A common feature of
the hystereses is the closure point of the adsorption and desorption branch at a relative pressure
around p/pg = 0.4. This point is independent from the material being investigated. Low pressure
hystereses, that do not exhibit a closure point at this relative pressure, most likely indicates
swelling of non-rigid pores and/or an irreversible N, uptake in pores that are about the same
size as a Ny molecule. In this case, a reliable isotherm interpretation and pore size analysis are
no longer possible [143].

The N, monolayer uptake, VN, ML, 18 commonly determined with the BET method, named
after Brunauer, Emmett and Teller [144]. Applying Langmuir assumptions, the physisorption
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isotherm can be described with the BET equation, which is depicted in equation 3.1 in its
linearized form:

I 1 cel ‘(£> o
VN, ((Plpo)-1) VoML C VoML C \po/ '

In equation 3.1, Vy, is the volume of adsorbed Ny. The BET constant C is an indicator for the
adsorbent/adsorbate interaction. For C 100, a sharp point B is observed in the isotherm. For
C < 20, point B is not clearly discerned. Plotting (VN2 ((p/po) - 1))_1 against p/p allows for
the determination of Vyn, MmL. It has to be noted, that equation 3.1 is usually valid only in the
range of 0.05<p/py<0.30 [143, 144]. The specific total surface_area, SBET, can be calculated
from VN, ML according to equation 3.2 [143]:

VN, ML - VA - AN,
VM - mcat

SBET = ; (3.2)
with N being Avogadro’s constant and Ay, being the cross-sectional area of a Ny molecule
(0.162 nm? [143, 144]). The sampled mass used for analysis is represented by mcat. The total
pore volume, Vp, is calculated from the mass of adsorbed Ny, my;,, at p/pg close to unity
assuming that the pores are filled with adsorbate in its liquid state [145]:

mN
Vp = 2

= 2 3.3
pNz,l *Meat ( )

In equation 3.3, py;, j is the density of liquid N, (0.808 g cm™ [146]). From Vp and SggT, the
average pore diameter, dp, can be calculated assuming cylindrical pore geometry [143]:

4V

dp = .
SBET

(3.4)
A clean catalyst surface prior to analysis is an important prerequisite for reliable and repro-
ducible results. This is commonly achieved by heating the sample under vacuum. Thereby,
the conditions have to be chosen depending on the catalyst structure and compositions, since
thermally induced structural and morphological changes should be avoided. Also heating in

inert gas flow is possible [143].

3.4 Static chemisorption measurements

Static chemisorption measurements allow to determine the amount of gaseous probe molecules

that are chemisorbed on the surface of the material investigated. In contrast to physisorption,
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strong chemical bonds between the adsorbens and the adsorbate are established upon adsorp-
tion. Thereby, it is also possible, that intermolecular bond breakage of the adsorptive molecule
occurs (dissociative chemisorption). Chemisorption is generally an exothermic process with
higher values for the adsorption enthalpy as compared to physisorption. For the determination
of the chemisorbed gas amount, portions of the probe gas are dosed onto the sample at a selected
pressure and temperature until equilibrium is obtained. This procedure is repeated for several
adsorption pressures at a constant temperature. Plotting the adsorbed amount of probe gas in
each measurement against the respective adsorption pressure gives an adsorption isotherm.
The isotherm represents both strongly and weakly chemisorbed species as well as physisorbed
species ("combined" curve in Figure 3.4). In order to discriminate between these species, the
sample is evacuated again. Upon evacuation, only those species remain adsorbed, which are
strongly bond to the sample surface. Subsequently, probe gas is dosed onto the sample again
in the same matter as described earlier. A second isotherm is obtained, which describes weakly
chemisorbed as well as physisorbed species ("weak" curve in Figure 3.4). In cases, where ex-
clusively strong chemisorption occurs, the second isotherm corresponds to physisorbed species.
The isotherm representing strong chemisorption ("strong" curve in Figure 3.4) is obtained by
subtracting the "weak" isotherm from the "combined" isotherm [147]. As for physisorption

measurements, a clean sample surface is essential for a reliable analysis. The monolayer uptake

—o— combined
—o— strong
—a— weak —a
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Figure 3.4: Example of isotherms obtained upon static chemisorption.

of chemisorbed species can be determined by back-extrapolating the low slope region of the
"combined" isotherm to p = Obar (indicated by the dashed line in Figure 3.4). Thereby, it is
assumed that at high adsorption pressures, the surface is saturated with chemisorbed species and
the increase of adsorbed gas originates from physisorption. As physisorption generally increases
linearly with adsorption pressure, its contribution to the total gas uptake can be assumed to be
insignificant at p = Obar [147, 148]. In cases where only the amount of strongly chemisorbed
species is needed, the "strong" isotherm can be back-interpolated to p = Obar.
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From the monolayer uptake of chemisorbed probe molecules, Vpy, also the active metal surface
area of supported metal catalysts, Syje, can be determined according to equation 3.5:

SMe= —2 AL (3.5)

In equation 3.5, N4 is Avogadro’s constant. Vs and mg are the molar volume and the sample
mass, respectively. The stoichiometry factor, z, describes how many metal atoms are needed for
chemisorption of one adsorptive molecule. The number of surface metal atoms per unit area
is represented by ope. When determining Syge, interaction of the probe molecules with the
catalyst support as well as gas diffusion into the bulk of the metal phase have to be avoided. For
Ni as active metal phase (on; = 1.54 - 1019 m2 [149]), H; is commonly applied. In this case, z
has a value of 2, since H, is dissociatively chemisorbed on Ni with one hydrogen atom bond to
one Ni atom [150]. Next to the active metal surface area, also the dispersion, Dyye, as well as the

average metal particle diameter, d)e, can be calculated using equation 3.6 and equation 3.7 [79,

Npnv -z2- M
DyMe = M, (3.6)
mg - Wpe
WMe - f
dMfe = ——m—. (3.7)
¢ SMe *PMe

In equation 3.6 and 3.7, M), is the molar weight of the active metal and wye is the weight
fraction of the active metal in the sample. The shape factor, f, has a value of 6 for spherical

particles and pyy, 1s the density of the active metal (8.9 kg m™ for Ni [79]).

3.5 X-ray diffractometry (XRD)

A standard technique to elucidate the structure of solid materials is X-ray diffractometry (XRD).
X-rays of wavelengths corresponding to the distances between atoms in crystals are passed
through the sample, where they are scattered at the electrons of the atoms. The scattering
strength depends on the number of electrons surrounding the atom. Constructive interference

upon scattering (diffraction) only occurs if Bragg’s law is fulfilled [151]:
l-n:Z-dhkl-sinG. (3.8)

In equation 3.8, A is the wavelength of the incident beam, n the diffraction order and djy; is
the interplanar distance (d-spacing) of the crystallographic planes, leading to diffraction. For

n = 1, the index hkl corresponds to the Miller indices. @ is the diffraction angle according
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to scheme 3.5. Recording the intensity of the scattered X-rays as a function of 20 results in

Figure 3.5: Illustration of Bragg”s law.

the corresponding diffractogram. For diffraction angles where Bragg’s law is fulfilled, a signal
(reflection) is observed. However, sharp peaks are only obtained for highly crystalline materials
with a long-range order of the unit cells. Amorphous materials exhibit very broad and not well
defined signals [151, 152].

Based on the position of the reflection and the d-spacing, respectively, the unit cell parameters
can be calculated. For the hydrotalcite-structure, the lattice parameters a and ¢ can be calculated

according to equation 3.9 [151]:

2 2
sin@ = j— [‘—‘ <h2+k2+hk> + <‘—l) 12] . (3.9)

a |3 c

For cubic systems, typically obtained for NiO, y-Al,O3 and NiAl,Oy, the cell parameters can
be calculated with equation 3.10 [151]:

A‘Z
sin?@ = £ [+ 2+ 2] (3.10)
4a?
From line broadening of the diffraction signal, the crystallite size, dc, can be calculated using

the Scherrer equation [147]:

K-2

de=—— "
T W) cos®

(3.11)
For the width of the diffraction peak, W, the full width at half maximum (FWHM) is used.
The Scherrer constant, K, depends on the particle shape. In this work, a Scherrer constant of
0.9 was applied, assuming spherical particles. As indicated in equation 3.11, W is a function of
the diffraction angle. If using a single peak for crystallite size determination, diffraction peaks
between 20 = 30— 50° should be used.

Next to d¢, also microstrains in the crystallite and the instrument itsself lead to line broadening.
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Microstrains interrupt the long-range order and therefore can bias the crystallite size calcu-
lation [151]. For highly nanocrystalline materials, the specimen dominates over instrumental
broadening. Otherwise, instrument and sample contributions to peak broadening have to be
deconvoluted through calibration. On the other hand, a minimum amount of repeating atomic
planes have to be present in order to create a peak in the diffraction pattern. The minimum
crystallite size that still can be calculated from peak broadening is between 3 and 5 nm.

X-ray diffractometer are commonly operated in Bragg-Brentano geometry. Thereby, the de-
tector and X-ray source are positioned on the goniometer circle around the sample. In ® — ®
motion, both the detector and the beam source rotate around the sample. In ® — 2@ operation,
the X-ray source is stationary and the sample holder and detector are moving. In Debye-Scherrer
geometry, the sample (fixed for example in a glass capillary) as well as the X-ray beam source
are stationary. The detector rotates around the sample to cover the full 2@ range. In all cases,
spinning of the sample increases the number of crystallite orientations exposed to the X-ray
beam [151].

For the production of X-rays, electrons are accelerated and targeted at an anode. Upon the
impact, an electron is ejected from an inner shell of the atom. Electron transfer form a higher
shell to the vacant shell results in the emission of on X-ray photon of a characteristic wavelength.
Radiation due to electron transition from the M- or L- shell to the empty K-shell is called Kf3
and Ko radiation, respectively. Electron fine structure causes the occurrence of Ko radiation
of slightly different energy, namely Ko and Koy radiation, with an intensity ratio of 2/1.
Next to this characteristic radiation, also Bremsstrahlung is observed, which originates from
deceleration of striking electrons within the anode. For analysis, mostly Ko radiation is applied.
X-rays of unwanted wavelengths as well as Bremsstrahlung can be removed by filters (e.g. Ni

in the case of a Cu anode) or by a monochromator [151, 153].

3.6 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is based on the photoelectric effect. Thereby, soft photons,
typically emitted from a Mg Ko or Al Ka source (see also chapter 3.5), interact with the sample
in UHV. The penetration depth of the X-rays lies within 1 - 10 um. The impinging photons cause
an electron of the sample atoms to be emitted. Thereby, only electrons originating from the
surface and a few angstrom below can leave the sample, since their interaction probability with
the solid exceeds by far the corresponding value for incoming photons. The emitted electrons
are recorded according to their Kinetic energy, Ej;,, which depend on the photon energy, Ep, the
spectrometer work function, @g, and the binding energy of the electron, E:

Exin = Ep—Ep—9s. (3.12)
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Based on equation 3.12, Ej, of the emitted electron can be determined. The binding energy
is dependent on the orbital, the photoelectron originates from and the electron spin orientation.
Every element has a unique set of binding energies depending on its oxidation state. In this way,
the surface species of a sample can be determined by means of XPS. Shifts of the binding energy
obtained from a sample in comparison to pure reference materials allow to draw conclusions on
the chemical state of the surface species.

In addition to photoelectrons also Auger electrons can be emitted from the sample. In these
cases, an electron from an outer orbital fills the vacancy in an inner shell after the photoelectron
has been emitted. The released energy can cause a second electron, an Auger electron, to
emit [154, 155].

3.7 FT-IR spectroscopy

Infra-red (IR) spectroscopy is based on the interaction of molecules and atomic groups with
electromagnetic radiation between 400 and 4000 cm™!. Electromagnetic radiation is absorbed
and induces vibrations of atom groups. Thereby, the energy of the impinging radiation has
to match the difference between the energetic state of the molecule before, E’, and after E”
absorption:

E'“E'=h-V-c. (3.13)

In equation 3.13, & is Planck’s constant, V is the wavenumber of the impinging electromagnetic
radiation and c is the speed of light. The energy difference has discrete values, which are
characterized by quantum numbers. Moreover, absorption is only possible, if a dipole moment
is induced or changed upon vibration. Diatomic molecules such as Hy or Nj, therefore, are not
IR active. With regard to the linear CO, molecule, the asymmetric stretching vibration induces
a change of the dipole moment, whereas the symmetric stretching vibration does not.

The required energy for exciting a vibration (E”/ — E’) increases with the binding strength of the
corresponding atoms. Consequently, also the wavenumber of the absorbable electromagnetic
radiation increases as indicated in equation 3.13. As various functional groups exhibit different
binding energies depending on their atomic composition, their absorbance behavior is an intrin-
sic characteristic and can be used for their identification.

When conducting Fourier-Transform-Infra-red (FT-IR) spectroscopy, electromagnetic radiation
is emitted from an IR source and passed through the sample exciting vibrations. A detector
records time dependent intensity changes due to absorption as an interferrogram. Subsequently,
the interferrogram is converted into a wavenumber dependent absorbance spectrum by means
of Fourier-transformation [156—158].
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3.8 Thermogravimetry and temperature programmed
reduction (TPR) measurements

In the calcined catalysts, Ni is present in its oxidic form. Therefore, the catalysts have to be

reduced prior to measurements in order to obtain metallic Ni:
NiO+H, == Ni+H,O0. (3.14)

Reduction processes can be more complicated than described in equation 3.14. Different oxidic
Ni phases have been reported depending on the catalyst composition and synthesis proce-
dure [80, 81, 109, 110]. Those species can vary in reducibility requiring different reduction
temperatures. Also other gases than H,O can be released upon reduction depending on the cat-
alyst composition. Thermogravimetric analysis coupled with mass spectrometry is a powerful
tool to follow and elucidate the complex processes during reduction. Thereby, the sample is
placed in a crucible that is heated linearly in reductive atmosphere, mostly H, that is diluted
in inert gas such as Ar or Njy. The crucible is connected to a microbalance to follow the mass
loss of the sample. The evolving gas species are analyzed by means of a mass spectrometer.
If side reactions consuming H, can be excluded, the quantity of reduced Ni and the degree of
reduction at a certain temperature can be determined from the amount of Hy consumed or the
amount of H,O produced.

It is well known that specimens in a thermobalance exhibit weight changes upon heating, which
do not originate from physical or chemical changes of the sample. This is due to buoyancy
effects upon heating, that originate for example from density changes of the gas. In order to
compensate these effects, a blank measurement has to be performed which is used to correct the

raw data of the run with a sample [159].

3.9 Setup for deactivation experiments

Deactivation studies were conducted in the setup illustrated in Figure 3.6. The reactor unit
consists of four U-shaped tubular fixed bed reactors (inner diameter of 4 mm) in an convection
oven with a maximum operation temperature of 753 K. The inner wall of the reactors is coated
with glass to ensure an inert behavior. The reactors can be operated in parallel and the gas
flow to each reactor can be adjusted individually within the range from 5 to 500 Nml min~! by
means of four mass flow controllers (model 5850TR from Brooks Instrument®). The catalyst
material to be investigated is fixed in the reactors in between two plugs of silica wool. For
kinetic measurements, a thermocouple is inserted into each reactor and brought in contact with

the catalyst to measure the bed temperature during operation. Alternatively, each reactor can be
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equipped with two shut-off valves, to remove the samples from the setup without being exposed
to air. Feed gas is supplied from gas bottles. A gas mixing unit allows to vary the composition
of CO,, Hp, Ar and N> in the feed gas, which is fed to a storage tank at a maximum pressure of
30 bar. Upstream of the mass flow controllers, the feed gas pressure is reduced to 15 bar, which
is to the maximum operating pressure of the setup. The operating pressure itself is adjusted
by four back pressure regulators (one for each reactor), which are operated simultaneously
and heated in an oven at 425 K. Product gas analysis is performed with an Agilent® 7820A
gas chromatograph equipped with two thermal conductivity detectors. A Porapack-N column
from Sigma—Aldrich® allows for the separation of CO, and H,O. H,, Ar, N, CHy and CO
are separated by a Molsieve SA column (Sigma-Aldrich®). A multi-position valve allows for
the selection of the desired reactor line to be analyzed. The feed gas composition can be
analyzed separately via an additional line bypassing the reactor unit. All piping downstream

of the reactors is heated to prevent condensation of product gases.

optional

optional

Figure 3.6: Flow diagram of the setup for deactivation studies where the reactors are equipped with
shut-off valves [160].

3.10 Determination of kinetic parameters

CO, conversion, Xco,, CHy yield, Ycy, and CHy, selectivity, Scy, are important parame-

ters in order to compare different catalyst systems with regard to their performance in CO,
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methanation. For continuously operated reactors, CO, conversion is defined as the amount of
CO» converted in relation to the CO, amount fed to the reactor. The converted CO, amount is
calculated from the difference of the molar CO; stream entering (7ico, in) and leaving (7ico, out)

the reactor:

NCO,,in —1CO,,0ut

5 (3.15)
nCOz,in

Xco, =

The CHy yield is defined as the amount of CHy produced per amount of CO; in the feed
stream according to equation 3.16. The produced CH4 amount is determined from the difference
between the molar flow of CHy in the feed, 7icy, jn and in the product gas, ¢y, out» With Vo,
and vcy, being the stoichiometric coefficient of CO, and CHy, respectively:

3 IVeo,| ey out—7iCH, in

Ycnu, = : . (3.16)
“ ven,] 1CO,.in
The CHy selectivity describes the fraction of CO, that is converted to CHy:
\% n —n i Y
SCH4 _ ‘ COZ‘ ) CHy,out ~""CHy,in _ 1CHy (3.17)

[Ven,| 7c0,.in=71coy0ut XcoO,

Another important parameter is the reaction rate, r. The differential reaction rate, which cannot
be determined through measurements, is defined as the amount of reactant per unit time at a
specific point in the reactor. The integral reaction rate, rcy,, in contrast, is the average value of

the production rate over the reactor and can be determined according to equation 3.18:

1

rcH, = ol (CH, out —CH, in) - (3.18)

From equation 3.18, the weight time yield , WTY, can be calculated according to:

ﬁ - (AcH, out—CHy.in)

rCH4 _ vCH4

Mecat Mecat

WTY =

(3.19)

The reaction rate is also a function of the reaction orders of the reactants, mcq, and my,, as

well as their partial pressures, pco, and py,:

mco my
=k pec?? . (3.20)

The reaction rate constant, k, is a function of the reaction temperature, 7 and the activation

energy of the reaction, E4. It can be described with Arrhenius’s law:

k:ko-e(_’%). (3.21)
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Equation 3.21 in its logarithmic form gives:

Eq 1
In(k) =In (ko) ——— - =. 322
(k) = 1n (ko) RT (3.22)
Under differential conditions (CO, conversions between 5 and 10 %), the differential reaction
rate can be approximated with the integral reaction rate. Moreover, the reaction can be assumed

to be irreversible. Consequently, the reaction rate can be determined according to:

1 mco my
— 2 ; — 2 2
'CHy = |VCH | ‘ (nCH4,0ut_nCH4,in) = k'pCOz,in "PH, in (3.23)
4

Logarithmizing equation 3.23 using equation 3.22 yields:

Ej 1

In (rCH4) =In (ko) - ? . ? +I’I’ZCO2 -In (pcoz,in) +I’I’ZH2 -In (sz,in) . (324)

Varying the partial pressure of one reactant, i, in the feed while keeping the partial pressure of
the other reactant constant allows to determine the corresponding reaction order m; from the
slope of the linear correlation obtained when plotting In (FCH 4) against In (Pi,in)- The reaction
order of the second reactant can be determined accordingly. Repeating this procedure at dif-
ferent reaction temperatures, allows for the determination of E4 from the slope of the linear
. . . . _1
correlation obtained upon plotting In (rcy, ) against 7.
The reaction orders of CO, and H, have been shown to be nearly constant within the temper-
ature range from 448 - 533 K [79]. In this case, E4 in equation 3.24 can be determined directly
from plotting In (rCH 4) against T-!. The calculated values for E,4 allow conclusions on the
presence of mass transport limitations. Values between 5 and 10kJ mol~! are obtained for pore
diffusion limitation. For film diffusion limitation, the calculated activation energy is only about

50 % of the corresponding value in kinetic regime.

3.11 Setup for transient measurements

Transient measurements were conducted in a single-pass setup (Figure 3.7) of reduced dead
volume and no-flow regions. The setup is equipped with a U-shaped tubular reactor, which is
identical to those of the setup for deactivation studies (see section 3.9). Operating temperatures
up to a maximum of 773K are realized by two heated metal plates in between which the
reactor is inserted together with a type K thermocouple for recording the oven temperature.
The oven can be actively cooled with pressurized air. The catalyst material is placed in the
isothermal zone of the bracket situated on the reactor outlet and secured in between two plugs
of silica wool. The bed is contacted with a type K thermocouple on its top end to measure

and control the bed temperature. Feed gas is brought to reaction temperature in the empty
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Figure 3.7: Flow diagram of the setup for transient measurements [161].
bracket on the inlet side of the reactor. The whole reactor unit can be inserted in a insulated
drum and immersed in liquid N, so that operating temperatures as low as 84 K on the reactor
inside can be achieved. Feed gas is supplied from gas bottles. Calibrated mass flow controllers
(model 5850TR from Brooks Instrument®) in each line allow to adjust the respective flow rate
individually. The interconnection of 4-way valves in the gas supply line allows for only one type
of feed gas being fed to the reactor. Mixing different feed gases can be realized with a mixing
unit connected to the setup through a manifold. Sample loops for pulsed experiments can be
connected to a 6-port injection valve upstream of the reactor. Residual feed gas impurities can be
removed with an additional cooling trap. An Omnistar GSD 301 quadrupole mass spectrometer
(QMS) from Pfeiffer Vacuum® is applied for time resolved product gas analysis. All piping
downstream of the reactor is heated to prevent condensation of product gas. A filter prevents
blockage of the QMS capillary with catalyst material and silica wool. The operating pressure
up to a maximum of 28 bar is adjusted by a pressure regulator (ER3000 from Tescom®). Both

33



3 Experimental Background

the pressure regulator and the reactor itself can be brought into a bypass position by switching
a 4-port valve.

Reactors with shut-off valves containing activated samples (see chapter 3.9) can be mounted
into the setup under inert conditions. For this, a 3-way valve connected to a rotary vane pump
is inserted into the feed gas supply line in front of the reactor inlet (Figure 3.8). The piping
between the shut-off valve and the 3-way valve are periodically evacuated and flushed with
He (1) before the shut-off valve at the reactor inlet is opened and the reactor is connected
to the analysis unit under He flow (2). For removal of samples from the setup under inert
conditions, the reactor outlet is disconnected from the setup under He flow before a shut-off
valve is installed. Subsequently, both the shut-off valve on the inlet and outlet are closed and

the rector is removed from the setup.

@

Cooling trap Vac. Cooling trap

Figure 3.8: Reactor configuration for analysis of activated samples.

3.12 Temperature programmed desorption (TPD)

Temperature programmed desorption (TPD) belongs to transient measurement techniques,
where the operating temperature is linearly increased. The changes of the product gas are
recorded time resolved at high resolution, e.g. by mass spectrometry. Commonly, TPD is applied
in ultra high vacuum (UHV) to investigate single crystal surfaces. Herein, probe gas is adsorbed
on the clean surface below its desorption temperature. After dosing, UHV is established and the
sample temperature is increased linearly. The changes of the partial pressure of the desorbing
gas allow for the determination of the desorption parameters such as the activation energy of
desorption, E4 e, the pre-exponential factor kp ges and the desorption order. However, results

obtained from single crystal surfaces in UVH often are barely transferable to real, more complex
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catalysts under industrial process conditions. This is referred to as "material gap" and "pressure
gap", respectively.

Amenomiya and Cvetanovi¢ were the first to develop a method to investigate real catalysts at
ambient pressure by means of TPD [162]. Herein, the catalyst material is analyzed as powder
in a fixed bed reactor. Also here, probe gas is adsorbed on the clean catalyst surface. After
adsorption, the catalyst bed is flushed with inert gas to remove not adsorbed probe gas. Then, the
catalyst bed temperature is linearly increased under inert gas flow and the changes in the effluent
gas composition is recorded time resolved by means of a mass spectrometer. The concentration
profile of the desorbing gas for first and second order desorption are schematically depicted

in Figure 3.9. The signal position is dependent on the Ey ges, the pre-exponential factor and
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Figure 3.9: Schematic concentration profiles of desorbing gas upon (A) first order desorption and (B)
second order desorption at varying initial coverages, ®, (adapted from [163]).

the initial coverage, ®. For first order desorption, typically, an asymmetric profile shape is
obtained with a steep decrease at temperatures higher than the peak maximum. No signal shift
is obtained when changing the initial coverage. For a second order desorption, which is typical
for associative desorption of a two-atomic gas, a symmetric profile is obtained with the peak
maximum shifting to higher temperatures when the initial coverage is decreased.

Next to the determination of kinetic parameters also the calculation of the active metal surface
area is possible [164, 165]. Additionally, information about the nature of exposed surfaces and
adsorption sites can be obtained [165, 166]. A proper determination of kinetic desorption param-
eters is only achievable if the partial pressure of the desorbing species reflects the desorption
kinetics. However, several phenomena can bias the calculation. For example, pore diffusion
limitation and readsorption can lead to signal broadening and significant peak shifts [163, 167,
168]. For a proper design of TPD experiments in the absence of limitations both in a CSTR con-
figuration and in a packed bed, Demmin and Gorte derived six dimensionless parameters [168,
169]. These parameters are listed in Table 3.1.

In Table 3.1, &,, Ly, dy and mcy are the porosity, the length, the diameter and the mass of
catalyst bed, respectively. The heating rate, the initial and final temperature are represented
by B, Ty and Ty. Ry, is the particle radius and Q is the carrier gas flow rate. D, and D, are
the effective diffusion coefficient and the axial dispersion coefficient, respectively. S denotes

the active surface area capable of adsorbing gas per volume of the catalyst and pcat 1s the
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Table 3.1: Criteria for TPD measurements in the absence of limitations (adapted from [168, 170]).

Dimensionless parameter Definition Requirement
. Eb'Lb'TC'd%'ﬁ . . . . .
DGI: T0-(T=To) carrier gas residence time/experiment time <0.01
Sb'RI%'ﬁ . . . . .
DG2: 57— diffusion time constant/experiment time <0.01
De-(Tt—Tp)
pp-R2-Q . e
DG3: 5 R D carrier gas flow rate/diffusion rate <0.05
Mcat*He
. 4-0-Ly . . ..
DG4: D carrier gas flow rate/axial mixing <0.05
2D,
S-Donc-5-F-R2 . . .
DGS: % adsorption rate/diffusion rate <1
e

S-peat-s-F-m-d2-Ly-(1- . .
DG4: 2 Peat Z Qb b (176) adsorption rate/carrier gas flow rate <1

catalyst density. The sticking coefficient is represented by s. The factor, F, is dependent on
the temperature, 7, the universal gas constant, R and the molar mass of the desorbing species,

M, according to equation 3.25 [168]:

R.T \03
F= (Z-E-M) . (3.25)

The dimensionless parameter DG1 describes the ratio of the average residence time of the
carrier gas to the overall time needed for the experiment. Gas species desorbing simultaneously
from different points of the catalyst bed are detected at different times if the carrier gas flow
rate is too slow in comparison to the temperature range and heating rate applied. Accordingly,
DG2 correlates the time needed for intraparticle diffusion and the measurement time. DG2
should fall below 0.01 for negligible diffusion time lags. In a typical design of a TPD setup,
this these criteria are normally fulfilled [168]. DG3 represents the ratio of carrier gas flow
rate to the diffusion rate and is indicative of particle concentration gradients. Gradients can be
considered negligible if DG3 falls below 0.05. Kanervo et al. [170] derived a similar correlation

for evaluating intraparticle diffusion limitations in systems where intraparticle mass transport

follows Knudsen diffusion:

Q-Rj-pp- (1-2) §
D¢ -mcat - &,

0.16. (3.26)

Parameter DG4 is the Peclet number [168, 170]. It represents the ratio of the carrier gas flow
rate to axial mixing and describes the extent of back-mixing in the packed-bed. For values
below 0.1 the packed bed can be adequately described with a CSTR model [168]. However,
Kanervo et al. [170] found that perfect mixing is practically not achievable under typical
experimental conditions and presented a PFR model for kinetic analysis of TPD. DG5S and DG6
evaluate the influence of readsorption at a very high and a very low carrier gas volume flow,

respectively. DG5S correlates the adsorption and desorption rate, whereas DG6 measures the
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ratio of the adsorption rate to the carrier gas flow rate. However, very high flow rates resulting
in values for DG3 above 10 should be avoided [168]. Also here, Kanervo et al. [170] could
show that readsorption cannot be avoided in plug flow reactor operation under typical operating
conditions, when adsorption is non- or slightly activated. Consequently, only information about
the quasi-equilibrium but not desorption kinetics can be obtained.

Even though the criteria by Demmin and Gorte are commonly applied, also other correlations

can be found in literature [171, 172].

3.13 Pulse and frontal chromatography

Pulse and frontal chromatography belong to the group of transient measurements where the
partial pressure of a probe gas species is changed. In pulsed measurements, the probe gas is
dosed into an inert gas flowing over the catalyst bed, whereas frontal chromatography implies
switching between gas streams. Reactive gas species applied in these measurements interact
with the sample. Conclusions on the nature of interaction can be drawn from variations of
the pulse/front form or the amount of reaction products. If adsorption of the probe gas takes
place the amount of adsorbed gas, for example, can be determined from the difference of
applied and detected pulses upon pulse chromatography. A common probe gas applied in frontal
chromatography for characterization of the active metal surface area is N, O [173-176]. Herein,
an inert gas stream flowing over the activated catalyst is switched to an N»>O stream. Once N, O
reaches the catalyst bed, it is dissociatively decomposed, with the metallic phase being oxidized
and N, being formed. Once the oxidation is complete, N, formation is slowing down and N>O
is detected in the effluent gas. From the amount of N, formed, Ny (which corresponds to the
amount of oxygen that oxidized the sample) the active metal surface area can be determined if

subsurface/bulk oxidation and side reactions can be excluded:
SMe = A% (3.27)

The factor, z, represents the stoichiometry of the metal oxide layer. Equation 3.27 also can be
applied when N> O is pulsed onto the catalyst.
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4 Synthesis and characterization of
Ni-Al catalysts for CO, methanation

Part of this chapter was published in:

S. Ewald, M. Kolbeck, T. Kratky, M. Wolf, O. Hinrichsen, On the deactivation of Ni-Al catalysts
in CO, methanation, Applied Catalysis A: General, 2019, 570, 376-386.

Part was also published in:

S. Ewald, O. Hinrichsen, On the interaction of CO5 with Ni-Al catalysts,
Applied Catalysis A: General, 2019, 580, 71-80.

4.1 Introduction

The methanation of CO; is an exothermic reaction and thermodynamically favored at low
temperatures. Under industrially relevant process conditions, however, the reaction is kineti-
cally controlled and catalysts have to be applied to obtain high conversions and product yields.
Among a broad range of group VIII transition metals which are capable of catalyzing the CO,
methanation reaction, Ni is of high economic importance. Commercial Ni catalysts for hydro-
genation reactions are commonly synthesized via precipitation with subsequent calcination and
are activated in situ. Precipitated systems are often mistaken as supported catalysts, however,
the composition and microstructure can significantly differ from this conception. Moreover,
the microstructure of the precursors influence the physico-chemical properties and hence, the
mical memory" of its synthesis history, similar to copper catalysts for methanol synthesis [179].
The understanding of structure-activity relations, therefore, starts with the elucidation of the
catalyst’s material chemistry already in the precursor and calcined state.
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For the studies in this work, Ni-Al catalysts with varying Ni loading are synthesized via co-
precipitation in order to obtain catalysts typically applied industrially. For the sake of compar-
ison, also classic metal-support systems, namely Ni/y-Al,O3, are synthesized by an impregna-
tion technique. Selected precursors and calcined samples are characterized by means of XRD,
N, physisorption and TPR coupled with TG-MS.

4.2 Experimental

4.2.1 Catalyst synthesis

For co-precipitation, 11 of bidistilled water was heated to 303K in a stirred glass tank.
An equimolar mixture of 0.5M NaOH (Merck®) and 0.5M Na,CO3 (Sigma—Aldrich®) was
applied as precipitating agent which was added by an Titrino Autotitrator 716DMS from
Methrom® to obtain a pH of 9. Subsequently, an aqueous solutions of Ni(NOj3), - 6H,O (1 M,
Merck®) was mixed with an aqueous solution of AI(NO3)3-9H,0 (1 M, Sigma—Aldrich®) and
added dropwise into the vessel by a peristaltic pump. The Ni/Al ratio was varied between 0/1,
1/5, 1/3, 1/2, 1/1, 3/1, 5/1 and 1/0. Flow beaker were inserted for efficient mixing conditions.
Throughout precipitation, the pH was kept constant by adding precipitating agent when needed.
The resulting slurry was aged for 18 h in the mother liquor at 303 K. After aging, the precip-
itate was filtered and washed until pH 7 before it was dried over night in air at 353 K. The
precursors were calcined in flowing air at a heating rate of 5 K min~!. They were kept at the
desired calcination temperature for 6 h. The maximum calcination temperature was 723 K for
all precursors, except for the one with a Ni/Al ratio of 1/2, which was calcined at 1173 K. The
resulting calcined systems are denoted as PCO1, PC15, PC13, PC12, PC11, PC31, PC51 and
PCO1 according to their Ni/Al ratio. Calcined catalyst material was pressed, grinded and sieved
prior to analysis.

For incipient wetness impregnation, y-Al,O3 (Sasol®) with a pore volume of V, =0.5 cm? g_1
was impregnated with Ni(NO3), - 6H,O (1 M, Merck®). The samples were calcined under the
same conditions as precipitated catalysts. The desired Ni loading of the impregnated samples
after calcination was 9 and 17 wt-%. The corresponding catalysts are denoted as IC9 and IC17,
respectively.

The Ni/Al ratio in the precursors after precipitation as well as the Ni loading of the calcined
catalysts was determined by atom absorption spectroscopy using a AA280FS from Varian® and

photometry using a Shimadzu® UV-160. The results are given in Table 4.1.
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Table 4.1: Results from elemental analysis.

Catalyst PC10 PC51 PC31 PCI11 PC12 PCI3 PC15 PCO1 IC17 IC9
Ni/AI? (-) - 487 297 1.04 049 036 021 - n.d. n.d
Ni loading® (wt-%) 79.0 644 583 381 n.d. 225 153 - 16.7 9.1

4 in the precursors after precipitation
b calcined samples

4.2.2 Catalyst Characterization

XRD analysis was performed with a Stadi P diffractometer from STOE® equipped with a
Ge(111) monochromator. The diffractometer was operated at 50kV and 30 mA in Debye-
Scherrer geometry. Measurements were conducted within 260 =5 —90° at 0.86°min~! and a
stepsize of 0.5°. For analysis, sample material was sealed in a glass capillary with an inner
diameter of 0.5 mm.

N, physisorption measurements at the boiling point of liquid N, were conducted on a Nova-
touch from Quantachrome®. Both the adsorption and desorption isotherms were recorded. The
BET surface area, SggT, was calculated from the adsorption branch within p/pg = 0.05 — 0.3.
The pore volume and average pore diameter were determined from SggT and the N, uptake at
p/pg close to 1 assuming cylindrical pores. For measurements, 100 mg of sample material were
used and degassed under vacuum at 393 K for 3 h prior to analysis.

Thermogravimetric (TG) analysis was applied to investigate the reduction behavior of the cal-
cined catalysts. Measurements were conducted with a Netzsch® STA 409 thermobalance. For
product gas analysis, an Omnistar GSD 301 quadrupole mass spectrometer from Pfeiffer Vacuum®
was applied. For analysis, 25 to 50 mg of calcined catalyst material were loaded into the balance.
Subsequently, the samples were heated in Ar (Qa, = 60Nml min~1) to 623K at a heating rate
of 3K min~! to remove adsorbed surface species. The samples were held at this temperature
for 1h before they were cooled down to room temperature. Then, the gas flow was switched to
5% Hj in Ar and temperature programmed reduction (TPR) was performed up to a maximum

temperature of 1173 K at a gas flow rate of 75 Nml min~!.

4.3 Results and discussion

4.3.1 Catalyst structure

Figure 4.1A depicts XRD patterns of the catalyst precursors. PC31 shows the characteristic
reflections of takovite (JCPDS 15-0087). The reflections at 2@ = 11.3° and 20 =22.9° can
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be attributed to the (003) and the (006) plane, respectively. The (110) and (113) planes exhibit
reflections at 20 =60.8° and 20 =62.0°. The (012), (015) and (018) reflections at 2@ =35.0°,
39.1° and 46.8°, show significant asymmetries, indicating stacking faults [87, 178]. Takovite
belongs to the hydrotalcite group and consists of brucite-like layers containing layered double
hydroxides, where cations occupy the center of an octahedron surrounded by six hydroxyl ions
in the corners of the octahedron. For charge compensation, CO%_ is found in the interlayer
between the hydroxides together with H,O [180]. The characteristic takovite reflections are
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Figure 4.1: XRD pattern of (A) the catalyst precursors after precipitation and (B-D) catalyst samples
after calcination (JCPDS: takovite 15-008, Ni(OH), 1-074-2075, NiCO3 1-078-0210, NiO 78-0429,
Y-Al,O3 10-0425, NiAl,O4 10-0339, AIO(OH) 21-1307).

shifted to higher diffraction angles with declining Ni loading. In PC11 the (110) and (113)
reflections cannot be distinguished anymore. For the calculation of the lattice parameters ¢ and
a, we used the (006) and the (012) reflection, respectively. We abstained from the calculation
of ¢ by averaging the positions of the reflections of the (003) and the (006) plane as suggested
by Abate et al. [82], since sample PC11 shows poor crystallinity and the reflection of the (003)

plane at 2@ = 10.7° in this case is barely detectable. The lattice parameter a decreases from
3.037 A in PC31 to 2.988 A in PC11, indicating substitution of Ni* by AI>* forming a mixed
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13* cation has a smaller ionic radius than Ni%*, so that substitution

basic carbonate. The A
decreases the average distance between two cations, which is represented by a. The lattice pa-
rameter ¢ decreases from 23.27 to 23.02 A, which can be explained by an increasing electrostatic
interaction between the brucite layer and the anion containing interlayer with increasing AP*
substitution [85, 178, 181]. In reverse, the higher content of Ni2+, in sample PC51 as compared
to takovite causes an increase in the cation distance and a decrease in electrostatic interaction,
and shifts the reflections to lower diffraction anglesl The corresponding values for the lattice
parameters a and c in this case are 3.061 and 23.57 A, respectively. The lattice parameters of
the samples PC13 and PC15 were not calculated due to poor crystallinity of those samples. A
closer inspection of the pattern in Figure 4.1 reveals, that already the reflections of PC31 are
shifted (even though to lower diffraction angles) compared to pure takovite. The calculations of
the lattice parameters results in an increase of ¢ from 22.60 A in takovite to 23.27 A in PC31.
Parameter a increases slightly from 3.025 to 3.037 A. Deviations might be explained by a poor
ordering in the synthesized samples. Also compensating anions other than carbonate have to
be considered leading to changes in the interaction of the brucite layer and the interlayer. In
this context, the precipitation conditions have been reported to have significant influence [87,
178]. The crystallinity increases form PC51 to PC31 and then decreases again with decreasing
Ni content. No additional crystalline phase was observed for the sample with the highest Ni
loading, PC51, whereas samples PC13 and PC15 exhibits an additional phase with a strong
reflection at 2@ = 20.3°. For co-precipitated samples with low Ni loadings the formation of
crystalline boehmite [85, 178] and gibbsite [85] was reported, but not observed here. Also
bayerite, which might transform to gibbsite during precipitation is not observed, which is in
accordance with previous work [79]. Puxley at al. [87] reported on the formation of nitrate
containing mixed oxides when applying a Ni/Al ratio equal to spinel stoichiometry during
precipitation. However, elemental analysis revealed a nitrogen content below the detection limit
in all precursors so that the formation of this phase can be ruled out. However, boehmite is
the only detectable phase in sample PCO1. For sample PC10, which does not contain any Al
species, no crystalline Ni(OH), or NiCOs is observed.

XRD pattern of calcined samples are depicted in Figure 4.1B-D. The signals observed in cal-
cined PC51 and PC31 match the positions of bunsenite reflections. The peak intensity decreases
with declining Ni content due to a reduction of crystallinity and a decreasing NiO particle size.
Moreover, the reflections are shifted to higher diffraction angles with decreasing Ni content. The
reflection in sample PC11, which is located between the signal of the (200) plane of bunsenite
and 20 = 65.5° for the (440) plane of NiAl,Oy, indicates the presence of A13+—containing NiO.
For precipitated samples with a Ni loading below 23 wt-%, the reflection situated between the
signal for the (440) of NiAl,O4 and 20 = 67.0° for the (440) plane of Al,O3, suggests Ni*-
containing alumina [87, 89, 177]. No additional crystalline phase is observed in samples PC51,

I The content marked in italic deviates from the corresponding sections of the articles this chapter was pub-

lished in. This is due an error that occurred upon citing from literature references given there.
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PC31, PCI11 and PC13. One might speculate whether spinel is present in PC15, the poor crys-
tallinity of which complicates a distinct analysis. In sample PCO1, the reflections of y-Al,O3 are
observed. The additional signal at 2@ = 48.8° might be attributed to some boehmite, indicating
that the sample was not fully calcined under the experimental conditions chosen. Figure 4.1C
depicts XRD pattern of calcined PC10 and PC12. Pure bunsenite is obtained in the case of PC10.
The characteristic reflections at 20 =37.3°, 43.3°,62.9°, 75.5°, and 79.5° correspond to the
(111), (200), (220), (311) and (222) plane, respectively. The respective values for the d-spacing
are 2.410, 2.087, 1.476, 1.258 and 1.205 A. The high calcination temperature of 1173 K results
in the formation of the spinel phase NiAl,Oy4. The three main reflections at 20 =36.7°, 44.5°,
and 65.5° correspond to the (311), (400) and (440) with values for the d-spacing of 2.431,
2.015, and 1.425 A. In the impregnated samples (Figure 4.1D), all reflections can be attributed
to bunsenite and y-Al,O3. The signal intensity rises with increasing Ni loading which is in line
with the growth of NiO crystallites. The structures of selected samples are further analyzed by

means of XPS measurements and discussed in greater detail in chapter 6.

Table 4.2: Results from N, physisorption measurements of calcined samples.
Catalyst PC10 PC51 PC31 PC11 PCI12 PC13 PC15 PCO1 IC17 IC9 y-Al,0Os3
SBET (m2 g&}t) 152 118.4 130.3 180.2 98.1 196.8 211.6 223.0 142.8 166.2 195.7

Vp (cm3ggalt) 0.06 047 041 051 045 031 035 073 0.30 0.39 045
dp (nm) 154 158 127 114 184 64 6.6 65 84 93 93

Table 4.2 and Figure 4.2 summarize characterization data from N, physisorption measurements
of calcined samples. All samples investigated exhibit a type IV isotherm with a hysteresis,
indicating the presence of mesopores. Pure NiO (sample PC10) as well as precipitated sam-
ples of low Ni loadings up to 22.5 wt-% show a type H2 hysteresis, implying that the pore
structure is not well-defined. A type H3 hysteresis, typical for non-rigid aggregates of plate-
like particles forming slit-shaped pores, is observed for precipitated samples of higher load-
ings. The hystereses of sample PC10 and PC12 are barely observable, which indicates a low
porosity of those samples. PCO1 exhibits characteristic features of a type H1 hysteresis, which
is typically obtained in the case of cylindrical pores and agglomerates of uniform spheres.
A type IV isotherm with a type H2 hysteresis is observed for y-Al,O3. The pore structure
does not change upon impregnation within the range of Ni loadings applied in this study. The
BET surface area, SggT, decreases with rising Ni content, whereas the average pore diameter
increases for precipitated samples. No clear trend is observable for the total pore volume. The
low value for the BET surface area and the total pore volume in sample PC10 underlines a poor
porosity as mentioned before. Sample PC12 exhibits a lower BET surface area but an increased
average pore diameter as compared to the other precipitated samples, which can be attributed
to sintering effects induced by the significantly higher calcination temperature of 1173 K. The
BET surface area and the total pore volume of impregnated samples decrease with rising Ni

content, indicating pore blockage by Ni species. The average pore diameter of 1C9 is the same
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as for pure y-Al,O3 and decreases when the Ni content is increased to 17 wt-%. One might
expect that the average pore diameter initially increases with rising Ni content since small pores
are blocked first. However, a Ni content of 9 wt-% might already be high enough that this effect
is compensated by partial blockage of larger pores.
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Figure 4.2: N, adsorption/desorption isotherms of calcined samples

4.3.2 Reduction behavior

Figure 4.3 depicts TPR results of the synthesized samples and pure y-Al,O3. The trend of the
weight loss determined from TG analysis matches the reduction profiles (Figure A.1). Pure
NiO and NiAl,Oy4 reveal a reduction signal at 620 and 1055 K, respectively, which is in good
agreement with literature [182—185]. A very weak reduction signal is also observed for y-Al,O3
and PCO1. This might be attributed to the elimination of surface hydroxyl groups and in the case
of PCO1 also to the conversion of boehmite residues. The mass loss during reduction is 1.8 % for
Y-Al,O3 and 3.5 % for PCO1. For precipitated samples, a broad pattern between the reduction

45



4 Synthesis and characterization of Ni-Al catalysts for CO, methanation

signal of NiO and NiAl,Oy is observed, which is continuously shifted to higher temperatures
with declining Ni content. This reflects well the gradual change from a NiO-like to a spinel-like
structure as revealed by XRD. Interestingly, the reduction temperature of PC51, the structure
of which, according to XRD results, corresponds to NiO (Figure 4.1B), is shifted to higher
temperatures as well. The intimate contact of NiO to an amorphous Al-containing structure,
not detectable by XRD, might lead to a strong interaction decreasing the reducibility of the
Ni species. Zielinski interpreted this interaction on a way that water induces the formation of
a surface nickel aluminate retarding the reduction [90, 110]. This mechanism was proposed
especially but not exclusively for highly loaded Ni-Al catalysts [137]. It is also possible that
small amounts of A are incorporated into the NiO lattice impeding reduction but the changes
are too marginal to be detected by XRD. On the other hand, the reduction profile of PC15,
in which case XRD analysis gave some indication of spinel, does not match the position of
NiAl,Oy, excluding the presence of bulk spinel. However, surface spinel was reported to be
reducible at lower temperatures as compared to bulk nickel aluminate [109, 185, 186]. The
profile shapes of samples PC51, PC31 and PC11 reveal two overlapping signals, which strongly
indicates the existence of an additional mixed oxide phase of amorphous character, which is not
resolved by XRD. Also Zielinski reported on the simultaneous presence of a crystalline NiO-
rich and an amorphous Al-rich phase in co-precipitated systems [90, 110]. One might speculate
whether the signals of PC13 and PC15 between 800 and 1050 K also consist of overlapping
signals. In addition to the broad feature, a small signal centered around 700 K is observed in
PCI15. This signal might be a result of surface hydroxyl elimination, revealed by a comparison
with the pattern of y-Al, O3, or indicates the presence of small NiO crystallites which exhibit
low nucleation rates during reduction impeding reducibility [185]. Zielifiski, however, proposed
that small and large Ni crystallites are reduced with the same ease [109].

_/L PC10 (NiO) _/L PC10 (NiO)
8 H R NG
e o o~ | Eley o T |
c IC17
2 pc13 T ] 2
%) IC9
olpcts ——— T~ o
T |PCof ] T

PC12 (NiALO, PC12 (NIALO,)

500 600 700 800 900 1000 1100 500 600 700 800 900 1000 1100

Temperature (K) Temperature (K)

Figure 4.3: Results from temperature programmed reduction.

Also for impregnated samples, a broad reduction signal at significantly higher temperatures
as for pure NiO is observed. As for precipitated samples, the reduction signal is shifted to
higher temperatures with decreasing Ni loading. This is somewhat surprising as NiO is detected

as the only Ni-containing phase by means of XRD. Also here, water induced formation of a
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spinel-like surface layer might impede the reduction [137]. Zielifiski also reported on "free"
and "fixed" NiO in impregnated systems with the content of each phase depending on the Ni
loading [109]. "Free" NiO coincides with phase pure bunsenite, whereas "fixed" NiO, requiring
significantly higher temperatures for reduction, comprises nickel aluminate-like species as well
as NiO crystallites covered by this spinel-like layer. The latter is detected as bunsenite in XRD
but exhibits a significantly lower reducibility as pure NiO. Nickel aluminate-like structures
and covered NiO species were also observed in other studies [109, 111, 185, 187, 188]. Also

decreased nucleation rates due to small Ni particle sizes have to be taken in consideration,

similar to precipitated samples. With regard to the pattern of IC9, it can be speculated whether
amorphous bulk spinel is present as a peak at about 1050 K is observed, coinciding with the
profile of the NiAl,O4 reference. A comparison of PC15 and IC17, which exhibit similar
Ni loadings, reveals that precipitated samples are more difficult to reduce than impregnated
systems.

All samples are completely reduced at a maximum temperature of 1173 K as summarized in
Table 4.3. For all samples, the expected mass loss was calculated on the assumption that metallic
Ni is formed due to reduction of NiO and NiAl,Oy, respectively. The experimental result for
pure NiO (PC10) and NiAl,O4 (PC12) agrees well with the calculated value. The mass loss
determined from thermogravimetric measurements of supported samples, however, is higher
than the theoretical mass loss. The discrepancy rises with decreasing Ni loading and increasing
BET surface area. In samples with higher BET surface areas more surface hydroxyl groups are

exposed to H, that can be eliminated increasing the mass loss upon reduction.

Table 4.3: Comparison of calculated and measured mass loss upon reduction.

Catalyst PC10 PC51 PC31 PCI11 PCl12 PC13 PC15 IC17 1IC9

theoretical mass loss (%) 21.0 175 159 104 9.1 6.1 4.2 4.6 2.5
measured mass loss (%) 21.5 206 199 157 94 9.6 7.7 7.7 4.3

4.4 Conclusion

Ni-Al catalysts with varying Ni loadings as well as pure NiO and NiAl,O4 were synthesized via
co-precipitation and incipient wetness impregnation. The precursors and calcined samples were
characterized by means of XRD and N, physisorption measurements. The reduction behavior
was characterized by TPR experiments in a TG-MS setup. Precipitated precursors consist of
mixed basic carbonates the structures of which depend on the Ni/Al ratio in sample. For a Ni/Al
ratio of 3/1 a takovite-like structure is observed. Upon calcination at 723 K, Ni-Al mixed oxides
of varying stoichiometry are formed, whereas calcination of the precursor with a Ni/Al ratio of

1/2 at 1173 K results in NiAl,Oy4. Pore structure analysis revealed a mesoporous character of all
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samples, whereat the porosity of pure NiO and NiAl,Oy is significantly lower as compared to
the other samples. For precipitated samples the pore structure is dependent on the Ni loading.
For impregnated samples, pore blockage is observed upon impregnation with the overall pore
structure remaining unchanged. TPR experiments revealed multiple Ni species in the catalyst
samples. At least two Ni species of varying crystallinity are observed in precipitated samples,
the reducibility of which decreases with increasing Al content and calcination temperature. Also

for impregnated samples the reducibility is impeded as compared to pure NiO.
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This chapter was published in:

S. Ewald, S. Standl, O. Hinrichsen, Characterization of nickel catalysts with transient methods,
Applied Catalysis A: General, 2018, 549, 93-101.

5.1 Abstract

The Ni surface area is a key factor in catalytic performance of supported Ni catalysts employed
in heterogeneously catalyzed reactions. For its characterization, transient measurement tech-
niques are powerful but need a proper experimental design and a high level of accuracy. In this
study, several transient methods, namely temperature programmed desorption of H, (H>-TPD),
pulsed H, chemisorption and N,O chemisorption, were applied and evaluated for the charac-
terization of Ni catalysts. Results were compared with those from static Hy chemisorption. Ni
powder, as well as NiAlOx and Ni/y-Al, O3 with varying Ni loadings, synthesized via precipi-
tation and incipient wetness impregnation, respectively, were used as model catalysts. H,-TPD
within in the temperature range from 84 - 753 K is able to completely describe the interaction of
H, with supported Ni. However, a quantitative analysis of the specific Ni surface area based on
H,-TPD is difficult whereas pulsed Hy chemisorption leads to comparable results as obtained
from static measurements. Adsorption and pre-treatment conditions have a strong impact on the
desorption spectra. Reversible morphologic changes of the Ni surface were revealed by Hy-TPD
when changing the gas atmosphere during pre-treatment. N»O chemisorption occurs in three
steps including fast oxygen uptake, growth of the oxide layer and subsequent layer thickening
due to subsurface and bulk oxidation. A separation of surface and subsurface/bulk oxidation
of NiAIOy and Ni/y-Al,Oj3, both of which are readily oxidized even under mild conditions, is
only achievable at temperatures between 190 and 195 K. In this temperature range, the ratio of
adsorbed oxygen atoms, O, and the number of Ni surface atoms, Nig, (O/Nig) is 0.38 £0.07,

which can be applied for specific Ni surface area determination. The experimental mode of N,O
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chemisorption (flow or titration mode) does not influence the extent of subsurface oxidation.
The separation of surface and subsurface/bulk oxidation is more feasible in the case of Ni
powder. Here, a suitable temperature for Ni surface area determination lies within 265 and
285 K with an O/Nig ratio of 0.96 £ 0.05.

5.2 Introduction

Supported Ni catalysts are widely applied in various reactions, like hydrogenation of CO [120,
VIII transition metals with supported Ni being the most often investigated due to its price and
availability. In contrast to the hydrogenation of CO, CO; methanation is less intensively studied
and information about catalyst deactivation is scarce. However, in order to develop highly active
and efficient catalysts the understanding of predominant deactivation phenomena is of great
importance. Herein, the characterization of the active metal surface area is essential. For this
purpose the static chemisorption of Hy and CO are widely applied [184, 195-197] despite CO
having major drawbacks such as multiple adsorption states as well as the formation of toxic
carbonyl species. Static methods allow the quantification of both strongly and weakly bound gas
but require a high vacuum and measurements take up a significant amount of time. Moreover,
the catalyst properties under vacuum can differ from those under working conditions at higher
pressures. Therefore, it is critical to correlate the activity of catalysts with characterization
results from low pressure experiments.

Within the last decades also transient methods have been developed for the characterization of
supported Ni catalysts, particularly the temperature programmed desorption of Hy (H,-TPD)
and pulsed Hy, chemisorption. However, most H,-TPD studies, especially those found in older
literature, apply UHV conditions, and thus show the same disadvantages as static methods.
Amenomiya and Cvetanovi¢ were the first to apply the temperature programmed desorption
technique under flow conditions [162]. Those conditions allow for the study of the catalyst
much closer to working conditions. Additionally, measurements are much faster and easier to
conduct. It is also possible to apply them for in situ characterization which has great potential
for elucidating deactivation phenomena [198]. Moreover, Hp-TPD, when designed properly,
allows for the assessment of H, interaction with the metal surface making it a powerful tool in
microkinetic analysis of hydrogenation reactions [166, 199-203].

One major drawback with regard to H,-TPD on Ni catalysts is that supported Ni is prone
to Hy spillover. Also pre-treatment conditions and the mode of H, adsorption prior to TPD
have a significant impact on the desorption signal which makes a careful design of the TPD
experiment essential. However, most studies in literature choose pre-adsorption parameters
more or less arbitrarily. Only a few studies correlate results from different characterization
techniques [166, 203]. Znak and Zielifiski [204, 205] systematically investigated the influence of

50



5 Characterization of nickel catalysts with transient methods

H, pre-adsorption and concluded that a full picture of the H, interaction with alumina-supported
Ni catalysts can only be obtained when starting H>-TPD experiments at temperatures as low as
100 K. However, their studies were more of qualitative nature.

Another transient method to determine the active metal surface area is N»oO chemisorption
where N, O is decomposed into gaseous Ny and oxygen that is adsorbed on the metal surface.
N>O chemisorption is widely applied to determine copper surface areas [173, 174, 206, 207].

With regard to the calculation of Ni surface areas, there is controversy in literature. Rudajevova
and Pour as well as Kuijpers et al. stated that N, O is not a suitable probe molecule for Ni surface
area determination since oxygen uptake can exceed a monolayer and N,O readily oxidizes
subsurface and bulk Ni [208, 209]. Ho and Yeh conducted microgravimetric studies of the N,O
chemisorption on Ni powder and concluded that Ni surface area determination is possible at
temperatures between 195-232 K with a stoichiometric ratio of O/Nig = 0.6 [210]. Recently,
Tada et al. introduced the pulse titration of N,O at elevated temperatures as a reliable method
to characterize Ni supported on o-Al,O3 [149]. It is known that catalyst properties can change
depending on the support, synthesis procedure and the crystallite size, making it difficult to
compare the results in those studies. Differences in the measurement procedure can also impede
a comparison.

In this study we present a comprehensive investigation of H,-TPD for the characterization
of nickel-aluminum catalysts. The influence of catalyst pre-treatment and H, adsorption is
systematically examined and the results are compared with static Hy chemisorption as standard
characterization technique. In addition, N, O chemisorption for the determination of the specific
Ni surface area is applied and evaluated using both pulsed and flow conditions. Also Ni powder

is examined in order to elucidate the influence of the support on N, O chemisorption.

5.3 Experimental

5.3.1 Catalyst synthesis

Nickel-aluminum catalysts with varying Ni loadings were synthesized via co-precipitation of
the corresponding metal nitrate solutions at constant pH, in accordance with literature [79, 80].
For this, 11 of bidistilled water was placed in a glass vessel with flow beakers and heated to
303 K under stirring. An equimolar mixture of 0.5M NaOH (Merck®) and 0.5M Na,COj
(Sigma—Aldrich®) was used as the precipitating agent and added by an automatic titrator (Titrino
Autotitrator 716DMS by Methrom®) to obtain a constant pH of 9. Subsequently, the aqueous
solutions of Ni(NO3), - 6H,O (1 M, Merck®) and AI(NO3)3 - 9H,0 (1 M, Sigma-Aldrich®)
were mixed and added dropwise by a peristaltic pump. The molar Ni/Al ratios applied were
1/5, 1/3, 1/1, 3/1 and 5/1. The samples are denoted as PC15, PC13, PC11, PC31 and PC51,
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respectively. Also a sample containing only Ni was synthesized, denoted as PC10 in the follow-
ing. The precipitate was aged in the mother liquor at 303 K for 18 h under stirring. Afterwards,
the precipitate was washed until constant pH was achieved and dried at 353 K. The result-
ing precursor was calcined in flowing air at a linearly increasing temperature up to 723 K at
5K min~!. Calcination was continued at this temperature for 6 h. The calcined precursor was
pressed, grinded and sieved. The sieve fraction of 150 - 250 um was used for further analysis.

Additionally, alumina-supported catalysts with Ni loadings of 9 wt-% and 17 wt-% were syn-
thesized by incipient wetness impregnation of y-Al,O3 (Sasol®) with an aqueous solution of
Ni(NOj3); -6H,0 (1 M, Merck®). The catalyst samples are denoted as IC9 for the sample with
the desired 9 wt-% of Ni and IC17 for the desired 17 wt-% of Ni. For y-Al,0O3, a sieve fraction
of 150-250 um was used. After impregnation the catalyst precursors were dried and calcined

under the same conditions as for precipitated catalysts.

5.3.2 Catalyst characterization with standard techniques

The Ni content in the calcined catalyst samples was determined via atom absorption spectrom-
etry using an AA280FS from (VARIAN®). X-ray diffraction (XRD) was performed with a
PANalytica1® Empyrean using Cu-Ko radiation, operating at 45 kV and 40 mA. Measurements
were carried out within the range from 26 =5 — 90° with a stepsize of 0.013° and a scanning
rate of 3.42°min""!.

The specific Ni surface area of the supported catalyst systems was determined by static Hy
chemisorption with an Autosorb 1C from Quantachrome®. For analysis, roughly 100 mg of
calcined catalyst were placed in the sample cell and heated to 753 K under 5 % H; in He at
3Kmin~!. The sample was reduced at this temperature for 5h. Afterwards the sample cell
was evacuated at reduction temperature and held under vacuum for another 60 min before it
was cooled down to room temperature. For the calculation of the specific Ni surface area, an
adsorption isotherm was recorded at 308 K. An equilibration time of 2 min was applied for
every data point of the isotherm. The specific Ni surface area was determined according to

equation 5.1 assuming dissociative Hy adsorption on Ni:

_NH~NA'Z

5.1
Mcat - ONj 1)

SNi
Sni 1s the Ni surface area per gram calcined sample (specific Ni surface area), N4 is Avogadro’s
constant and Ny is the amount of adsorbed H, molecules obtained from extrapolating the ad-
sorption isotherm to zero pressure. The stoichiometry factor z is 2 for dissociative chemisorption
of Hy on Ni [150], mca¢ 1s the mass of calcined catalyst and oy is the number of Ni atoms per
unit area (1.54-10"9m2 [149]). The Ni dispersion Dyj; was calculated according to equation 5.2
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with M being the molecular weight of Ni and w being the weight fraction of Ni in the calcined
sample:

_Ny-z-M

Dy .
Ni Mcat - W

(5.2)

5.3.3 Experimental setup for transient measurements

Transient experiments were conducted in a single-pass setup equipped with a glass-lined fixed
bed reactor. The reactor has an inner diameter of 4 mm and can be operated up to 773K
(Figure 3.7). The reactor unit can be immersed in liquid nitrogen so that temperatures as low as
84 K can be applied. Gas is fed to the reactor by a gas supply line, the dead volume and no-flow
regions of which are reduced to a minimum. All gases were of high purity (6.0 for H, and He,
5.0 for N7O). A cooling trap operated at liquid nitrogen temperature removes remaining water
impurities from the feed gas. A calibrated sample loop connected to a 6-port injection valve in
the gas supply line allows for pulsed experiments. By switching a 4-port valve the reactor can be
brought into a bypass position. Product gas analysis is conducted using an Omnistar GSD 301

quadrupole mass spectrometer (QMS) from Pfeiffer Vacuum® for time resolved analysis.

5.3.4 Temperature programmed desorption of H,

For H»-TPD, 50- 100 mg of calcined catalyst were placed in the isothermal zone of the reactor
and secured by means of two plugs of silica wool. The catalyst bed was contacted with a
thermocouple to measure the temperature of the bed. Reduction was performed under similar
conditions as for static Hy chemisorption. After reduction, the catalyst was flushed with He
and cooled down to room temperature. Prior to desorption, the reactor was heated or cooled to
the desired adsorption temperature in He. Then, H, was adsorbed at atmospheric pressure in
a continuous flow of 60 Nmlmin™!. Afterwards, the catalyst was flushed with He for at least
30 min before temperature programmed desorption (TPD) in He was performed at 6 K min~!.
Alternatively, H, adsorption was conducted in a three step program similarly described in liter-
ature [204, 205]. First, Hy was adsorbed at the desired adsorption temperature and atmospheric
pressure for 30 min. Next, the catalyst bed was cooled down to 84 K and H, was adsorbed at
this temperature for another 30 min. Then, the catalyst was flushed with He (100 Nml min~!) for
30 min before TPD. The maximum temperature during TPD did not exceed reduction tempera-
ture to avoid temperature induced morphologic changes of the catalyst. After TPD the catalyst
was held at the final temperature until a constant baseline of the H, signal was obtained. Finally,
the system was calibrated and the catalyst was cooled down to room temperature. The amount
of desorbed Hy during TPD was determined from the area under the H, signal.
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In general, H,-TPD measurements were conducted in a sequence on a sample. Two different
pre-treatment procedures were applied in between TPD experiments. In the first procedure, the
catalyst was treated with 2 % H, in He at reduction temperature for 15 min followed by flushing
with He and cooling to room temperature. In the second pre-treatment procedure, the catalyst

was not treated with H, but cooled to room temperature under He after calibration.

5.3.5 Pulsed H, chemisorption

Pulsed H, chemisorption was performed with supported and unsupported Ni. Supported Ni
was reduced as mentioned earlier. 150 mg of unsupported Ni was reduced at 673 K for 2h
(5%H,inHe, B = 3Kmin™'). This step was followed by flushing with He at reduction tem-
perature for 60 min and cooling to room temperature. Experiments were conducted at 308 K
by injecting 2 % H, in He into a He stream (13 Nml min~!) flowing over the reduced catalyst
bed. Pulses were injected by means of a calibrated sample loop (V}oop = 1 ml). After adsorption,
the catalyst was flushed with He (100 Nml min_l) and TPD was conducted under the same
conditions as previously described. The adsorbed amount of Hy and the resulting specific Ni

surface area were calculated from the number of adsorbed pulses and equation 5.1.

5.3.6 NoO chemisorption

For N>O chemisorption experiments 25— 150 mg of calcined catalyst were reduced in situ as
previously described. After reduction, chemisorption of N»O was either conducted in a flow
or titration experiment. Flow experiments were performed similarly to literature [174]. The
sample was cooled to the desired start temperature under He. Subsequently, the reactor was
switched into the bypass position and the gas was changed to 1 % N,O in He. Once a constant
N, O signal was obtained, the reactor was switched online and N,O was fed to the reactor at
constant temperature. After this isothermal treatment, the temperature was linearly increased
with B = 6Kmin~! to a temperature not exceeding 753 K and calibration of the system was
performed. Titration experiments were conducted by dosing pulses of 1 % N»>O in He onto the
catalyst bed using a calibrated sample loop (Vioop = 1 ml) and He as carrier gas with a flow rate
of 13 Nmlmin~'.
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5.4 Results and discussion

5.4.1 Catalyst characterization with standard techniques

Results from elemental analysis and static Hy chemisorption are depicted in Table 5.1. The
specific Ni surface area of the precipitated catalysts rises with increasing Ni loading and reaches
amaximum at a Ni/Al ratio of 3. Impregnated catalysts show similar Ni surface areas at lower Ni
loadings as compared to precipitated catalysts. The observed trend in the case of the precipitated
samples seems contradictory to results published earlier where a linear correlation of the specific
Ni surface area and the Ni loading up to a Ni/Al ratio of 5 was obtained [79]. It has been shown
that the applied conditions during precipitation and calcination have a strong impact on the
resulting catalyst structure and Ni particle size [82, 88, 178]. Already small deviations in the
synthesis conditions can result in structural differences which impedes the reproducibility of

the specific Ni surface area and explains the observed discrepancy.

Table 5.1: Characterization results of precipitated and impregnated Ni catalysts.
pPC10 PC15 PC13 PCll PC31 PCS51 1IC9 IC17
Ni loading (wt-%) 79.0 15.3 22.5 38.1 58.3 64.4 9.1 16.7

Sni (m? g2l nd 36 9.4 171 329 301 38 9.2
Ni dispersion (%) n.d. 3.5 6.3 6.7 8.5 7.0 6.3 8.3

XRD results of the calcined catalysts are depicted in Figure 5.11. The crystalline phases were
identified with the PDF database. PC10 reveals the typical pattern of NiO. In the aluminum
containing precipitated catalysts mixed oxides, NiAlOy, are present, the structure of which
strongly depends on the Ni/Al ratio (Figure 5.11A). Neither a crystalline Al;O3 nor a NiAl,Oy4
phase are observed. A detailed description of Ni/Al mixed oxides typically obtained through
phases can be assigned to NiO and y-Al, O3, as revealed by the comparison with the pattern of
the pure support material (Figure 5.11B). This is the typical pattern of unreduced Ni/y-Al,O3
catalysts.

5.4.2 Temperature programmed desorption of H,

Znak and Zieliniski have shown that H>-TPD is independent of the synthesis procedure and the
Ni loading [204]. Therefore PC11 was chosen as representative sample to study the interaction

of Hy with supported Ni catalysts by means of H,-TPD. Figure 5.1 shows a typical result after
H, adsorption at 308 K for 30 min. A broad desorption signal with overlapping peaks is detected
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Figure 5.1: Reproduction experiment of H>-TPD when adsorbing H, at 308 K for 30 min (PC11,
Mcat = 75mg, One = 34 Nml min_l).

between 350 and 700 K. These desorption signals can be attributed to Hy adsorbed on the Ni
surface [166, 203-205]. The onset of a desorption signal at 750 K may come from Hj spillover
and/or reoxidation of Ni by water inherent on the sample after reduction [135, 212]. However,
when reproducing the experiment with the same catalyst sample the area under the TPD curve
decreases from the first to the second run and remains constant during the subsequent runs.
This implies that particle sintering is not an issue during TPD and also reoxidation of Ni can be
ruled out since the latter would decrease the amount of reduced surface Ni, resulting in a further
decrease of the TPD signal in each run. The slightly higher intensity in the first run was also
observed by other research groups [213]. This effect could be explained by H; storage on the
support during reduction followed by reverse spillover to the Ni phase and desorption during
TPD. Variations of the purging time after reduction did not influence this trend (not shown here).
The decrease of the desorbed H, amount between the first and the subsequent TPD runs is less
than 9 %. Variation of the catalyst mass revealed essentially the same desorption pattern (Fig-
ure 5.12). Moreover, when conducting TPD with 50 mg of calcined catalyst the experimental
conditions correlate with those reported by Znak and Zielifiski for which transport limitations
could be ruled out [204]. Therefore, we also exclude the presence of transport limitations under
the experimental conditions chosen here.

A more complete picture of the H, interaction is obtained when adsorbing H, also at temper-
atures as low as 84 K. Results depicted in Figure 5.2 reveal multiple signals over the whole
temperature range. In addition to the two overlapping peaks between 350 and 700 K, which
are derived from Hy chemisorbed on the Ni surface (o-peak and on-peak), two more dis-
tinct signals can be observed. The signal centered around 150 K reflects H, adsorbed in the
subsurface region of the Ni crystallites (y-peak) and the Hy evolving around 300 K (-peak)
can be attributed to multilayer adsorption and H, adsorbed on edges and corners of the Ni
crystallites [204, 205]. In the temperature range from 450 - 750 K, the TPD curve obtained after

the three step adsorption process resembles the one after adsorption at 308 K.
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Figure 5.2: Influence of adsorption procedure on Hy-TPD (PC11, mcar = 75 mg, Oge = 34 Nml min_l).

When the initial adsorption temperature in the three step adsorption process is increased up to
308 K the intensity of the y-signal and B-signal is rising (Figure 5.3). Those observations are in
good agreement with the work of Znak and Zielinski and indicate that the adsorption on those
sites is an activated process [205]. The intensity of the o -signal is also slightly increased when
the initial adsorption temperature is raised from 90— 308 K, suggesting that H, chemisorption
on the Ni surface is a somewhat activated process. However, overlapping desorption peaks make
it difficult to clearly discern single signals and the higher intensity around 450 K might be due

to a partial overlap of the -Signal and the o-signal. At initial adsorption temperatures higher
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Figure 5.3: Influence of adsorption temperature on Hy-TPD (PC11, m¢ye = 75 mg,
Ole = 34Nmlmin™!).

than 308 K the amount of H, adsorbed in the B position is slightly reduced but still present
whereas the intensity of the two o-signals is significantly increased. This supports findings by
Znak and Zieliiski that higher adsorption temperatures cause morphologic changes of the Ni
surface or a restructuring of the adsorbed H, layer [205]. Similar effects were observed on

Ru single crystals, where a reduction of repulsive adsorbate-adsorbate interactions at higher
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temperatures allows the adsorption on additional sites [214]. Our results also show an increase
of desorbing Hy when the initial adsorption temperature is increased. In similar studies, this
effect was ascribed to chemisorption being an activated process where more Hy can be adsorbed
at higher temperatures [166, 215]. However, when adsorbing H» solely at 450K the resulting
signal is significantly lower and resembles the curve obtained after adsorption at 308 K. At
higher adsorption temperatures weaker adsorption sites are hardly populated and the species
adsorbed on those sites might be removed when flushing with He prior to desorption resulting
in a lower signal intensity as compared to the spectrum obtained after the three step adsorption
process. The additional Hy desorbing after the three step adsorption process might be also
explained by reverse spillover of Hy. Cooling down from adsorption temperatures to 84 K takes
longer for higher initial adsorption temperatures, allowing for more Hy being stored on the
support. When the coverage of H, is reduced during the TPD measurement, H, stored on the
support migrates back to the Ni surface and desorbs, which increases the desorption signal at
this temperature. Already adsorption at 308 K for 24 h significantly increases the desorption
signal (Figure 5.4). When Hj is adsorbed in a pulsed manner, where the H; partial pressure
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Figure 5.4: Effect of time and H, partial pressure during adsorption at 308 K on H,-TPD. Adsorption

of (a) 10 pulses, (b) 15 pulses, (c) 40 pulses; Adsorption for (d) 30 min and (e) 24 h in a continuous Hjp
flow (mcac = 75mg, Qe = 100NmImin~!).

is reduced, strong adsorption sites are occupied first and weaker sites are filled in succession.
The same trend was also observed by other research groups for alumina- [205] and silica [213]-
supported catalysts. Once a breakthrough of the H, pulses is observed (pulsed adsorption prior
to curve (c) in Figure 5.4), the signal in the following TPD remains constant with an increasing
number of pulses. Variation of the He flow, sample loop size and H, concentration per injection
gave essentially the same pattern in the following TPD (not shown here). The adsorbed amount
of Hy and the resulting Ni surface area correlate with results from static Hy chemisorption
(Table 5.2 and Figure 5.5). This is also the case when varying the Ni loading and the synthesis
procedure. The amount of H, desorbed from the catalysts PC11, PC31 and PC51 after pulsed
adsorption is lower than the H, uptake. A reason for this might be that part of the H, adsorbed
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migrates to the support where it is too strongly bound to desorb during the following TPD. It
is also possible, that the maximum temperature of 753 K is too low to completely include the
strongest adsorption site. The desorption signals of the catalysts PC15, PC13, IC9 and IC17
were too weak for the calculation of the desorbing Hy amount.

Table 5.2: Comparison of characterization results from static Hy chemisorption and transient
characterization techniques.

PC10 PC15 PCI13 PC11 PC31 PC51 IC9 IC17

H; uptake (pmolggalt) 17.5 45.6 119.2 257.7 426.8 338.2 60.2 101.8
H, desorption (pmolggalt) n.d. n.d. nd 2124 356.1 2922 nd. n.d.
H, monolayer uptake (pmolg&}t) nd. 457 120 218.9 420.2 385.1 48.5 118.1
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Figure 5.5: Comparison of static and pulsed H, chemisorption for the calculation of the specific Ni
surface area.

It must be noted at this point that the TPD results presented in Figure 5.4 and Table 5.2
were recorded with a higher He flow rate as compared to those shown earlier. Preliminary
experiments reveal that an increase of the He flow rate shifts the desorption signal to lower
temperatures (Figure 5.12B). Increasing the flow rate of the carrier gas reduces the Hy partial
pressure in the gas phase and the desorption signal approaches typical profiles as recorded in
vacuum [204]. Nevertheless, the desorbed Hy amount remains constant.

The spectra depicted in Figure 5.6 show the influence of different pre-treatment procedures on
TPD. When treating the catalyst bed with diluted H, at reduction temperature, the following
TPD signal reveals the typical pattern of two overlapping but discernable desorption signals
in the temperature range from 350—-753 K (1. run in Figure 5.6A and Figure 5.6B). When the
catalyst is pre-treated solely with He in between H,-TPD measurements, a signal shift and
a slight increase of the signal intensity are observed (2. run in Figure 5.6A and 5.6B). The

differences in applied pre-treatment conditions seem to only influence desorption signals at
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temperatures higher than 350 K. Moreover, the observed changes are shown to be reversible
when switching back to 5% H; in He during pre-treatment (3. run Figure 5.6B). Kanervo et
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Figure 5.6: Influence of catalyst pre-treatment at reduction temperature on H, interaction with PC11
(mcat = 50mg, Ope = 100Nml min~1): (A) Sequence of H,-TPD measurements after Hy adsorption at
308 K for 30 min. The pre-treatment conditions were kept constant from the second to the third run.
(B) Sequence of H,-TPD measurements after Hy adsorption at 308 K followed by 84 K for 30 min.
The pre-treatment conditions were alternated.

al. conducted similar sequences of Hy-TPD experiments with a 17 wt-% Ni/Al,O3 catalyst
and studied the influence of the gas atmosphere on the desorption signal, which mirrors the
findings of this study [166]. Cooling down in He in between TPD measurements leads to a
broad desorption signal with one maximum whereas cooling down in Hj results in two distinct
desorption peaks. It could be shown by means of kinetic analysis that the spectrum is made up
of two overlapping signals regardless of the pre-treatment conditions. Differences in the signal
shape were deduced to a shift of the adsorption state with the higher enthalpy whereas the
other adsorption site remains unchanged [166]. The nature of the shift is not yet known but it is
possible that the gaseous environment influences the ratio of the interface energy and the energy
of the free surfaces, which leads to changes of the wetting behavior of the support by the active
metal [216]. This in turn results in different particle shapes and facet distributions with different
strength of H, chemisorption. Such a dynamical wetting/non-wetting behavior was reported for
Cu/ZnO systems, where changes of the oxygen content in the ZnO phase, induced by reversible
switching of the oxidation potential of the gas atmosphere, caused dynamical changes of the
contact surface energy [216, 217]. For the study presented here, the gas atmosphere during
catalyst pre-treatment did not contain any oxygen containing species, which means that changes
of the surfaces by oxidation can be ruled out. It is more likely that H, adsorption on the surfaces
changes the energy of the free surfaces.

In summary, our results show that the interaction of Hy and the Ni surface is complex and
strongly depends on the adsorption conditions applied. It is therefore difficult to quantify the
Ni surface area solely by H>-TPD. A combination with pulsed Hy chemisorption allows the
calculation of the specific Ni surface area. The dynamic nature of the Ni phase emphasizes
how important it is to keep pre-treatment conditions constant when comparing characterization

results from different characterization techniques. Moreover, the presented results demonstrate

60



5 Characterization of nickel catalysts with transient methods

the strength of H,-TPD as characterization technique and the high data quality that can be
obtained with the equipment applied in this study. In a subsequent study H,-TPD will be applied

to elucidate morphologic changes of Ni catalysts during CO, methanation.

5.4.3 Chemisorption of NoO

A typical N,O flow experiment started at 308 K is displayed in Figure 5.7. 12 min after the
start of the measurement the reactor is switched online. After a time delay of 30s, which is
caused by the dead volume of the setup, N>O is quantitatively decomposed to N, and oxygen,
which chemisorbs on the catalyst surface. After roughly 22 min, no more N,O is converted
and N»O breaks through as a front while the N, signal is decreasing. Heating of the sample
in the subsequent temperature programmed treatment, releases small amounts of NoO shortly
after the beginning of the temperature ramp followed by further oxidation of Ni until at tem-
peratures higher than 500 K N,O is catalytically decomposed into gaseous N, and O,. The
increase of N,O at the beginning of the temperature ramp indicates that part of the N,O is
non-dissociatively adsorbed on the catalyst surface. In UHV studies it was shown that N,O
molecularly adsorbs on Ni(111) but desorbs at temperatures higher than 100K [218], which
makes it unlikely that those species cause the observed N, O peak in Figure 5.7. N, O readily
decomposes on Ni(110) within 323 —873 K [219] and on Ni(100) between 200 and 800 K [220]
where in the latter case also molecularly adsorbed N»O was detected. It might be that the same
species is also observed here.
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Figure 5.7: Temperature programmed N,O chemisorption experiment with the catalyst PC11

(Mcat = 75mg, 1% NpOin He, Qgas = 25Nmlmin~!, f = 6 Kmin™).

The amount of produced N, during the isothermal part was calculated from the area under the
N, curve between its onset and its intersection with the N,O signal [174]. From the calcu-

lated number of released N, molecules, Ny, the specific Ni surface area, Syj, was determined
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according to equation 5.3 assuming that one oxygen atom is adsorbed per Ni surface atom
(O/Nig=1) [149]:

S = NN (5.3)
Mcat - ONj

The resulting specific Ni surface area for PC11 is 60.7 m? gz}, which is higher than the cor-
responding result from static Hy chemisorption by a factor of 2.5. This implies that under the
conditions chosen, consecutive reactions like subsurface and bulk oxidation of Ni might be
present to a significant extent. Such undesired consecutive reactions could be reduced when
decreasing the residence time. However, a reduction of the catalyst mass down to 25 mg, giving
a reduction of the residence time by a factor of 3, yields essentially the same specific Ni surface
area (results not shown here). To decrease the N,O partial pressure during the experiment,
in order to suppress subsurface and bulk Ni oxidation, pulse titration of N»O was applied
as suggested by Tada et al. [149] but at a somewhat lower N,O partial pressure per pulse

and a lower temperature. The results are displayed in Figure 5.8. A total of 164 pulses of
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Figure 5.8: Pulse titration of N,O onto the catalyst sample PC11 (mcat =25mg, 7 =308K,
1 % N,OinHe, Ope = 13Nmlmin ™).

1 % N, O in He were injected into a He stream flowing over the catalyst. Once the pulses reach
the catalyst bed N»>O is decomposed and N> is the only product detected in the effluent. Within
the first pulses the intensity of the N, response signal increases. At the same time no N»O is
detected supporting the findings in Figure 5.7 that parts of the N, O pulsed onto the catalyst is
non-dissociatively adsorbed on the catalyst surface. The increase of the N, responses might be
also explained in a way that N>O is decomposed and N, produced is adsorbed on the surface.
Also Van Hardeveld and Van Montfoort observed N, adsorption on supported Ni at room
temperature [221]. By increasing the number of pulses, the N, peak intensity reaches a constant
level and the amount of N, per pulse leaving the reactor corresponds well with the N»O volume
per injection fed to the reactor, implying that N,O is quantitatively decomposed. After 111
pulses N> O is detected in the effluent gas and the N, signal intensity is decreasing. However, no
sharp N, O breakthrough is observed and the area of a stable N> O peak after the breakthrough is

12 % lower than that of an input pulse combined with peak broadening. The total amount of Ny
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produced during the titration experiment was calculated from the area under the N, signal until
pulse number 124 which corresponds to the point where the enveloped lines of the N, and the
N, O curve intersect. The resulting specific Ni surface area is 68.7 m? ggalt, which corresponds to
the results from the temperature programmed experiment in Figure 5.7 but is significantly higher
than 17.1 m? gz} as determined by static H, chemisorption. The point of the intersection of the
enveloped line strongly depends on the intensity of the N, and the N,O peaks. Since the latter
do not reach the same intensity as the N, peaks, the point of intersection is detected later than
it would be when the N,O and N, peaks were equally high. This explains the higher specific
Ni surface area determined in the titration experiment as compared to the flow experiment. The
observations strongly indicate that for the catalytic system studied here consecutive reactions
take place even under milder conditions as suggested by Tada et al. [149]. The difference might
arise from the different support material and synthesis procedure applied here. Moreover, the
results demonstrate that the experimental mode (flow or titration experiment) has no influence

on the N, O chemisorption behavior of the catalyst.
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Figure 5.9: Influence of reaction temperature and support material on N> O chemisorption
(1%N,0inHe, B = 6Kmin!).

63



5 Characterization of nickel catalysts with transient methods

Flow experiments with an initial temperature of 190—195K were conducted to further in-
vestigate the temperature dependence and the influence of the catalyst support and structure
on consecutive reactions. Results are depicted in Figure 5.9. For the supported systems (Fig-
ure 5.9B —F), initially, only part of the N,O fed to the reactor is decomposed. The rest is
weakly adsorbed and desorbs as soon as the temperature increases. N, formation further rises
with temperature. A strong N, peak is observed between 220 and 350 K independent from the
synthesis procedure and the Ni loading. The integration of the N, signal in Figure 5.9C up to
308 K gives a specific Ni surface area of 58.5 m? g&}t which agrees with the results from the flow
experiment at 308 K (Figure 5.7). The results obtained from Ni powder (Figure 5.9A) can be
interpreted in a way that surface Ni is oxidized at 220-250 K. With increasing temperature
the N, signal only slightly increases, indicating subsurface oxidation to a small extent. At
temperatures as high as 650 K bulk Ni is oxidized until N,O is catalytically decomposed at
temperatures higher than 750 K. Obviously, Ni oxidation occurs at lower temperature in NiAlOx
and Ni/y-Al,O3 systems as compared to Ni powder.

From the results in Figure 5.9, the O/Nig ratio can be calculated for the different reaction
temperatures. Results are depicted in Figure 5.10. Nig is the number of Ni surface atoms
as determined from pulsed H, chemisorption. The amount of adsorbed oxygen atoms, O, is
determined through integration of the N, signal from its onset during the isothermal treatment
until the temperature of interest. For the calculation of the O/Nig ratio at around 190 K the Ny

signal was integrated up to its intersection with the N>O curve.
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Figure 5.10: Influence of reaction temperature on the O/Nig ratio obtained from N, O chemisorption
on Ni.

For supported catalysts, the O/Nig ratio is 0.38 £ 0.07 at 190 — 195 K regardless of the Ni loading
and synthesis procedure. In the case of pure Ni (PC10), the intensity of the N,-signal in this
temperature range was too weak for a proper calculation. Similar values of 0.3—-0.6 obtained
from gravimetric and pulsed experiments in the same temperature range were reported for Ni
powder [210, 222] and supported Ni [222]. With increasing temperature a steep increase of the
O/Nig is observed until the curves flatten out at O/Nig = 0.9 for unsupported and 1.75-2.3 for

supported Ni. The slope of the increase is higher for supported catalysts which is in accordance
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with the increased oxidizability mentioned earlier. The O/Nig ratio of the supported samples
still noticeably rises after the flattening of the curve. The observations can be interpreted
in a way that N»O chemisorption follows a three step process, which was also observed by
Zielifiski [222]. First fast oxygen chemisorption takes place up to O/Nig = 0.3 —0.4. Then mod-
erate decomposition leads to the growth of the oxide layer followed by subsequent thickening
of the layer due to subsurface and bulk oxidation. It is not easy to separate subsurface from
bulk oxidation in the supported systems investigated. Only at temperatures around 190-195K
oxidation is limited to the Ni surface. This temperature range seems suitable for specific Ni sur-
face area of these catalysts. The corresponding O/Nig ratio is 0.38 + 0.07 as mentioned earlier. In
contrast to this, subsurface and bulk oxidation of Ni powder occur at elevated temperatures. The
O/Nig ratio of pure Ni only slightly increases within the temperature range from 265 —-285 K.
The corresponding O/Nig ratio in this temperature range is 0.96 +£0.05 indicating surface oxi-
dation with the formation of an oxygen monolayer. Those conditions might be applied for Ni

surface area determination of Ni powder.

5.5 Conclusion

Results show that for nickel-aluminum catalysts H,-TPD within the temperature range from
84 -753 K is a suitable method to obtain a complete picture of the interaction of H, with Ni.
Variations of the adsorption and pre-treatment conditions have a significant impact on TPD.
Switching the gas atmosphere between He and Hy during pre-treatment at 753 K prior to TPD
results in reversible morphologic changes of the Ni phase. Hy spillover and multiple overlapping
peaks make a quantitative characterization of the Ni surface area difficult. A proper selection of
H, adsorption conditions is crucial for the calculation of the Ni surface area. It is recommended
to apply pulsed H, chemisorption for Ni surface area determination.

N> O chemisorption experiments reveal that N, O is decomposed in a three step process compris-
ing fast oxygen uptake and formation of an oxide layer followed by thickening of the oxide layer
due to subsurface and bulk oxidation. The extent of subsurface and bulk oxidation depends on
the reaction temperature but not on the experimental mode (flow or titration experiment). In the
case of NiAlOx and Ni/y-Al,O3 subsurface and bulk oxidation can be sufficiently suppressed at
temperatures as low as 190 - 195 K. The corresponding O/Nig ratio is 0.38 &= 0.07 which might
be applied for surface area determination. At higher temperatures those catalysts are readily
oxidized impeding a separation of surface from subsurface and bulk oxidation. Bulk oxida-
tion of Ni powder in contrast, only occurs at elevated temperatures. The O/Nig ratio remains
somewhat constant at a value of 0.96 4= 0.05 within 265 - 285 K, suggesting the formation of an
oxygen monolayer. Those conditions seem suitable for the Ni surface area determination of Ni

powder.
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5.6 Supporting Information

5.6.1 XRD pattern of the calcined catalysts
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Figure 5.11: XRD pattern of the precipitated (A) and impregnated (B) catalysts (PDF-Numbers: NiO

96-101-0094, y-Al,03 96-101-0462). The XRD pattern of the support material used for incipient
wetness impregnation (y-Al,O3) is displayed in (B) for comparison.

5.6.2 Influence of catalyst mass and carrier gas flow on H»-TPD
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Figure 5.12: Influence of the catalyst mass on H,-TPD after adsorption at 308 K for 30 min (PC11,
Otie = 34Nmlmin~!, B = 6Kmin!).
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methanation

This chapter was published in:

S. Ewald, M. Kolbeck, T. Kratky, M. Wolf, O. Hinrichsen, On the deactivation of Ni-Al catalysts
in CO, methanation, Applied Catalysis A: General, 2019, 570, 376-386.

6.1 Abstract

This work provides detailed knowledge of long-term deactivation of Ni catalysts in CO, metha-
nation. NiAlOx mixed oxides with varying Ni loading as well as a 17 wt-% Ni/y-Al, O3 catalyst
were synthesized via co-precipitation and incipient wetness impregnation, respectively. The
catalysts were aged at 523, 573 and 623 K under equilibrium conditions up to 165 h. Periodic
activity measurements under differential conditions reveal severe deactivation. The stability of
co-precipitated systems increases with decreasing Ni content on the expense of catalyst activity.
Ni/y-Al,O3 exhibits a lower stability as a comparable mixed oxide. A power law model is
applied for the kinetic description of deactivation. Catalyst samples are characterized by means
of temperature programmed desorption of Hy (Hp-TPD) and CO, (CO,-TPD), pulsed H,
chemisorption, XRD, FT-IR spectroscopy, XPS and N, physisorption. Fresh and deactivated
catalyst samples are characterized by means of temperature programmed desorption of Hj
(H>-TPD) and CO, (CO,-TPD), pulsed H, chemisorption, XRD and N; physisorption. Main
deactivation mechanisms in the co-precipitated samples are found to be Ni particle sintering,
a loss of BET surface area as well as a reduction of CO, adsorption capacity and medium
basic sites, along with structural changes of the mixed oxide phase. Ni particle growth and
a decrease in BET surface area lead to deactivation of the impregnated sample. Structure-
activity correlations imply a complex interplay of governing deactivation phenomena as well

as structure sensitivity.
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6.2 Introduction

Depleting fossil fuels and climate change combined with a global increase of energy demand
make the development of a sustainable energy supply an urgent issue. Therein, energy pro-
duction from renewables and efficient storage technologies play a key role. In this context, the
production of synthetic natural gas (SNG) through the methanation of CO, with H,, which is
derived from water electrolysis using surplus energy from renewables, has gained great interest.
SNG can easily be stored and transported in the already existing gas grid and can be reconverted
for energy production when needed [11, 223, 224].

The methanation of CO, was first described by Sabatier and Senderens in 1902 [22]. It is an

exothermic reaction that is favored at low temperatures and elevated pressures.
CO, +4Hy == CH,+2H,0 AHQ =-165kJmol™! 6.1)

Under industrially relevant process conditions, however, the reaction is kinetically hindered,
which necessitates the development and application of suitable catalysts. Group VIII transition
metals have shown to be highly active for CO, methanation [27]. In the last years, intensive
research has been conducted on supported metals such as Ru [28, 225-227], Pd [40, 228] or
being the most often investigated due to its low price and availability. Also a broad variety of
support materials has been applied such as SiO; [53, 54], Al,O03 [49, 50, 229], CeO, [58, 67],
7Zr0O; [67, 230] as well as Ce-Zr [21, 66, 231]. Ceria as support material is of great interest due
to its oxygen storage capacities and redox properties [58, 91]. In recent literature, also zeolites
as support materials have been investigated [75, 76]. Promoting those catalysts, for example
with Fe, Co or Mn [18, 50, 63, 231] has shown to further improve the catalyst activity and
stability. An overview can be found in recent reviews [12, 24, 91].

For the development of active and stable catalysts, also a deep knowledge of governing deac-
tivation mechanisms is essential. With regard to CO, methanation, however, detailed studies
about catalyst deactivation are scarce. Abello et al. [80, 81] conducted lifetime testing at
different temperatures up to 600 h using co-precipitated, highly loaded Ni-Al catalysts. The
applied catalysts have shown to maintain their high catalytic performance due to negligible Ni
particle sintering, which became evident by XRD analysis. Measurement were conducted under
constant reaction conditions with initial CO, conversions, ranging from 66 to 92.4 %. However,
to exclude equilibrium effects, catalyst activity should be tested under less severe conditions
at low conversions to track changes of the intrinsic catalyst activity. Koschany et al. [79] aged
a co-precipitated Ni-Al catalyst (Ni/Al = 1) at 653 K under equilibrium conditions for 320 h
with water already dosed into the feed gas. A strong activity decrease of 40 % was observed
by decoupling catalyst aging and activity measurements. Mutz et al. [125, 232] investigated
catalyst deactivation under fluctuating reaction conditions.

Unfortunately, most of the studies found in literature do not couple activity measurements with
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catalyst characterization, making the elucidation of deactivation mechanisms and structure-
activity relations difficult. Moreover, a kinetic description of deactivation, to our best knowl-
edge, is not available. In this work, therefore, a systematic deactivation study, comprising both a
kinetic description of deactivation and a detailed characterization, is presented. Co-precipitated
and impregnated Ni-Al catalysts with a broad range of Ni loadings are applied.

6.3 Experimental

6.3.1 Catalyst Synthesis

Aqueous solutions of Ni(NO3), - 6H,O (1M, Merck®) and AI(NOj3)3-9H,0 (1M, Sigma-
Aldrich®) were co-precipitated at 303 K and a constant pH of 9 using an equimolar mixture
of 0.5M NaOH (Merck®) and 0.5M Na,CO3 (Sigma—Aldrich®) as precipitating agent. The
synthesis procedure is described in greater detail in [161]. The Ni/Al ratio varied between 1/0,
1/3, 1/2, 1/1 and 3/1. Accordingly, the co-precipitated catalysts are denoted as PC10, PC13,
PC12, PCI11 and PC31 in the following. The precursors of catalyst PC10, PC13, PCI11 and
PC31 were calcined in flowing air at 723 K for 6 h at a heating rate of 5 K min~!. The precursor
of sample PC12 was calcined at 1173 K under otherwise identical conditions. After calcination,
the catalysts were pelletized, grinded and sieved. Measurements were conducted with the sieve
fraction of 150-200 um. A 17 wt-% Ni/y-Al,O3 catalyst (IC17) was synthesized via incipient
wetness impregnation of y-Al, O3 (Sasol®, 150 - 200 um) with Ni(NO3), -6H,O (1 M, Merck®)
and subsequent calcination under the conditions mentioned earlier. Elemental analysis was con-
ducted via photometry using a Shimadzu® UV-160 and atom absorption spectroscopy (AAS)
using an AA280FS from Varian®. The obtained Ni/Al ratios in the precursors as well as the Ni

content in the calcined samples are summarized in Table 4.1.

6.3.2 Deactivation experiments and activity measurements

Deactivation studies were conducted with sample PC13, PC11, PC31 and IC17. The setup
applied, is equipped with four U-shaped, glass-lined fixed bed reactors that can be operated
in parallel (Figure 3.6). The reactors have an inner diameter of 4 mm. Feed gas, containing a
mixture of Hy/CO,/Ar/N, = 8/2/9/1, is supplied by a gas mixing unit. The gas flow is controlled
individually for each reactor by means of calibrated mass flow controllers. Product gas is
analyzed with an Agilent® 7820A gas chromatograph equipped with a Porapack-N column
(Sigma—Aldrich®) for the quantification of CO,, H>O, and a packed Molsieve SA column
(Sigma—Aldrich®) for the quantification of Hp, Ar, N, CH4 and CO. N, was used as internal
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standard for quantitative analysis. All gases were of high purity (He and 5 % H, in He 6.0, rest
5.0). For the studies, 50 mg of calcined catalyst material, which were further diluted with 450 mg
of purified SiC, were loaded in each reactor, secured in between two plugs of silica wool and
contacted with a thermocouple. Prior to deactivation, the samples were reduced in 5 % H; in He
at 753K for 5h (f =1 Kmin_l), flushed with He and cooled down to room temperature. After
reduction, the samples were heated in He to 523 K, flushed with feed gas (Hp/CO,/Ar/N, =
8/2/9/1) and pressurized to 8 bar before an initial activity test was performed. Afterwards, the
catalyst samples were heated to 623 K where they were aged up to 165 h with a feed gas flow
rate of 15 Nmlmin~! (GHSV =23873.2m> g3, h™!, WHSV = 19.3 greeq 2ol h™1). This low feed
gas flow rate was chosen to ensure a fast deactivation by stressing the catalyst under high
conversions and a high partial pressure of H>O. Selected samples were also aged at 523 and
573 K. In a separate run, catalyst PC31 was treated solely in Ar at 623 K and 8 bar. After 2, 5, 8,
10, 15 h and then every 10 h the reactors were cooled down to 523 K for activity measurements.
All activity tests were performed under differential conditions using a feed gas flow rate of
500 Nmlmin~! (H,/CO,/Ar/N, = 8/2/9/1, p = 8bar, GHSV = 795774.7m> g;3 h~|, WHSV =
657.9 gFreed gg&t h™1). The CO, conversion, Xco,, CHy yield, Ycy,, CHy selectivity, Scy,.
and the corresponding weight time yield, WTY, were determined according to the following
equations with x; ;, being the fraction of species i in the feed and x; ¢ being the fraction of
species i in the product gas:

X X i
XC02 — (1 _ CO,,out N2,11‘1) (62)
XCO,,in **Nj,out
X X 1
YCH4 — ( CHy,out Nz,ln) (63)
XCO,,in “*Ny,out
YcH
4
ScH, Xco (6.4)
2
0 X XN
WTY = ( Feed "*CHy,out "*Nj,in (6.5)
Vm *AN,,out * Mcat

OFeeq denotes the feed gas volume flow, V), the molar volume and mc,¢ the mass of calcined
catalyst used in a run. The deactivation behavior of the different catalysts is described with a

power law model [138, 233]:

dayey _

q = kaarel " (6.6)
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Arel = #Y:(t())h) (6.7)
In equation 6.6 and 6.7, a is the relative activity, k; is the rate constant and m is the reaction
order of deactivation.
For a detailed characterization study, each reactor was equipped with shut-off valves and loaded
with the same kind and amount of catalyst. After reduction, one sample was removed for
characterization, whereas the other samples were reheated and aged at 623 K under the same
conditions as mentioned above. Following the activity measurement after 25, 95 and 165h,
the catalyst samples were depressurized, flushed with Ar for 30 min and cooled down to room
temperature. One sample was removed from the setup for characterization, whereas the other

samples were reheated and further aged.

6.3.3 Catalyst characterization

6.3.3.1 Temperature programmed measurements

Temperature programmed measurements for catalyst characterization were conducted in a setup
described elsewhere [161]. Fresh and deactivated samples were transferred into the setup for
transient measurements under inert conditions. For temperature programmed desorption of
H, (H,-TPD), Hy was adsorbed in a three step program, comprising adsorption at 308 K for
30min (60 Nmlmin™!), gradual cooling to 84 K under H, and adsorption at this temperature
for another 30 min. Subsequently, the catalyst sample was flushed with He (100 Nml min~!) to
remove weakly adsorbed H, before temperature programmed desorption was performed under
He (100 Nml min~!, B= 6Kmin™) up to a maximum temperature of 753 K. After calibration of
the mass spectrometer, the sample was cooled down to room temperature. Aged samples were
treated with 5 % H, in He at 753 K for 30 min, flushed with He for 60 min and cooled down to
room temperature in order to obtain a clean catalyst surface prior to H, adsorption.

After Hy-TPD, the specific Ni surface area, Syj, was determined via pulsed Hy adsorption using
a calibrated sample loop (V}pop = I ml). A total of 40 pulses of 2 % Hj; in He were injected at
308 K into a He stream (13 Nml min~!) flowing over the catalyst bed. Sy; was determined from
the number of adsorbed pulses and equation 5.1. After adsorption, the catalyst was flushed with
He and H, was desorbed under the same conditions as mentioned earlier.

In a next step, temperature programmed desorption of CO, (CO,-TPD) was conducted. Prior
to TPD, 2 % CO, in He was pulsed onto the catalyst under the same conditions as for pulsed
H, adsorption. After flushing, TPD was conducted in He (100 Nml min~!, B = 6Kmin) up to
753 K and calibration of the mass spectrometer was performed. The CO, uptake, Ucq,, was
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calculated from the number of adsorbed pulses as well as from the area under the TPD curve.
After CO,-TPD, the sample was again treated in 5 % Hy in He at 753 K and flushed with He to
restore a clean catalyst surface. Subsequently, the sample was removed from the setup under
inert atmosphere and transferred into a glovebox, where the catalyst material was separated
from SiC and silica wool for further analysis. The purity was 5.0 or higher for CO, and 6.0 for
H, and He.

For the determination of the degree of reduction, 60 - 130 mg of calcined catalyst were loaded
into the setup and heated in He at 673 K for 45 min (100 Nml min~!, B=6 Kmin~!) and cooled
down to room temperature. Subsequently, the sample was reduced in 5 % H, in He under the
same conditions as applied prior to deactivation measurements. Product gas leaving the reactor
was passed through a cooling trap operated at liquid N, temperature to remove evolving CO,
and H,O. The degree of reduction was calculated from the Hp consumption and the Ni content

in the sample.

6.3.3.2 X-ray diffraction (XRD)

For analysis, samples were sealed in glass capillaries (& 0.5 mm). X-ray diffraction (XRD) was
performed with a STOE® Stadi P diffractometer (Ge(111) monochromator, Cu-Ka radiation,
A =1.54056A) operating at 50 kV and 30 mA in Debye-Scherrer geometry. Measurements were
carried out within the range from 20 =5 — 90° with a stepsize of 0.5° and a scanning rate
of 0.86°min~!. Particle sizes were determined applying the Scherrer equation and interplanar
distances were calculated according to Bragg’s law. A proper separation of the catalyst material
from SiC was difficult to achieve in some cases (especially for samples with low Ni loadings)
and resulted in sporadic reflections attributed to SiC in the XRD pattern. In those cases, the XRD
data was smoothed for presentation using a percentile filter. Also noisy data was smoothed for

presentation using the same procedure.

6.3.3.3 N> physisorption

N, physisorption measurements were performed at the boiling point of liquid Ny using a
NOVAtouch from Quantachrome®. The catalyst BET surface area, SggT, was determined from
the adsorption branch of the isotherm within the p/pg range from 0.05 to 0.3, assuming that one
N> molecule covers 0.162 nm?2. The total pore volume, Vp, and the average pore diameter, dp,
were determined from the amount of adsorbed N, at p/p0 = 0.994. For the measurement, the
aged catalysts were handled in the glovebox and transferred to the setup under inert gas. Since
the samples were already heated in He after characterization by means of transient techniques,
the analysis of those samples did not require any additional pretreatment.
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6.3.3.4 Combined FT-IR and CO»-TPD measurements

FT-IR and CO,-TPD measurements were combined to investigate the CO, interaction with
Ni-Al catalysts in greater detail. For this purpose, 50 mg of catalyst sample PC11 were loaded
into the setup for transient measurements. Reduction was performed in 5% H, in He (purities:
6.0 each) at a heating rate of 3 K min~! up to 753 K where the catalyst was held for 5 h. Subse-
quently, the sample was flushed with He at reduction temperature for 60 min and cooled down
to 308 K. Then, CO, was adsorbed either in a pulsed manner as described above (6% CO, in He,
Vioop = 1 ml, Ope = 13Nml min~1) or in a continuous flow (Qco, =50Nml min~1) for 30 min.
After flushing with He, TPD was conducted at 6 K min~! (Ope = 100Nml min~1) and calibration
of the mass spectrometer was performed.

FT-IR measurements were conducted in a Bruker® Vertex 70. Calcined PC11 was pressed into a
self-supporting waver, which was mounted in a high temperature chamber equipped with CaF,
windows. Reduction was performed under identical conditions as for CO,-TPD measurements.
A background spectrum was recorded before CO, adsorption was conducted for 30 min at 303 K
using a continuous stream of 6% CO, in He (purities: 5.5 forCO,, 6.0 for He). Then, the waver
was flushed with He and TPD was performed at 3K min~! in a He flow of 100 Nml min~!.
IR spectra were recorded at a resolution of 4 cm~! and noisy data was smoothed prior to

presentation.

6.3.3.5 X-ray photoelectron spectroscopy (XPS)

XPS studies of the calcined catalysts were conducted with a Leybold-Heraeus® LHS 10 spec-
trometer using a non-monochromatized Al-Ky, source (1486.7 eV). The powder samples were
pressed into cavities and measured as pellets. In order to remove adsorbates and impurities
originating from handling in air, all samples were degassed in vacuum at 673 K for 2 h before
the XPS measurements. In addition, PC10 was annealed at 1273 K for 30 min in O, at a pressure
of 1-107%mbar following a literature-known preparation technique [234]. The analyzer was
operated at a constant pass energy of 100 eV, leading to an energy resolution with a full width
at half-maximum (FWHM) of about 1.1 eV. The energy scale of the spectra was corrected for
sample charging by using the O 1s signal (531eV, Al,0O3). All spectra were recorded in an
ultra-high vacuum (UHV) chamber at a pressure below 5 - 10~ mbar. Core level spectra were
fitted by using Voigt functions and linear background subtraction. The Ni3s/Al2s region was
deconvoluted using five components. For Ni 3s, two components account for the main peak as
well as a known satellite [235]. Al2s signals generated by Al-Ky3 (1496.5eV) and Al-Ky4
(1498.5eV) radiation overlap with the Ni3s main peak and were, hence, considered in two
further components [155]. The parameters for each secondary component (FWHM, relative

intensities and differences in binding energies with respect to the main peak) were obtained
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6 Catalyst deactivation in CO, methanation

from reference samples measured under the same conditions. The calculated Ni/Al atomic ratio
obtained from the peak areas of Ni3s and Al 2s were verified by using the peak areas of Ni2p
and Al 2s. The difference in escape depths of the Ni2p and Al 2s photoelectrons was accounted
for by a factor of 1.8 determined with the TPP-2M model [236].

6.4 Results and discussion

6.4.1 Catalyst deactivation

Results from the deactivation experiment at 623 K are depicted in Figure 6.1A. The CO; conver-
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Figure 6.1: Deactivation behavior of the synthesized catalysts. The straight lines represent results
from the PLM fit (Feed: Hy/CO,/Ar/N; = 8/2/9/1 if not stated otherwise); (A-B) Taging = 623K; (C)
catalyst PC31; (D) catalyst PC11.

sion during activity measurements is below 17 % so that differential conditions can be assumed.
A reduction of the aging time between two activity measurements yielded essentially the same
deactivation pattern, which indicates a good reproducibility of the results and proves, that the

activity measurements as well as heating and cooling do not bias the deactivation behavior
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6 Catalyst deactivation in CO, methanation

(Figure 6.8). Upon aging under reaction conditions, the activity of all catalysts significantly
decreases within the first 25h of aging. The activity of catalyst PC31 decreases by roughly
55 % of its initial value within this time span, whereas catalyst PC11 and PC13 lose 34 %
and 19 %, respectively. The stability of co-precipitated catalysts increases with decreasing Ni
content and is higher at a comparable initial activity than that of impregnated systems. Aging
of catalyst PC31 under inert gas results in a significantly slower deactivation. The activity only
drops about 20 %.

Results from the PLM fit according to equations 6.6 and 6.7 at various aging temperatures are
shown in Figure 6.1B-D. The corresponding values for the rate constant and the reaction order
are given in Table 6.1. The results match the experimental data with rate constants between 0.05
and 3.08 h™! and orders ranging from 8.90 to 18.21. Catalyst deactivation is faster at higher
temperatures. In all measurements, the CO, conversion under aging conditions is beyond 93 %
which is close to equilibrium conversion resulting in a water partial pressure of about 2.3 bar.
The CHy4 selectivity is beyond 91 % and the carbon mass balance is closed within 5 % taking into
consideration CO,, CO and CHy. Variation of the catalyst bed length revealed that after 20 %
of the bed length the CO, conversion exceeds 87 %. Taking into account errors occurring due
to bypass of the feed gas at such low catalyst loadings, it can be assumed, that the catalyst bed
is aged under an equilibrated gas atmosphere over the whole bed length. Therefore, the catalyst
samples are representative for characterization. Data of catalyst deactivation for PC11 and PC13
at 573 and 523 K are not reported, since equilibrium conversion was not achieved under these

conditions and consequently a uniform aging of the catalyst bed could not be ensured.

Table 6.1: Deactivation rate constants and reaction orders according to the PLM fit.

Tging = 523K Tging = 573K Tging = 623K
ky (h‘1> m() ky (h‘1> m(=) ky (h-1> m(=)
PC31 0.12+002 12.68+0.67 120+030 8.99+040 3.08+041 8.90<0.18
PCI1 n.d. n. d. 022+0.10 13.78+ 142 031+0.10 11.30+0.87
PC13 n.d. n. d. n. d. n. d. 0.05+0.02 14.30+2.18
IC17 1. d. n. d. n. d. n. d. 178+ 1.13 1821+ 1.78

At this point, we would like to emphasize, that the kinetic description of the deactivation
behavior is a pure empiric one. Therefore, the results should not be over-interpreted. Moreover,
the selected aging conditions were especially chosen to achieve severe conditions for a fast
deactivation and do not represent conditions typically present in plant operation.

Since samples were removed from the setup and pre-treated in Hy prior to characterization, the
samples may change. In order to elucidate to what extent changes in the deactivation behavior
take place upon this treatment, we conducted a deactivation run with the precipitated samples at
an aging temperature of 623 K and performed temperature programmed hydrogenation (TPH)
after 95 and 165 h on stream. For this, the aged samples were depressurized, flushed with Ar

and cooled down to room temperature. Subsequently, TPH was performed at 753 K for 30 min
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at a rate of 1 Kmin~!. Afterwards, an activity test was performed under differential conditions
at 8 bar before the samples were reheated and further aged. Results are depicted in Figure 6.9A.
Upon TPH, a small increase of the catalyst activity is observed, which might be caused by
adsorbates on the catalyst surface. However, the observed trend is close to the detection limit, es-
pecially in the case of sample PC13. Therefore, it is concluded that the influence of intermittent
TPH on the overall deactivation behavior is insignificant and it is reassured that samples after
H, treatment are representative. Nevertheless, the observed effects underline the importance to
thoroughly investigate the effect of pre-treatment procedures if catalyst characterization is not

conducted in situ.

6.4.2 Activation energy

The activation energy was calculated before and after deactivation. The results are summarized
in Table 6.2. The corresponding Arrhenius plots for fresh and aged catalysts are depicted in
Figure 6.2. Arrhenius plots for the determination of the activation energy after deactivation
at various aging temperatures are summarized in Figure 6.10. Results for the activation en-
ergy lie between 84 and 94 kJ mol~!, which is in good agreement with values between 69
and 109 kJ mol™! reported in literature [54, 79, 237, 238]. This also shows that the periodic
activity measurements were conducted in the kinetically controlled regime and mass transport

limitations can be ruled out. Only minor changes in the activation energy are observed upon

aging.

Table 6.2: Activation energy before (E4 o) and after deactivation at various temperatures.

PC31 PC11 PC13 IC17
Ex on (kJmol‘1> 90.4 + 1.6 84.6 + 1.9 86.3 + 1.0 85.9 + 0.1
Ex 523K, 165h (kJmol™!)  82.9+22 n. d. n. d. n. d.
Ex 573K, 1650 (KImol™')  92.6+0.7 90.4 + 0.9 n. d. n. d.
Ex 623K, 1650 (KImol™!)  84.4+1.0 91.8+1.1 93.7 +2.1 89.5+52
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Figure 6.2: Arrhenius plot for the calculation of the apparent activation energy (A) before and (B)
after aging at 623 K for 165 h.

6.4.3 Catalyst characterization
6.4.3.1 Carbon formation and the influence of water on deactivation

A common deactivation mechanism during CO methanation is the formation of carbon deposits
blocking active sites [190, 239]. In CO, methanation, however, carbon formation has been
reported to be not an issue [48, 66, 82, 125]. To provide experimental proof, that also in
this study carbon formation is unlikely, we, at random, checked for carbon depositions using
catalyst PC31. After aging at 623 K for 165 h, the sample was heated in He at 753 K for 30 min
B = 6Kmin~!) to remove weakly adsorbed species, followed by temperature programmed hy-
drogenation (TPH) from room temperature to 753 K in 5 % H, in He at 6 K min~!. CH, could not
be detected in the effluent gas during TPH, indicating the absence of carbon deposits. In order
to check for carbon residues still present after TPH, the carbon content of the treated sample
was determined by CHNS analysis. With a result of 0.35wt-%, which is insignificantly higher
than 0.20wt-% for a fresh sample, carbon depositions can be considered to have a negligible
influence on deactivation.

Since carbon formation can be excluded, the significantly more severe deactivation under reac-
tion conditions compared to inert gas (Figure 6.1) may be attributed to water formed during re-
action. Consequently, the chosen reaction conditions represent hydrothermal aging conditions.
It is well known, that hydrothermal conditions significantly accelerate Ni particle sintering due
to the formation of Niy-OH complexes [113, 240], leading to deactivation.
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6.4.3.2 X-ray diffraction

Upon precipitation, mixed basic carbonates are formed, the structure of which highly depends
on the Ni/Al ratio in the sample. For catalyst PC31 a XRD pattern similar to that of takovite is
observed while characteristic takovite reflections are shifted to higher diffraction angles when
the Ni/Al ratio decreases. The XRD pattern of the catalyst precursors after precipitation are

depicted and discussed in greater detail in section 4.3.1 and Figure 4.1.
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Figure 6.3: XRD patterns of the catalysts after (A) calcination, (B) reduction and (C) 165h of aging at
623 K (JCPDS: NiO 78-0429, Ni 87-0712, y-Al,03 10-0425, NiAl,O4 10-0339).

Figure 6.3 shows XRD pattern of catalysts PC31, PC11, PC13 and IC17 after calcination, reduc-
tion and aging. The pattern of calcined PC10 and PC12 are shown and discussed in section 4.3.1
and Figure 4.1C. The calcined PC31 exhibits the typical pattern of bunsenite (JCPDS 78-0429).
The peak intensity decreases with decreasing Ni content. The reflections corresponding to the
(311) and (222) plane in bunsenite are barely detectable in the samples PC11 and PC13 due
to the small NiO particles. Moreover, the reflections are shifted to higher diffraction angles

with decreasing Ni content, indicating the formation of a mixed oxide phase NiAlOyx, which
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is typical of mixed basic carbonates calcined at temperatures lower than 873 K [88, 177]. The
mixed oxide phase can consist of alumina containing Ni2* ions and NiO containing AP* (87,
88, 177]. The NiZ*t/AI3* ratio in the catalyst determines the formation and concentration of each
phase [87, 177]. The d-spacing of the reflection at 2@ = 63.1° in sample PC31 and 20 = 63.5°
in sample PC11 with 1.473 and 1.463 A, respectively, lie between 1.476 A for the (220) plane
in bunsenite and 1.425 A for the (440) plane in NiAl,Oy, indicating the presence of the latter
mixed oxide. The d-spacing calculated from the reflection at 20 = 65.6° in PC13 is 1.422 A,
which is between the corresponding values for the (440) plane of NiAl,O4 and the (440) plane
of y-Al, O3 (d-spacing 1.395 A), indicating alumina containing nickel [177]. However, it is also
possible, that both phases are present in a sample but differ in the degree of crystallinity or are of
low concentration, so that the one or the other might not be observed in the XRD pattern [81, 90,
110, 177]. Neither a crystalline y-Al,O3 nor NiAl,O4 phase is observed in the co-precipitated
samples, although Abello et al. could show the presence of a spinel phase in similar catalysts
by means of Rietveld refinement [81]. XPS analysis, the results of which are summarized and
discussed in section 6.6.4, revealed no observable differences in the chemical state of the sample
surfaces and therefore is not conclusive in clarifying the catalyst structure.

Upon reduction, metallic Ni is formed with reflections of the (111), (200) and (220) plane at
20 =44.5°,51.9° and 76.4°, respectively. The reflections of NiAlOyx in the co-precipitated
samples are shifted to higher diffraction angles compared to calcined samples, indicating a
depletion of NiZ* in the mixed oxide phase due to reduction. However, the shifted signals
do not match the positions of y-alumina, indicating that the catalyst systems studied are not
completely reduced under the experimental conditions applied. No further shift was observed
when increasing the reduction time (not shown here). The calculated degree of reduction is 27,
57 and 79% for catalyst PC13, PC11 and PC31, respectively, which additionally proves that
the samples are only partially reduced. Ni particle diameters, dyj, were determined from peak
broadening of the Ni (200) reflection at 2@ = 51.9°. The Ni particle sizes of freshly reduced
catalysts lie within 2.3 and 5.3 nm, which is in good agreement with literature values [80, 81]
but is close to the detection limit. The particle size decreases with decreasing Ni content for the
co-precipitated samples. The small particle size might be ascribed to the reduction mechanism
in co-precipitated samples. It is proposed, that Ni particles start to nucleate on the surface of
the nickel oxide-rich phase and particle growth takes place, which is limited by the presence of
AIP* ions [88]. Zielifiski reported on aluminate species being formed on edges and corners of

the particle upon aging, impeding a further growth of the Ni particles [90]. Also microstrains

and paracrystallinity have to be taken into consideration to explain the small particle sizes [87,
211].

Upon aging, the reflection of the mixed oxide centered around 2@ = 65.0° is again shifted
to higher diffraction angles, indicating structural changes during aging for all co-precipitated
catalysts. The structural changes are most pronounced within the first 25h of aging (Fig-
ure 6.13).The shift might be attributed to structural changes in the alumina phase or indicates

additional NiZ* depletion of the mixed oxide phase due to a further reduction upon aging, as
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it was observed by Abello et al. [81]. However, even upon the observed modifications, the
reflections do not match the pattern of y-Al,Os3. Interestingly, the reflection of the mixed oxide
in all samples lie between the (440) plane of NiAl,O4 and y-Al, O3, respectively. Results for
the d-spacing are close together around 1.41 A. A closer inspection reveals a small reflection
around 20 = 60.4°, which is more pronounced at lower Ni/Al ratios, suggesting, that, to a small
extent, phase separation might have taken place. The reflections of metallic Ni are increasing
with aging time for all co-precipitated samples, indicating Ni particle growth or increasing
crystallinity of the Ni particles. Results for the Ni particle diameter are given in Table 6.3. The
most pronounced change regarding the Ni particle diameter also occurs within the first 25 h of
aging, which mirrors the trend of the catalytic activity. Also here, the influence of TPH after
aging on the catalyst structure was investigated and could be ruled out (Figure 6.9B).

In the impregnated sample, two clearly distinguishable phases, namely bunsenite and y-Al, O3,
are present after calcination. Also here, no crystalline NiAl,Oy4 spinel phase is observed. How-
ever, there is evidence, that next to “free” NiO situated on the y-Al,O3 surface, also “fixed”
NiO exists in the form of a spinel-like structure on the alumina support (“surface spinel”) or as
particles encapsulated by this spinel-like phase [87, 110, 188]. The spinel structure is assumed
to be too poorly crystallized to be detected by XRD [110]. XPS analysis revealed that the NiZ*
surface species in the impregnated sample exhibits a similar feature as in pure NiO, which is in
agreement with XRD results. XPS pattern of the AIP* surface species do not match those of pure
Y-Al, O3, NiAl,O4 or Ni-Al mixed oxides. This might be due to the inhomogeneous character
of the surface in IC17 (section 6.6.4). After activation, all reflections can be attributed to Ni
and y-Al,O3. No NiO is detected. It is discussed in literature, that first “free” NiO is reduced
followed by the reduction of the spinel-like structure resulting in both small Ni particles, which
are unlikely to be detected by XRD and Ni particles encapsulated by Ni-containing alumina.
Ni-containing alumina is also formed on the support [110]. The encapsulating alumina phase
might prevent Ni particle sintering during reduction, resulting in the small particle size of 6 nm
observed here. A degree of reduction of 82%, again, reveals incomplete reduction and supports
the formation of a Ni-containing alumina phase.

Upon aging, no structural changes are observed. The Ni particle diameter remains unchanged

during aging around 6 nm, which is somewhat contradictory to the trend of the catalyst activ-

ity.
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Table 6.3: Results from characterization of fresh and deactivated catalyst samples. For deactivation the samples were aged at 623 K.

Catalyst Niloading Agingtime S%. Dy U, Uéo, s SS$ET 143 dp
(wt-%) (h) <m2 gg§t> (%) (pmol gg§t> (pmol gg§t> (nm) <rn2 gg§t> (cm3 g;&t) (nm)
PC31 58.3 0 253 7.3 141.4 91.3 4.1 158 0.53 13.2
25 21.8 5.6 93.1 53.2 4.7 100.2 0.48 19
95 19.9 5.1 71.6 422 5.1 97.6 0.49 20
165 19.7 5.1 n.d. n.d. 5.3 95 0.49 20.6
PCl11 38.1 0 21.5 8.5 128.3 65.5 2.8 261.6 0.54 8.4
25 16 6.3 94.8 43.7 3.2 148.5 0.49 13.2
95 14.3 5.6 80.5 35.6 3.4 134.8 0.5 14.8
165 13.4 5.3 63.9 32.6 3.7 147.2 0.52 14
PC13 22.5 0 7.4 4.9 92 43.7 2.3 163.6 0.25 6
25 6.8 4.5 77.2 38.5 2.9 n. d. n. d. n. d.
95 6.3 4.2 62 29.1 33 n. d. n. d. n. d.
165 5.4 3.6 61.8 29.3 3.5 145 0.35 9.7
IC17 16.7 0 8.6 5.7 82.1 49.7 6 150.4 0.36 9.5
25 6.7 4.4 79.7 46.7 59 141.7 0.37 10.4
95 6.2 4.1 72.9 41.7 6.1 131.7 0.33 9.9
165 6.1 4.0 63.5 n.d. 6.4 133.4 0.35 10.4

4 results are per gram of calcined sample
b determined from pulsed CO, adsorption; results are per gram of calcined sample initially loaded into the reactor
¢ determined from TPD; results are per gram of calcined sample initially loaded into the reactor

d determined from peak broadening of the Ni (200) reflection

€ results are per gram of activated sample
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6 Catalyst deactivation in CO, methanation

6.4.3.3 Temperature programmed desorption of Ho

Results from H,-TPD are depicted in Figure 6.14 and Figure 6.4. The patterns exhibit overlap-
ping desorption signals centered around 170, 294, 427 and 530 K. The first peak around 170 K
can be attributed to Hy adsorbed in the subsurface region of Ni. The second peak centered
around 308 K originates from H, adsorbed in the second layer and on edges and corners of
Ni particles. The overlapping peaks in the temperature range from 350- 700K represents Hy
adsorbed on the Ni surface [204, 205]. The pattern is independent of the Ni loading and the
synthesis procedure, which is in agreement with literature [205]. Deviations in the maximum
temperature of the desorption signal centered around 170 K most likely originate from small
non-linearities of the temperature ramp in this range, which is very close to the starting point of
the heating procedure.
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Figure 6.4: Influence of catalyst aging at 623 K on H; interaction with (A) catalyst PC31, (B) catalyst
PC11, (C) catalyst PC13 and (D) catalyst IC17.

With aging time, the signal intensity and the area under the desorption curve decreases, indi-
cating a loss of Ni surface area and sintering of the Ni particles, respectively (Figure 6.4). As
indicated by the pattern of sample PC31 and PC11 (Figure 6.4A and B), the decrease is most
pronounced within the first 25 h, which is in accordance with the trend of the catalyst activity in
Figure 6.1A. A pronounced signal shift is not observed in the case of the impregnated sample
IC17 (Figure 6.4D). In the case of the co-precipitated samples, a shift of the signal centered
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around 520K to lower temperatures is observed, which might originate from the annealing
of defects in the Ni phase [205]. Also the gas atmosphere, which the catalyst is exposed to,
can induce morphological changes of the Ni phase, leading to shifts in the desorption signals
as shown in a previous study [161] as well as in the work of Kanervo et al. [166]. However,
multiple overlapping peaks make the identification of single peaks difficult. Already changes in
intensity of overlapping signals can lead to peak shifts in the cumulative curve. Deconvolution of
the TPD pattern might reveal single desorption peaks. However, for a sophisticated evaluation,
knowledge about the desorption kinetics is essential. Since the kinetics of desorption from
sites leading to low temperature signals is not trivial, we abstained from a deconvolution. The
additional signal at 567 K for PC31 could be attributed to water impurities in the He stream,

oxidizing the catalyst surface.

6.4.3.4 Specific Ni surface area

The trend of the specific Ni surface area over aging time is depicted in Figure 6.5 and summa-
rized in Table 6.3. The specific Ni surface area of the freshly reduced co-precipitated samples
increases with rising Ni content, which is in line with the improved catalyst activity with
increasing Ni content. The specific Ni surface area of the reduced impregnated sample is similar
to that of PC13. The specific Ni surface area decreases over aging time, which is in accordance
with the results obtained from H,-TPD. The loss of Ni surface area is most pronounced within
the first 25h of aging. Catalysts PC31, PC11 and IC17 lose about 23, 26 and 22 % of their
specific Ni surface area, whereas catalyst PC13 is more stable and loses only about 8 % of its
initial N1 surface area. Interestingly, the activity of PC13 is higher with increasing aging time
as compared to catalyst IC17 (Figure 6.1A and B), although the specific surface area of both
systems is similar. This will be discussed later in greater detail.

30 —o— PC31
—o— PC11

i --o---PC13

25 \ o 1C17

e
~ 15 —_—
| —0
104
Lo
5] Qrmnnmencan .~ ———— ot 2

0 20 40 60 80 100 120 140 160
Aging time (h)

Figure 6.5: Development of the specific Ni surface area, Sy, upon aging at 623 K.
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6.4.3.5 Temperature programmed desorption of CO»

The TPD results after pulsed CO, adsorption on freshly reduced catalyst samples are shown
in Figure 6.15A and Figure 6.6. The corresponding values for the CO, uptake are given in

Table 6.3. Four overlapping desorption signals are detected within the temperature range from
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Figure 6.6: Influence of catalyst aging at 623 K on CO, interaction with (A) catalyst PC31, (B)
catalyst PC11, (C) catalyst PC13 and (D) catalyst IC17.

308 to 700 K. The positions of the signals are independent of the Ni loading and the synthesis
procedure, indicating that the kind of adsorption sites for CO, is the same in each catalyst sys-
tem studied. For hydrotalcite-derived materials, Di Cosimo et al. [241] and Wierzbicki et al. [86]
found three desorption peaks within the temperature range investigated, while Wang et al. [242]
identified four signals when conducting CO,-TPD from y-Al,O3. Combining TPD and FT-IR
measurements allows to assign the observed desorption signals in this study to several carbonate
species on the catalyst surface (section 6.6.7 and Figure 6.15).The signal centered around 364 K
can be attributed to weakly bound bicarbonate followed by the desorption of bidentate carbonate
(signal centered around 440 K) and monodentate carbonate (signal centered around 500 K).
The broad desorption signal between 550 and 700 K might be attributed to bridged/”’organic-
like” carbonate species [242]. This assignment is in good agreement with results of Wang et
al. [242]. With increasing Ni loading, the overall CO, adsorption capacity in co-precipitated
samples is enhanced. The amount of weakly bound bicarbonate decreases, whereas the amount
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of bidentate and monodentate carbonates as well as strongly bound bridged/”organic-like”
carbonate species increases with rising Ni content. Our results are in accordance with findings
in literature, where the basicity was reported to increase with the M 2+ /M3 ratio in hydrotalcite-
derived materials up to MZ* M3 ~ 3 [243, 244]. However, a discrepancy between adsorbed
and desorbed amount of CO, is observed. It might be that part of the weakly adsorbed species
is removed from the catalyst surface already during purging after adsorption. Also CO detected
at higher temperatures (not shown here) biases the calculation of the desorbed CO, amount. A
more detailed investigation of the CO, interaction with Ni-Al catalysts is currently in progress.
Since CO, desorption mechanisms and kinetics are unknown, we also here abstained from a
deconvolution of the desorption pattern.

Over aging time, the CO, adsorption capacity of the co-precipitated catalysts decreases sig-
nificantly with the strongest loss of adsorption capacity taking place, again, within the first
25h of aging (Figure 6.6). The decline is less pronounced with decreasing Ni content. The
reduction of medium/strong and weak basic sites occurs more intensely in catalyst PC31 and
PC13, respectively, whereas the density of all basic sites decreases similarly in the case of PC11.
The decrease of basicity is also in line with structural changes accompanied by a potential
depletion of Ni2* from the mixed oxide as revealed by XRD analysis, reducing the M M3t
ratio. Only minor changes in CO; adsorption capacity and TPD signal intensity, respectively,
were observed in catalyst IC17. No signal shifts are observed in any of the catalysts studied,
indicating that the kind of active sites for CO, adsorption remains unchanged during aging but

the site density decreases.

6.4.3.6 N> physisorption measurements

Results from Ny physisorption are summarized in Figure 6.16 and Table 6.3. The catalyst
samples PC31 and PC11 exhibit type IV isotherms with type H3 hysteresis loops that show
no limiting gas adsorption at high p/py. Such a hysteresis loop is typical of aggregates of plate-
like particles with slit-shaped pores [143], which are also observed for Ni/Al hydrotalcite-type
materials in literature [245]. The catalyst samples PC13 and IC17 feature type IV isotherms
and a type H2 hysteresis with a limiting nitrogen uptake at high p/py. The pore structure
of solids exhibiting a H2 hysteresis is often not well defined and an interpretation of the
hysteresis is difficult [143]. Upon aging, the pore structure remains unchanged regardless of
the catalyst composition and the Ni loading (Figure 6.16), while the BET surface area of all
catalysts investigated is decreasing. It is well known that alumina is prone to sintering under
hydrothermal conditions, contributing to the decrease of BET surface area [246, 247]. For the
co-precipitated samples, the average pore diameter increases with aging time while the total
pore volume remains constant. Therefore, the decrease in BET surface area, to a large extent,
may be attributed to the increase of larger pores while smaller ones are blocked due to Ni particle
growth. A larger pore size increases the effective diffusion coefficient of the reactants enhancing
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internal mass transport [248]. Consequently, internal mass transport limitations are not induced
upon aging and can be ruled out as cause for the activity loss. With regard to the total pore
volume of catalyst PC13, the results indicate a volume increase over aging time. However, a
proper separation of the catalyst material from SiC and silica wool turned out to be difficult in
this case, so that the available sample mass for N, physisorption was rather low for pore size
determination. Therefore those values should not be over-interpreted. Also for the impregnated
sample, a decrease in BET surface area is observed upon aging, however, the total pore volume

as well as the average pore diameter remain constant within the error margin.

6.4.4 Structure-activity correlation

Figure 6.7 depicts the correlation between the Ni surface area and the catalyst activity. A some-
what linear correlation is obtained for catalyst IC17, PC13 and PC11, whereas a strong deviation

from linearity is observed for catalyst sample PC31. These observations are in line with results
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Figure 6.7: Correlation between Sy; and WTY.

for the specific activity, shown in Figure 6.17. A strong initial decrease is observed in the case
of PC31. Also the other samples show a slight decrease of specific activity in the first 25 h,
indicating that the activity also here does not depend solely on the Ni surface area. However,
the observed deviations are certainly within the limits of measurements accuracy, especially
when determining small Ni surface areas in the case of IC17 and PC11. The findings might be
explained by the decreasing CO, adsorption capacity with aging time, which is observed for
each catalyst system. CO, stored on the support may reverse spillover to the Ni phase, where it
then reacts with Hy [19], increasing the activity. In reverse, a reduction of CO, storage capacity
leads to a loss of activity. This would also explain the lower activity of PC31 after 25 h compared

to fresh PC11, both of which have a similar Ni surface area. A distinct correlation between CO,
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uptake and catalyst activity is not observed but CO, adsorption, in contrast to the results shown
in [19], seems to have more influence at higher Ni surface areas. For catalysts with small Ni
surface areas, it is likely that CO, is abundantly stored on the support and the Ni surface area
itself is limiting. Increasing the Ni surface area, therefore, directly increases the activity. At
higher Ni surface areas also the stored amount of CO, gains importance. A distinct correlation
between BET surface area and activity could not be established either.

There is also evidence that monodentate carbonate on medium basic sites is hydrogenated fastest
and therefore, medium basic sites are proposed to be essential for high catalytic activity [20].
As evident from the desorption signal at 500K in Figure 6.15A, the amount of medium basic
sites forming monodentate carbonate are most abundant in sample PC31, which also shows
the highest activity, and declines with decreasing Ni content. The medium basic site density
decreases significantly within the first 25 h of aging in the case of PC31 (Figure 6.6A), which
is in line with a strong initial decrease of activity and specific WTY. In contrast, the decrease of
medium basic site density is less pronounced at lower Ni loadings for co-precipitated samples
and basically no change in basicity is observed for sample IC17. More medium basic sites are
also observed in fresh PC11 compared to PC31 after 25 h of aging as depicted in Figure 6.15D,
which is an alternative explanation for the higher activity despite a similar Ni surface area.
Considering the trend of the specific activity, especially for sample PC31, also structure sensi-
tivity has to be taken into account [108]. It is well known that step sites are most active in the
hydrogenation of CO [108, 249], which is purportedly an intermediate step in CO, methanation.
Also for CO, methanation, these sites were reported to be very active [48]. Step sites are
dependent on the Ni particle size more than the Ni surface area and decrease with increasing Ni
particle size. Also in this study, the trend of the activity of co-precipitated samples follows the
development of the Ni particle size (Table 6.3). A comparison of particle sizes of a fresh PC11
sample and a PC31 sample aged for 25 h reveals smaller particle sizes in the PC11 sample,
so that the higher activity of the fresh PC11 sample can also be explained in the context of
structure sensitivity. Structure sensitivity would also explain the better performance of PC13
compared to IC17 upon aging, which shows similar values for the Ni surface area, even higher
CO; adsorption capacities and more medium basic sites but larger Ni particles. Surprisingly,
however, the activity right after reduction is similar despite larger Ni particles in sample IC17.
When interpreting correlations of particle size and activity in this study, one should keep in mind
that the average Ni particle diameter was calculated from peak broadening in XRD, which is
often underestimating particle sizes due to defects in the crystalline phase. This is especially
the case in co-precipitated samples that exhibit a high degree of paracrystallinity [87, 211]. An
increase of Ni particle size, therefore, can be caused by particle growth and/or a reduction of
defects. In this context, one might speculate to what extent the reduction of defects, which were
found to enhance both activity and stability in Ni nanoparticles [250], contribute to deactivation.
With regard to the impregnated sample, the constant particle diameters, despite a decreasing
Ni surface area, might be explained by highly defective Ni crystals. This would be also in
accordance with results from H,-TPD. Besides, changes of the Ni particle diameter might not be
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observable if most of the Ni species is present in an encapsulated form, where particle sintering
is impeded as mentioned before. We abstained from the calculation of the Ni particle diameters
from H, chemisorption results, since the degree of reduction of co-precipitated samples might
change during aging. TEM imaging as another method to determine the particle size is impeded
due to the ferromagnetic character of activated samples and sensitivity to air. A direct quan-
tification of step sites and their correlation with activity might provide a deeper understanding
of the nature of active sites for CO, methanation. Edges and corners of the Ni particles can
be revealed by Hp-TPD as mentioned earlier. The results presented in Figure 6.4, however, do
not allow a quantification, since desorbing Hj in the relevant temperature range does not only
originate from the Ni phase but also from the second adsorption layer. Next to step sites also
the metal-support interface was attributed importance in the methanation of CO and CO, [21,
48, 244]. For the calculation of the metal-support interface, Tada et al. [251] and Mebrahtu
et al. [244] applied a hemispherical model. The applicability of the model seems questionable
in our case, again, due to the paracrystallinity and incomplete reduction of the co-precipitated
samples.

Finally, it is also possible that different reaction mechanisms and active sites are present simul-
taneously, where the one or the other dominates, depending on Ni loading, catalyst morphology
and structure [48, 51, 252, 253]. For impregnated Ni/Al,O3 systems with a metal loading <
15wt-% Hu et al. [252] found three different active sites, exhibiting different activity and
mechanism in CO, methanation, whereas Kester at al. [51] reported on two different active
sites, one of which is made up by Ni species surrounded by oxygen, whereas the other is
located on Ni particles. Only the latter were reported to be present in catalysts with Ni loadings
exceeding 15 wt-% [51]. As summarized in Table 6.2, the calculated activation energies are
similar for each catalyst system studied and remain constant within the error margin. Therefore,
it is likely that the type of active site does not change but the site density decreases upon aging.
Also the reaction mechanism, the rate-determining step and the concentration of the reactant
species on the catalyst surface seem to be the same before and after aging. This is the case for
each catalyst sample investigated independent from the Ni loading and structure. Furthermore,
constant activation energies additionally prove that transport limitations do not occur upon aging

and all measurements were conducted under kinetically controlled conditions.

6.5 Conclusion

The long-term deactivation of co-precipitated NiAlOx and an impregnated 17 wt-% Ni/y-Al, O3
catalyst in CO, methanation under hydrothermal conditions was investigated and predominant
deactivation mechanisms were revealed. The stability of mixed oxide catalysts increases with
decreasing Ni content on the expense of activity. The impregnated catalyst reveals a lower sta-

bility than a comparable co-precipitated sample. The deactivation behavior could be kinetically
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described with a power law model. Main causes of deactivation in co-precipitated samples
were found to be Ni particle growth as well as the decrease of medium basic sites and the
overall CO, adsorption capacity, which are accompanied or induced by structural changes and
a loss of BET surface area. Ni particle sintering and a decline of BET surface area are possible
causes for deactivation in the impregnated sample. The pore structure of each catalyst system
investigated remains constant. A distinct correlation between a single deactivation phenomena
and the activity could not be established, so that a complex interplay of several deactivation

phenomena and/or structure sensitivity have to be considered.
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6.6 Supporting Information

6.6.1 Influence of activity measurements on deactivation behavior
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Figure 6.8: Catalyst activity a,. over aging time; (blue circles) activity measurements every 1.75 h;
(black squares) activity measurement after 2, 5, 8, 10, 15h and then every 10h (Tpgjng = 623K,
catalyst PC31).

6.6.2 Influence of TPH on deactivation and catalyst structure
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Figure 6.9: (A) Influence of temperature programmed hydrogenation after 95 and 165 h on stream on
the deactivation behavior (Hy/CO,/Ar/Ny = 8/2/9/1, QFeed = S00Nml min~!, mear = 50 mg, p = 8bar,
TAging = 623K); (B) influence of temperature programmed hydrogenation after 25 and 95 h of aging
on the XRD pattern of PC31.
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6.6.3 Determination of the apparent activation energy after aging
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Figure 6.10: Arrhenius plot for the calculation of the apparent activation energy after 165 h on stream
at (A) 573 K and (B) 523 K (Hp/COy/Ar/N, = 8/2/9/1, Opeeq = S00NmImin~!, mea = 50mg,
p = 8bar).

6.6.4 XPS analysis

Results of a detailed XPS analysis of the calcined catalyst samples as well as reference materials
are presented in this section. Figure 4.1C reveals pure bunsenite and NiAl,O4 as the only
crystalline phase in calcined PC10 and PC12, respectively. Therefore, these samples are used
as reference materials NiO and NiAl,Oy4 in the following. XPS results for co-precipitated and
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Figure 6.11: (A) Comparison of the Ni 2p3/2 region of precipitated and impregnated samples. (B)
XPS results of the Ni 2p3/2 region in relation to reference materials.

impregnated samples are shown and compared in Figure 6.11. For sample PC13, PCI1 and
PC31, the recorded binding energies (BE) of the Ni2p3/,, main signal (Figure 6.11A) and its
satellite are independent from the Ni loading and centered around 856.0eV and 862.5¢eV,
respectively. Also the peak shapes are identical. The differences in signal intensity originate
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from the increase of the Ni loading in the order PC13 < PC11 < PC31 (Table 4.1 and Table 6.3).
In contrast, the impregnated catalyst exhibits peak broadening of the main signal and a decrease
in binding energy to about 855.5 eV. This might indicate that NiZ* components are situated in
a different chemical environment as compared to the co-precipitated samples.

In Figure S.7B, the Ni2p3,, of PC11 and IC17 are compared with corresponding patterns of
NiO and NiAl,Oy4. Next to the standard degassing at 673 K, NiO was also pre-treated in O,
at 1273 K (sample NiO (1273 K) in the following) since this procedure is known to produce
clean NiO surfaces [234]. Both pre-treatments lead to identical spectra, as the NiZ2p3,, main
feature around 856.0eV and its satellite at 862.5 eV do not differ in energy position and peak
shape. This strongly suggests, that the chemical state of the NiO surface is the same in both
cases and that already degassing at 673 K results in a clean surface. Comparing the spectra of
NiO and PC11, a slight shift of the peak maxima to lower binding energies as well as peak
broadening is observed for NiO. The pattern of IC17, on the other hand, corresponds well to the
one of NiO which implies that the chemical state of the NiZ* surface species in the impregnated
sample is very similar to the one of pure NiO. The signals of PCI1 reveal identical binding
energies and peak shapes as N1Al,O4 within measurement accuracy. This implies that NiAl,Oy4
is present on the surface of the mixed oxide samples investigated. However, essentially the
same spectrum is obtained independent of the Ni loading (Figure 6.11A) which contradicts the
assumption of NiAl,O4 on the surface, as spinel requires a Ni/Al ratio of 1/2. It is more likely
that the differences in the chemical state of the surface species in NiAl,O4 and mixed oxides

of different Ni/Al ratios are very small and cannot be revealed by means of XPS analysis. In
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Figure 6.12: (A) XPS results for the Al2s and the Ni 3s region of reference materials. (B) comparison
of Al 2s and Ni 3s signals of co-precipitated and impregnated catalyst samples.

Figure 6.12, the Al 2s/Ni 3s region of the catalysts and reference materials is shown. The spectra
obtained for Al,O3 and NiO, reveal the intrinsic shape and position of the Al 2s and Ni 3s signal,
respectively. NiO typically exhibits a satellite structure [235] leading to a broad signal in the
same region where also the Al 2s signal is observed. Determining the intrinsic peak parameters

(relative binding energies, number of components and peak widths) for Al 2s and Ni 3s in pure
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Y-Al, O3 and NiO, respectively, allows for the deconvolution of the overlapping signals in Ni-
Al mixed oxides. On this basis, a comparison of the binding energies, peak shapes and peak
areas was conducted. No significant differences in the peak shape are observed. Concerning
the binding energies, similar trends were obtained as for the Ni2p3,, region. All co-precipitated
samples reveal a constant binding energy of approx. 119.0eV for the Al 2s signal. A comparison
with the pattern obtained for y-Al,O3 and NiAl,O4 demonstrates that the chemical state of
the surface APt species is very similar in the precipitated samples, y-Al,O3 and NiAl,Oy4.
In addition, the calculation of the difference in binding energy (A BE) of the Ni2p3,, and
Al 2s signal results in a similar value of 737.1 £0.1eV (Table 6.4), which is within the spectral
resolution limit of the instrument (£0.1eV). This additionally proves that a decisive elucidation
of the exact surface composition in precipitated samples is not possible by means of XPS. The
pattern of IC17, however, reveals a different trend. The binding energy of the Al 2s signal is
shifted to a higher value by 0.5 eV as compared to the other samples. The difference might arise
from the inhomogeneous character of the surface in the impregnated sample.

Our results seem contradictory to a comparable study by Shalvoy et al. [254]. There, substantial
differences were reported for the binding energy of the Ni2p3; in NiO (854.6eV), NiAl,Oy
(856.1eV) and co-precipitated Ni-Al samples (856.8 =0.4eV). However, the calculated values
for A BE of the Ni2ps,, and Al 2s signal, on average 737.1 0.45¢eV, are in good agreement
with corresponding results in this work. We assume that the discrepancy in binding energies
arises from an inaccurate correction for sample charging in [254], as the C s signal originating
from adventitious carbon was used. In the study presented here, only insignificant amounts of
carbon species were observed after pre-treatment and the O 1s peak as an intrinsic signal was

used for correction. Calculated values for the Ni/Al ratio on the catalyst surface are summarized

Table 6.4: XPS results.
Catalyst PC31 PC11 PC13 1C17 NiAl,O4 (PC12)

ABE? (eV) 737.07 737.06 737.17 736.40 737.05
Ni/AIP (wt-%) 2.98+0.60 0.934+0.19 0.2840.06 0.93+0.19 0.41+0.08
4 difference in binding energy of Ni2p3/, and Al 2s

b on the catalyst surface calculated from XPS results.

in Table 6.4. For co-precipitated systems, the surface composition in the calcined samples agrees
well with the bulk Ni/Al ratio obtained in the corresponding precursors after precipitation. The
rather high experimental error of 20% is induced by the broad Ni 3s signals.
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6.6.5 XRD analysis of fresh and aged catalyst samples
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Figure 6.13: XRD analysis upon aging of (A) PC31, (B) PC11, (C) PC13 and (D) IC17 at 623 K
(JCPDS: NiO 78-0429, Ni 87-0712, y-Al,O3 10-0425, NiAl,04 10-0339).
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6.6.6 Ho-TPD results of fresh catalyst samples
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Figure 6.14: Influence of Ni loading on H,-TPD.

6.6.7 CO»-TPD and FT-IR results

Results from CO,-TPD and FT-IR measurements are depicted in Figure 6.15. For all catalyst
systems studied, desorption signals at 364, 440 and 500 K as well as a broad feature between 550
and 700 K are observed. Additionally, CO was observed at temperatures higher than 600 K (not
shown here). CO, adsorption in a pulsed manner results in significantly lower signal intensities
as compared to adsorption under flow (Figure 6.15B). This is most pronounced in the case of
desorption from weak basic sites exhibiting the desorption signal at 364 K. However, the peak
temperature of each signal does not change, indicating that the same kind of adsorption sites
are occupied independent from the CO, partial pressure. Consequently, the FT-IT measure-
ments in Figure 6.15C, recorded upon adsorption under flow, can be applied to interpret the
desorption patterns in Figure 6.15A. Results reveal multiple absorption bands between 1100
and 1900 cm™!. No bands related to CO species on metallic Ni or Ni(CO),4 are observed. This
implies, that CO detected above 600 K originates from dissociation of desorbing CO,, forming
CO and oxygen, the latter of which is retained on the catalyst surface. The adsorption bands
at 1670, 1410 as well as 1259 cm™! are the first to vanish during TPD and are not observable
anymore at temperatures higher than 419 K. Consequently, those bands can be attributed to
bicarbonate, which is well known to be formed upon interaction of CO, with ALY and/or AI'V-
OH sites and are only weakly bound to the catalyst surface [242, 255, 256]. Adsorption bands at
1649 and 1346 cm™!, that can be assigned to bidentate carbonate, vanish at temperature higher
than 440 K followed by bands at 1548 and 1441 cm™, originating from monodentate carbonate,
that are stable until 514 K [256, 257]. The absorption band at 1225 cm~! and an additionally
formed band at 1200 cm™! are stable up to the maximum temperature of 753 K. Also the small

pattern between 1700 and 1900 em™! s still present at those temperatures. Absorption bands
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in these regions can be attributed to strongly bound bridged/”organic-like” species, which
typically exhibit complex bands above 1700 and below 1200 cm™! [242, 255]. The signal at
1301 cm™! has been ascribed to an additional form of bridged/”organic-like” species by Wang
et al. [242]. However, the band disappears at temperatures higher than 514 K which makes
its assignment to strongly disputable. In this context, one might also take into consideration
bands due to minor amounts of Ni carboxylate [255], since next to Al also Ni is present in the
mixed oxide. The assignment of observed absorption bands and a comparison with literature is
often not straight forward due to the significant influence of the catalyst structure and electronic
properties, respectively. This, to some extent, also explains the deviations of the observed bands
compared to literature [242, 255-257]. Nevertheless, the FT-IR results are sufficient to assign
the desorption signals during TPD in Figure 6.15A to the different carbonate species on the
catalyst surface. Consequently, the desorption signal at 364 K can be ascribed to bicarbonate
followed by bidentate and monodentate carbonate with desorption peaks at 440 and 500 K.
Desorption of bridged/”organic-like” species cause a broad desorption pattern between 550 and

700 K.
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Figure 6.15: TPD and FT-IR results from activated samples. (A) TPD patterns after pulsed CO,
adsorption. (B) comparison of TPD patterns after CO, adsorption in a continuous mode and in a
pulsed manner [160]. (C) FT-IR results during TPD after adsorption of 6 % CO, in He for

30min [160]. (D) comparison of a fresh PC11 and a deactivated PC31 sample.
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6.6.8 N> physisorption measurements
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Figure 6.16: N, adsorption/desorption isotherms of fresh and deactivated samples of catalyst (A)
PC31, (B) PC11, (C) PC13 and (D) IC17 (T pging = 623K).
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6.6.9 Development of the specific activity upon aging
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Figure 6.17: Development of the specific activity (WTY per specific Ni surface area) upon aging at
623 K.
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7 On the interaction of CO5 with Ni-Al
catalysts

This chapter was published in:

S. Ewald, O. Hinrichsen, On the interaction of CO, with Ni-Al catalysts,
Applied Catalysis A: General, 2019, 580, 71-80.

7.1 Abstract

Knowledge of the CO, interaction with the catalyst material is of great importance in the
development of efficient catalysts for the methanation of CO,. In this study, the CO, adsorption
modes on and interaction with Ni-Al catalysts are systematically investigated by coupling FT-IR
and CO,-TPD measurements next to pulsed and static CO, chemisorption. The knowledge that
is derived allows for a concise characterization of the CO, interaction with Ni-Al catalyst by
means of CO,-TPD. The strength of this technique in elucidating structure-activity relations
of Ni-Al catalysts for CO, methanation is demonstrated. For the study, catalysts with varying
Ni loading are synthesized via co-precipitation and incipient wetness impregnation. CO, ad-
sorption under flow conditions close to room temperature leads to the formation of carbonate
species on the catalyst. After elongated exposure of the catalyst to CO,, typically present under
static conditions, Ni-CO species are also formed. The density of weak basic sites forming
bicarbonate decreases with increasing Ni content for precipitated catalysts, while medium and
strong basic sites forming bidentate, monodentate and bridged/”organic”-like species increase.
Bicarbonate is the most abundant species on impregnated samples upon CO, adsorption under
flow conditions. Only a minor influence of the Ni loading on the catalyst basicity is observed
for the impregnated samples. TPD results also indicate that CO, adsorption on Ni-Al catalysts
is an activated process. A more complete picture of the CO, interaction with Ni-Al catalysts is
obtained when starting TPD measurements at temperatures as low as 218 K. Bicarbonate, biden-
tate and monodentate carbonate exhibit desorption signals at 325, 416 and 500 K, respectively,

while bridged/”organic”-like species show a broad desorption pattern between 550 and 750 K.
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An additional desorption signal is observed at 260 K. Pulsed CO, chemisorption reveals that
strong adsorption sites are filled first. The uptake of strongly chemisorbed CO, determined from

pulsed adsorption is significantly lower than corresponding values from static chemisorption.

7.2 Introduction

The hydrogenation of CO, was first described by Sabatier and Senderens in 1902 [22], but
only recently came back into the focus of research as a promising technology to store energy
from renewables [10]. Since its “rediscovery” a broad range of catalytic materials has been
investigated for their applicability. Group VIII transition metals like Ni, Rh or Ru supported
on Si0,, Al,O3, ZrO, or CeO, have been reported to be active for CO, hydrogenation. A
comprehensive overview of catalytic systems studied can be found in recent reviews [12, 24,
258]. Supported Ni is probably the most often investigated due to its price and availability. Also
Ni-containing mixed oxides gained attention [18, 79-81] in part due to their higher stability as
compared to classic metal-support systems [112].

For a good catalytic performance, a high active metal surface area is essential. However, studies
have also supplied evidence that the CO, adsorption capacity as well as the basicity of the cat-
alyst are important [18, 20, 21, 52]. In order to investigate the interaction of CO, with catalytic
256, 259-262]. While this technique is predestined to elucidate adsorbed CO, species on the
surface, a quantitative analysis of CO, adsorption is often not straight-forward. Temperature
programmed desorption (TPD) on the other hand is capable of more easily quantifying CO,
adsorption on different sites. However, it is not possible to determine adsorption modes a priori.
Moreover, TPD also allows the study of CO, interaction at elevated pressures much closer
to working conditions, while IR measurements are commonly conducted under vacuum or
atmospheric pressure. CO, adsorption and desorption enthalpies can also be determined by
TPD, making it a powerful tool in evaluating the catalyst performance in CO, conversion
reactions. It is reasonable to combine IR and TPR measurements to obtain both qualitative
and quantitative information about the CO, interaction with catalytic materials. However, only
some studies so far have applied those techniques for the characterization of CO, interaction
mostly chosen arbitrarily, although adsorption conditions can have a significant influence on the
interaction of the probe gas with the catalyst material, as proven in our previous study [161].
This makes a comparison of experimental results and the attribution of desorption signals
to weakly, moderately or strongly adsorbed species difficult. For example, Pan et al. [100]
conducted CO,-TPD measurements with activated Ni/y-Al,O3 and Ni/Ce( 5Zrg 50, within the
temperature range from 323 to 1173 K. In this range they found three signals and attributed
the pattern between 323 and 523 K to weakly adsorbed species, the pattern between 523 and
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973K to species in medium basic sites and the desorption signal at higher temperatures to
strongly adsorbed species. In contrast, Muroyama et al. [67] found three distinct desorption
signals within the temperature range from 298 and 798 K and attributed the signal between
598 and 798 K to strongly adsorbed species. Mebrahtu et al. [244] correlated performance data
of activated Ni-Fe/(Mg, Al)Ox with CO,-TPD pattern, the latter of which, were recorded on
catalysts in their calcined state. However, it is known that structural changes of these catalysts
take place upon reduction, which might alter their basicity [18].

A systematic investigation of the CO, interaction with Ni-Al catalysts, to our best know-
ledge, is lacking. In this study, therefore, we present a detailed study of the CO, interaction
with Ni-Al catalysts by means of FT-IR measurements, temperature programmed desorption of
CO, (CO,-TPD) as well as pulsed and static CO, chemisorption. The influence of adsorption
modes and conditions on CO, interaction is evaluated. The influence of the Ni loading, the
catalyst synthesis procedure and the catalyst state (calcined or activated) on the basicity are
investigated. Adsorbed species are identified and quantified by coupling FT-IR and CO,-TPD

measurements.

7.3 Experimental

7.3.1 Catalyst synthesis and elemental analysis

Ni-Al catalysts were synthesized via co-precipitation and incipient wetness impregnation. For
co-precipitation, aqueous solutions of Ni(NO3), - 6H,O (1 M, Merck®) and AlI(NOj3)3-9H,0
(1M, Sigma—Aldrich®) were mixed and precipitated at 303 K and a constant pH of 9. An
equimolar mixture of 0.5M NaOH (Merck®) and 0.5M Na,CO3 (Sigma—AldriCh®) was used
as precipitating agent. Details can be found in [79, 80]. The Ni loading of the precipitated
samples was adjusted by varying the Ni/Al ratio between 1/5, 1/3, 1/2, 1/1, 3/1 and 5/1 (samples
donated as PC15, PC13, PC12, PC11, PC31 and PC51 in the following). Also samples just
containing Al (PCO1) or Ni (PC10), were synthesized in the same way. After precipitation,
the precursors were dried at 353 K overnight. Subsequently, the dried precursors, except for
PC12, were calcined in flowing air at 723 K for 6 h (5 Kmin_l). The dried PC12 precursor
was calcined at 1173 K in order to obtain NiAl,Oy4 as reference material. After calcination,
the catalyst material was pressed, ground and sieved. The sieve fraction of 150—-250 um was
used for measurements. 9 and 17 wt-% Ni/yAl,O3 (denoted as IC9 and IC17 in the following)
were synthesized via incipient wetness impregnation of y-Al,O3 from Sasol® (PURALOX
SCCal50/200, SggT = 196 m? eat> 150—200 um) with an aqueous solution of Ni(NOj3), -6H,O

(1M, Merck®). After impregnation, the precursors were dried and calcined under the same

-1
cat>
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conditions as the precipitated samples. The actual Ni content was determined via AAS using a
Varian® AA280FS and photometry using a Shimadzu® UV-160.

7.3.2 N, physisorption and temperature programmed reduction (TPR)

N, physisorption measurements were performed at the boiling point of liquid Ny using a
Novatouch from Quantachrome®. For the measurements, roughly 100 mg of calcined catalyst
material were placed in the sample cell and degassed under vacuum at 393 K for 3 h prior to
analysis. The BET surface area was determined from the adsorption branch of the isotherm
within p/pg = 0.05-0.3. The average pore diameter and volume were calculated assuming
spherical pore geometry.

TPR measurements and the mass loss during reduction were recorded with a STA thermoba-
lance from Netzsch®. For analysis 25 — 50 mg of calcined catalyst were loaded into the crucible
and heated in Ar (Qa, = 60NmImin~!) at 623K for 1h (B = 3Kmin!). After cooling down
to room temperature, TPR was performed in 5% H, in Ar at a flowrate of 75 Nml min~! up to a
maximum temperature of 1173 K. Product gas analysis was performed with an Omnistar GSD

301 quadrupole mass spectrometer from Pfeiffer®.

7.3.3 Temperature programmed desorption of CO5 (CO,-TPD)

CO,-TPD was studied in greater detail using a setup described elsewhere [161]. All gases
were of high purity (5.0 or higher for CO,, 6.0 for He and H,). For analysis, 50- 150 mg
of catalyst material were fixed in the isothermal zone of the reactor with two plugs of silica
wool and a thermocouple was placed in the catalyst bed. For reduction, Ni-Al samples were
heated to 753K in 5% H, inHe at a heating rate of 3 Kmin~!. The samples were kept at
reduction temperature for 5h. PC10, which does not contain Al, was reduced at 673 K for 2h
(5%H,inHe, B =3 Kmin~!). After reduction, the catalysts were purged with He and cooled
down to 308 K. Subsequently, the setup was brought to the desired adsorption temperature and
CO, was introduced either in a continuous flow or in a pulsed manner. For adsorption in a
continuous mode, a stream of pure CO, was fed to the reactor for 30 to 90 min at a flow rate
of 50 Nml min~!. Pulsed CO, adsorption was achieved by injecting 2 % CO, in He into a He
stream flowing over the catalyst using of a calibrated sample loop (Qge = 13 Nml min~?, Vioop =
1 ml). After adsorption, the catalyst was flushed with He to remove any weakly adsorbed CO,
and TPD was performed up to 753 K under flowing He (Qge = 100Nml min~!, B = 6K min1).
Alternatively, CO, was adsorbed in a three step process. First, CO, was fed at 308 K for
30 min. Subsequently, the sample was carefully cooled down to 218 K under flowing CO, where
adsorption for another 30 min was conducted. Then, the sample was purged with He and TPD
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was performed under the same conditions as mentioned before. Adsorption was not conducted
at temperatures lower than 218 K to avoid resublimation of CO,. Noisy data was smoothed for
presentation. The reactor used in this study was equipped with a shut-off valve at the inlet so

that samples could be removed from the setup under inert conditions.

7.3.4 Ni surface area determination and XRD analysis

The specific Ni surface area of activated samples was determined through pulsed H, adsorption
using the same setup as for CO,-TPD experiments. In total, 20-40 pulses of 5% H; inHe
(purity 6.0 each) were used. Details can be found in [161].

XRD analysis was performed with a STOE® Stadi P diffractometer operated at 50kV and
30mA (Ge(111) monochromator, Cu-Ko radiation, A = 0.154056 A). The diffractogram was
recorded within 20 =5 — 90° at step size of 0.5° (scanning rate: 0.86°min~!). For analysis,
the catalyst material was sealed in glass capillaries with an inner diameter of 0.5 mm. Selected
activated catalysts were removed from the setup for CO,-TPD measurements under inert con-
ditions and separated from silica wool in a glovebox prior to analysis. Also here, noisy data was

smoothed for presentation.

7.3.5 FT-IR measurements

FT-IR spectra at atmospheric pressure were recorded with a BioRad® FTS 575 C equipped
with a high temperature chamber with ZnSe windows. For analysis, selected catalyst sam-
ples (150-250 um) were reduced in the setup for CO,-TPD measurements under the same
conditions as mentioned above. After reduction, the catalyst material was removed from the
setup and transferred into a glovebox under inert conditions where it was separated from silica
wool. The pure catalyst material was pressed into a self-supporting wafer, which was mounted
into the spectrometer without being exposed to air. PC10, PCO1, PC12 and y-Al,03 were not
reduced prior to IR measurements but directly pressed into wafers. The wafer and chamber
were conditioned by heating to 523 K in He (60 Nml min~!) at a rate of 5K min~!. Then,
the wafer was cooled down to 313 K and background spectra were recorded. Subsequently,
CO, was adsorbed for 30 min at 313 K using 6 % CO, in He with a flow rate of 40 Nml min~!.
After adsorption, the wafer was purged and TPD up to 523 K was conducted in flowing He
(OHe = 60Nml min~1) at a constant heating rate of 5 K min~!. Spectra were recorded within the
range from 900 to 4000 cm™! at a resolution of 4 cm™!.

Alternatively, FT-IR measurements were conducted with a Vertex 70 from Bruker®, equipped
with a high temperature chamber with CaF, windows. For the measurements, 50 to 100 mg
of calcined catalyst material (150—-250 um) were pressed into a self-supporting wafer and
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reduced under the same conditions as for CO,-TPD. After reduction, the sample was degassed
at reduction temperature for 60 min and cooled down to 303 K under He. Subsequently, a
background spectrum was collected. Then, CO, was adsorbed either in a continuous flow
using 6 % CO, in He at a flow rate of 100 Nml min~! or under static conditions at a reduced
pressure of 2.2 mbar. For the latter, the reduced wafer was evacuated and kept at 1 - 10> mbar
for 2 h after reduction. After cooling to 303 K, 6 % CO, in He was dosed into the chamber until
a constant pressure of 2.2 mbar was achieved. Subsequently, the wafer was evacuated again
to 1-10mbar. Also here, measurements were conducted during adsorption and evacuation.
Spectra were recorded within the range of 1100 to 4000 cm™! at a resolution of 4 cm™!. Noisy
data was also smoothed for presentation in this case.

7.3.6 Static CO5, chemisorption

Static CO, chemisorption measurements were conducted in a Quantachrome® Autosorb 1C.
100 mg of calcined catalyst material were placed in the sample cell and reduced at 753K in
5%H, in N, for 5h (B = 3Kmin~!). After reduction, the catalyst was evacuated at 753 K
for 60 min and subsequently cooled down to room temperature under vacuum. CO, was fed
at 308 K and an adsorption isotherm was recorded with an equilibration time of 10 min. The
total amount of CO, adsorbed and the reversible CO, uptake was obtained by extrapolating the
corresponding adsorption isotherm to zero pressure. The amount of strongly adsorbed CO, was
obtained by subtracting the reversible from the total CO, uptake. An increase of the equilibrium

time has shown to have no influence on the CO, uptake. The purity was 5.0 for all gases used.

7.4 Results and discussion

7.4.1 Elemental analysis and catalyst characterization

Results from elemental analysis and metallic Ni surface area determination are summarized in
Table 7.1 and 4.1. XRD analysis, which is discussed in greater detail in chapter 4.3.1, reveals
a takovite-like structure in PC51 and PC31 after precipitation and mixed basic carbonates in
Ni-containing precursors. Calcination of these precursors leads to the formation of a crystalline
bunsenite and a Ni-Al mixed oxide phase. The structure of these phases depends on the Ni
content in the sample. Impregnated samples exhibit a crystalline bunsenite and a y-Al,O3 phase
after calcination independent of the Ni loading. NiAl,Oy is the only crystalline phase in sample
PC12 and NiO is observed in sample PC10. These samples, therefore, can be referred to as
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NiAl,O4 and NiO reference, respectively. Results obtained from Nj physisorption and TPR
measurements are discussed in chapter 4.3.1 and 4.3.2, respectively.

Table 7.1: Characterization results (partly taken from [161]).

PCO1 PC15 PC13 PC11 PC31 PC51 PC10 IC9 1IC17 }/—A1203

SNi - 36 94 17.1/19.2¢ 329 30.1 14 38 92 -
(m? gl

U(COZ)??tal 382.6 350.2 283.9 238.7 194.0 178.0 n.d. 269.8 248.3 257.5
(umol g2})

Ucoy? 230.0 194.6 142.2 142.8 157.8 1602 n.d. 167.4 160.2 172.8
(umol g2)

U(COZ);ulse 854 K88.8 742 116.8 124.4 1242 <2 83.8 89.8 49.0
(hmol gzy)

CO, desorptiond 50.2 51.5 38.6 61.2 70.8 67.1 n.d. 45.1 48.5 339
(umol g}

2 total CO, uptake determined from static chemisorption

b irreversible CO, uptake determined from static chemisorption
¢ determined from pulsed adsorption with a total of 40 pulses

d determined from TPD subsequent to pulsed adsorption

¢ reproduction measurement

7.4.2 FT-IR measurements upon CO, adsorption under flow

Results from FT-IR measurements upon CO, adsorption under flow at room temperature, fol-
lowed by He purging and TPD are depicted in Figure 7.1 and Table 7.2. Also the spectra of
CO» adsorption on NiO (PC10) and NiAl,O4 (PC12) are presented for reference purposes in
Figure 7.2. Multiple adsorption bands between 900 and 1800 cm™! are observed, which are
typical of carbonate-like species. For y-Al,O3 (Figure 7.1A-C), the absorbance bands at 1647
and 1435 cm™! can be ascribed to the asymmetric and symmetric O-C-O stretching mode of bi-
carbonate, respectively. The corresponding §(OH) band is observed at 1229 cm™!. Bicarbonates
are formed due to the interaction of CO, with AI'Y and/or AI'Y-OH sites of weak basicity (242,
257, 263]. These bands are formed fast within the first minutes of adsorption and only slightly
gain intensity with increasing adsorption time. These observations are in good agreement with
results of Wang et al. [242]. The signal centered at 1389 cm™! can be attributed to the symmetric
O-C-O stretching mode of monodentate carbonate. The corresponding band of the asymmetric
O-C-O stretching mode is observed as a shoulder at 1535 cm~!. The shoulder between 1312
and 1352 cm™! originates from the symmetric O-C-O stretching mode of bidentate carbonate.
The signal of the corresponding symmetric O-C-O stretching mode is strongly overlapped by

the signal at 1647 cm~! but can be discerned at 1628 cm™! upon purging with He (Figure 7.1B).
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Moreover, a broad feature between 1000 and 1200 cm™! is observed. Purging with He after CO,
adsorption reduces the intensity of signals at wavenumbers higher than 1200 cm™!. The intensity
decrease is most pronounced for bicarbonate indicating that those species are weakly bound to
the surface, which is in good agreement with literature [242]. The signal intensity of the broad
pattern between 1000 and 1200 cm™! remains unchanged upon He purging, implying that those
bands represent strongly bound species, which have been described as bridged/”organic”-like
carbonate in literature [242, 255]. Upon TPD, bands attributed to bicarbonate are the first to
disappear at temperatures higher than 393 K (Figure 7.1C). This, again, reflects the weak basic
character of adsorption sites forming bicarbonate. Bidentate and monodentate carbonate bands
vanish at temperatures higher than 433 K, whereas bridged/”organic”-like species are observed
until 514 K. Consequently, bi- and monodentate carbonate are formed on basic sites of medium
strength and bridged/”organic”-like species arise from CO, adsorption on strong basic sites.

The shape of the spectrum obtained after CO, adsorption on PC10 (Figure 7.2) agrees well with
the one of y-Al,0O3, indicating the formation of carbonates. However, the bands are shifted to

1

lower wavenumbers and a clearly discerned band at 1016 cm™" is observed. In literature, the

absorbance band at 1215 cm™!

is ascribed to bicarbonate [255]. The absorbance bands centered
around 1626 and 1385 cm™! exhibit the same behavior, which strongly indicates that these bands
can be attributed to bicarbonate as well. Interestingly, these absorbance bands are established
fast within the first minute of adsorption but decrease in intensity with increasing adsorption
time, which implies restructuring and rearrangement of the adsorbed carbonate species. An
additional signal at 1261 cm™! is observed. Ueno at al. ascribed this signal, which was ob-
served at 1276 cm™! in their study, to Ni carboxylate [264]. A corresponding band observed
at 1545cm™! in literature might not be discerned here due to a strong overlap with the broad
signal at 1626 cm™.

The signal positions between 1200 and 1800 cm™! upon CO, adsorption on NiAl,O4 (PC12)
(Figure 7.2) coincide with the band positions in the case of y-Al,O3, indicating that essentially
the same bicarbonate, monodentate carbonate, and bidentate carbonate species are observed.
No additional signals pointing at Ni carboxylate formation are detected. In comparison with
Y-Al,O3, an additional absorbance band at 1018 cm™! is obtained which coincides with the
signal at 1016 em™! in NiO (PC10). Also here, the absorbance bands at wavenumbers below
1200 cm™! are stable upon He purging and are the last to disappear at temperatures higher than
473 K (Figure 7.10). This indicates that those bands arise form strongly bound species such as
bridged/”organic”-like species.

The spectra obtained after CO, adsorption on PCO1 (Figure 7.1D-F) reveal essentially the same
species as for y-Al,O3. However, the fraction of bidentate carbonate (in this case with an
absorbance band between 1318 and 1367 cm™!) is increased, whereas the amount of strongly
bound CO, exhibiting bands below 1200 cm™! is decreased.

CO, adsorption on IC17 (Figure 7.1G-I) leads to the same pattern as for pure y-Al,O3. The
intensity of bands originating from monodentate carbonate increases in comparison to the

signal intensity of bicarbonate. The absorbance band of the symmetric O-C-O stretching mode
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Figure 7.1: Results from FT-IR measurements during CO, adsorption at 1 bar and 313 K (left
column), He purging after adsorption (middle column) and TPD (right column).
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Figure 7.2: Results from FT-IR measurements during CO, adsorption under flow at 1 bar and 313 K
on NiO (PC10) and NiAl,O4 (PC12).

of monodentate carbonate is slightly shifted to a lower wavenumber of 1377 cm~!. However,
already intensity changes of strongly overlapping signals can lead to apparent shifts in the signal
position. Additionally, a distinct absorbance band is observed at 1070 cm™!, which most likely
originates from CO, adsorbed on strong basic sites, e.g. in a bridged mode, as is does not
decrease upon He purging (Figure 7.1H) and is stable up to a temperature of 473 K (Figure 7.11I).
In the pattern obtained after CO, adsorption for 1 and 5 min, an additional signal at 1256 em™! s
observed together with a weak shoulder at 1211 cm™. A comparison with the spectra obtained
for pure NiO (Figure 7.2) reveals that these bands might originate from carboxylate species
and bicarbonate due to CO, interaction with NiO-like structures. TPR measurements revealed
that IC17 is not completely reduced under the chosen reduction conditions (see chapter 4.3.2).
Therefore, NiO-like structures might still be present in the sample, leading to the observed
bands. The pattern obtained after CO, adsorption on PC13 (Figure 7.1J-L), the sample which
reveals a similar Ni content as sample IC17, coincides with the corresponding spectra of the
impregnated sample. Moreover, the band positions in the range between 1200 and 1800 cm™!
do not change with increasing Ni content of the precipitated mixed oxide samples. This indicates
that neither the synthesis procedure nor the Ni loading of the Ni-Al systems in this study
influence the vibration mode of surface species adsorbed on weak and medium basic sites.
With increasing Ni loading of precipitated systems, the density of medium and strong basic
sites increases as compared to weak basic sites, which form bicarbonate. In all precipitated
samples investigated, the shoulder at 1211 cm™ is present. The band centered at 1258 cm™!,
which is observed in sample IC17 and PC13, is not discerned in sample PC11 (Figure 7.1M-0),
which might be due to a strong overlap by bands at higher wavenumbers. Also the reducibility
increases with higher Ni loading and consequently, the amount of NiO-like structures that form
species, which exhibit bands at these wavenumbers, declines. In sample PC11, two distinct
bands at 1097 and 1034 cm™! are observed, whereas one broad band centered between 1070 and
1086 cm™! is observed on samples of lower Ni loading. This might indicate, that two different

strongly adsorbed species are formed on the catalyst PC11. In all samples, bands attributed
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to bicarbonate significantly decrease upon purging with He. Upon TPD, they are also the first
to vanish at temperatures higher than 393 K, followed by bidentate carbonate, monodentate
carbonate and strongly bound species, the latter of which exhibit bands at wavenumbers below
1200cm™L. In the case of PC11, a negative band between 1550 and 1700 cm~! is observed,
which could be attributed to structural changes of the catalyst surface, altering the IR absorp-
tion behavior of the wafer. As absorption of the wafer contributes to the background spectra,
which are subtracted from each measurement, changes of the wafer absorption behavior be-
come manifest in the corrected spectra. In this context, one might take elimination of surface
hydroxyl groups into consideration [257]. Next to a negative band, a new absorbance band is
detected at 993 cm™!, which is stable even at temperatures up to 523 K. This again, could be
attributed to changes of the catalyst surface properties or to restructuring and transformation of
the adsorbed species. Carbonate transformation was observed in literature upon CO, adsorption
and desorption from hydrotalcite-like materials [259]. Further studies are needed to clarify the

observed pheno-mena.

7.4.3 FT-IR measurements upon CO», adsorption under static
conditions

Results from static CO, adsorption on sample PC11 under static conditions at room temperature
and 2.2 mbar leads to additional signals between 1700 and 2100 cm™! next to absorption bands
in the carbonate region (Figure 7.3 and Table 7.3). Those bands can be attributed to Ni-CO
species formed upon dissociative adsorption of CO, on metallic Ni. The absorption bands
at 2006 and 1894 cm™! can be ascribed to linearly bound and bridged CO, respectively [67,
262, 265-268], while the band at 1807 cm™~! most likely originates from CO bound to three
Ni atoms [268]. The shoulder between 1800 and 1700 cm™! might be attributed to an overlap
with bands at lower wavenumber. Upon evacuation to 1 - 10~ mbar (Figure 7.3B), no significant
decrease of the band intensity is observed for Ni-CO species whereas carbonate absorption
bands loose intensity. In contrast to this, no bands related to Ni-CO species are detected upon
adsorption under flow conditions, which is in agreement with studies of Abello et al. [81] and
Pan et al. [20]. However, dissociation, which is thermodynamically favored as compared to
chemisorption on Ni [269], is observed in literature when adsorbing CO, on Ni-Al catalysts
at elevated temperatures [67, 262, 268]. It is possible that dissociative CO, adsorption is
kinetically hindered at room temperature so that very low residence times, which are typically
obtained under flow conditions, do not allow for the formation of Ni-CO species. Activated CO,
dissociation also has been observed on some clean Ni surfaces and reported in literature [270].
At this point, we would like to mention again, that IR measurements under static conditions were
conducted with a different setup as compared to measurements, the results of which are depicted

in Figure 7.1. In order to exclude systematic errors, we also conducted flow experiments in the
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Figure 7.3: Results from FT-IR measurements with sample PC11. (A) CO, adsorption at 2.2 mbar
under static conditions and (B) subsequent evacuation to 1 - 10~ mbar.

second setup. Also here, no Ni-CO bands were observed, which further confirms that Ni-CO

bands are formed upon static CO, adsorption at room temperature. No bands related to Ni(CO)y4

were observed in our experiments.

110



1Tl

Table 7.2: Comparison of observed absorption bands (cm™!) in the carbonate region with literature.

Bicarbonates Bidentates Monodentates
Bridged/"organic"-like Carboxylate
Vi (OCO) v (OCO) d (OH) Vi (OCO) v (OCO) Vi (OCO) v (OCO)

7-Al 03 1647 1435 1229 1628 1352-1312 1535 1389 1200-1000
PCO1 1647 1435 1229 1628 1367-1318 1535 1387 1200-1100
PC13 1647 1435 1229-1211 1628 1312 1535 1387-1367  1128-1070 1256
PC12 (NiAl,04) 1647 1433 1227 1628 1330-1312 1535 1387 1093-1018
PCI11 1647 1431 1229-1211 1628 1318-1312 1535 1377-1379  1097-1034
1C17 1647 1431 1229-1211 1628 1318-1312 1535 1377-1369 1070 1256
PC10 (NiO) 1626 1385 1215 1261
7—Al, 03 [242] 1645 1445-1435 1230 1675-1670 1350 1550 1392-1385  1310-1304 1000
y-AL O3 [255] 1650-1639  1490-1440  1236-1225 1730-1660  1270-1230 1530 1370 1900-1750 1180
Al,O3 256,|257] 1650 1480-1440  1230-1220 1630-1610  1340-1320 1560-1510  1400-1360  1900-1700  1200-1100
Al, O3 [260] 1647 1476 1233 1704 1265 1756 1204
Ni/y—Al,03 |]20] 1653 1434 1227 1566 1361
Ni/Al, O3 [|67] 1653 1534 1230
NiO [|255] 1215 1670-1620 1640 1390 1730 1160 1560-1545  1410-1276
HTIc? [260] 1658-1650  1420-1400 1591-1574  1386-1365
HTIc? [259] 1600 1347 1510 1385 1700 1310

“HTlc: hydrotalcite

Table 7.3: Comparison of observed absorption bands (cm™) of Ni-CO species with literature.

Linear bonded CO Bridged bonded CO Threefold bonded CO

PC11 2006 1894 1807
Ni/Al,O3 [265] 2053 1927

Ni/Al,O3 [266] 2015 1910-1830

Ni/Al,O3 [67] 2021 1851

Ni/Al,O3 [268] 2058 1930 1887
Ni-Al oxide |]262] 2014 1844
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7 On the interaction of CO, with Ni-Al catalysts

7.4.4 Temperature programmed desorption of CO5

TPD results for catalyst PC11 after CO, adsorption at 308 K for 30 min are depicted in Fig-
ure 7.4. CO, desorption from weak basic sites exhibits a desorption signal at 364 K, whereas
desorption from medium basic sites results in signals centered around 416 and 500 K. In addi-
tion, a broad feature between 550 and 750 K is observed, originating from CO, desorbing from
strong basic sites. A comparison of the patterns in Figure 7.4 with the FT-IR results in Figure 7.1
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Figure 7.4: Reproduction of TPD measurements subsequent to CO, adsorption on reduced PC11 at

308 K for 30 min. The first three TPD measurements were recorded sequentially. The fourth
measurement was conducted after treatment in 5 % H, in He at 753 K for 30 min (8 =3 Kmin™).

allows for the assignment of the desorption signals to different species. The desorption signal
at 364 K can be attributed to bicarbonate desorbing from weak basic sites. The signal at 416 K
originates from bidentate carbonate. The desorption peaks at 500 K and between 550 and 750 K
can be ascribed to monodentate carbonate and bridged/”organic”-like species, respectively.
The assignment is in very good agreement with results of Wang et al. [242]. At temperatures
higher than 550K next to CO, also substantial amounts of CO are detected (a quantitative
analysis is presented below). FT-IR results show that no Ni-CO species are formed during
adsorption under flow conditions at 303 K. Therefore, it is likely that CO is detected due to
dissociation of desorbing CO, at elevated temperatures with oxygen staying on the Ni surface.
This is further supported by CO formation upon pulsing of CO, onto a reduced PC11 sample at
700K (Figure 7.11). Besides, the Ni surface area does not change upon CO; exposure at 308 K
which is shown by a value of 19.2m? gz, before and 19.9 m? g2}, after CO, adsorption. This
additionally proves that, under the chosen conditions, CO, dissociates on metallic Ni at elevated
temperatures but not close to room temperature. When reproducing TPD measurements on the
same sample, a decrease of CO, desorption is observed, indicating a reduction of basic sites.
This is in line with results from FT-IR measurements, which also indicated structural changes
of the catalyst surface. No structural changes of the catalyst bulk material are observed upon
CO,-TPD as revealed by XRD analysis (Figure 7.12). The amount of CO also declines from
one TPD experiment to the other. It is likely, that oxygen on the Ni surface, formed during the
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7 On the interaction of CO, with Ni-Al catalysts

first TPD run, impedes dissociative CO, adsorption in the subsequent runs. Upon H, treatment
at 753 K for 30 min (5% H, inHe, B = 3Kmin_1), the original state of the catalyst surface is
restored. Also the detected amount of CO increases again and reaches its original level.

Figure 7.5 depicts the influence of adsorption time and temperature on adsorption. Increas-
ing the adsorption time at 308 K slightly enhances adsorption on weak basic sites forming
bicarbonate. The amount of monodentate carbonate and the density of strong basic sites is
reduced, in compliance with results depicted in Figure 7.4, since curve (a) and curve (b) were
recorded successively. Adsorption at 373 K (curve (c) and (d)) increases desorption from weak
and medium basic sites, indicating that adsorption on Ni-Al catalysts is an activated process.
An increase of adsorption time at 373 K slightly further improves adsorption on medium basic
sites (not indicated in Figure 7.5). Species on medium basic sites are flushed from the catalyst
surface at 373 K, which explains the lower signal intensity of curve (d) as compared to curve (c).
CO, adsorption in a three step process including adsorption at 308 as well as 218 K leads to an
intensity increase of the signals attributed to weak and medium basic sites (curve (e)). The onset
of an additional desorption signal is observed around 260 K. The signal attributed to bicarbonate
is shifted to lower temperatures by approximately 10 K and becomes more symmetrical. This
indicates that weak basic sites are only partially occupied at 308 K and that part of the adsorbed
CO» is removed when flushing prior to TPD. This is in line with FT-IR results depicted in

Figure 7.1.

1500

)

1250

1
cat

1000+
750+

500

CO, desorption (ppm g,

225 300 375 450 525 600 675 750
Temperature (K)
Figure 7.5: Influence of adsorption time and temperature on CO, interaction with reduced PC11. CO,
was adsorbed at (a) 308 K for 30 min, (b) 308 K for 90 min, (c) 373 K for 30 min followed by cooling

to 308 K in CO», (d) 373 K for 30 min and (e) 308 K for 30 min followed by cooling down to 218 K
and adsorption at 218 K for another 30 min.

The influence of the Ni loading and the synthesis procedure on CO, desorption is depicted in
Figure 7.6. Sample PCO1 exhibits a board desorption signal between 225 and 375 K, indicating
a high density of weak basic sites, as well as a broad shoulder at higher temperatures. In
comparison, the density of weak basic sites in the Ni-containing sample PC15 is decreased. It
further declines with increasing Ni loading of the precipitated samples, whereas the amount of
bidentate and monodentate carbonate as well as strongly adsorbed species rises. No significant
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7 On the interaction of CO, with Ni-Al catalysts

differences in basicity are observed between PC31 and PC51. However, clear distinguishable
signals related to bidentate, monodentate and strongly bound species cannot be detected for
sample PC15 and PC13. This might be attributed to the strong desorption signal originating
from bicarbonate overlapping smaller peaks as evident by the shoulder at higher temperatures.
No signal shifts are observed, which means that the same kind of adsorbed CO, species are
observed in each catalyst. These observations are also in line with FT-IR results depicted in
Figure 7.1. When varying the Ni loading of impregnated systems, no significant change of
the CO, adsorption behavior is observed. The obtained TPD patterns coincide with the one
of y-Al,O3 with a slightly increased CO; desorption from medium and strong basic sites.
However, also here, the strong desorption signal attributed to bicarbonate might superimpose
less intense peaks at higher temperatures. Comparing the pattern of sample PCO1 and y-Al,03
reveals that the density of weak basic sites is significantly higher in sample PCO1.
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Figure 7.6: Influence of the Ni loading and synthesis procedure on basicity and CO, adsorption of
activated samples. CO, was adsorbed in a three step process comprising adsorption at 308 K for
30 min, subsequent cooling to 218 K under CO, and adsorption at 218 K for another 30 min.

Results from TPD after pulsed CO, adsorption are depicted in Figure 7.7. Adsorption of limited
CO, amounts by varying the number of pulses reveals that strong adsorption sites are occupied
first and subsequently weaker sites are filled. Once CO, pulses break through and reach a
constant intensity, the subsequent TPD pattern remains constant (pulsed adsorption prior to
curve (d) and (e) in Figure 7.7A). The signal intensity declines from curve (a) to (e), which
again might originate from structural changes of the catalyst surface upon TPD, as mentioned
earlier, since the measurements were conducted sequentially on the same catalyst sample. This
also explains the higher intensity of the desorption signals after pulsed adsorption on a fresh
catalyst sample (Figure 7.7B). The desorption signal intensity after adsorption of 40 pulses at
a dosing temperature of 308 K is significantly lower as compared to the TPD pattern obtained
after CO, adsorption at 308 K using a continuous gas stream (Figure 7.7B).

The TPD pattern obtained after pulsed adsorption in Figure 7.8 reveals that mostly weak basic
sites are present on calcined PC11. Upon reduction, medium and strong basic sites are formed,
while the weak basic site density is reduced. It is well known, that structural changes take
place during the reduction of precipitated catalysts [79-81, 88, 112], which very likely changes
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Figure 7.7: (A) Influence of limited CO, amounts on adsorption and (B) comparison of TPD results

after pulsed adsorption and adsorption under CO, flow. The experiments were conducted with
reduced sample PC11 at a dosing temperature of 308 K.

the basicity. Next to structural changes, surface hydroxyl groups, which are essential for the
formation of bicarbonate, are eliminated during reduction [135], decreasing the density of weak
basic sites. These results also point out the importance of characterizing catalyst materials in
their active state. Results of TPD measurements subsequent to CO, adsorption on y-Al,0O3
before and after reduction are depicted in Figure 7.13. Heating in H; leads to a significant
reduction of weak basic sites, most likely due to elimination of surface hydroxyl groups as
indicated by TPR results (chapter 4.3.2). No significant changes are observed with regard to the

density of medium and strong basic sites.
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Figure 7.8: TPD results after adsorption of 40 CO, pulses at 308 K on calcined and reduced PC11.
The measurements were conducted sequentially on the same sample.

A quantitative analysis of the pulsed experiments in Figure 7.7 reveals that only 40 to 55 % of
the CO, adsorbed on the reduced catalyst sample desorb during TPD (Table 7.4). As evident
from FT-IR measurements, part of the CO, adsorbed is flushed from the catalyst surface during
purging prior to TPD. Moreover, the maximum temperature of 753 K might not be high enough
to completely desorb strongly adsorbed CO, species, which is shown by TPD coupled with FT-
IR measurements in Figure 7.10. Furthermore, a part of the CO, desorbing is converted to CO
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7 On the interaction of CO, with Ni-Al catalysts

at temperatures higher than 550 K, as mentioned earlier and shown in Figure 7.4 and 7.7B. This
further explains the observed discrepancy between adsorbed and desorbed CO,. Correcting the
CO signal in Figure 7.7B for CO, fragmentation allowed for the quantification of the detected
CO. A total CO amount of 12.0 pmol ggalt is released, which is 11.4 % of the CO; retained by
the catalyst upon pulsing.

Table 7.4: Comparison of adsorbed and desorbed amounts of CO, during pulsed adsorption and
subsequent TPD for PC11. Corresponding TPD pattern are depicted in Figure 7.7.

Pulses 32 5 20 40 50 402

U(COZ)Bulse (umol ggalt) 46.4 n. d. 61.7 58.3 53.1 105.4
CO, desorption® (umol ggg}t) 19.4 25.6 27.8 30.4 27.5 58.2
Fraction of CO, desorbed (%) 41.9 n. d. 45.0 52.1 51.8 55.2
4 experiment conducted with a fresh catalyst sample

b determined from pulsed adsorption
¢ determined from TPD subsequent to pulsed adsorption

Results from static CO, chemisorption and a comparison with pulsed CO, adsorption and TPD
are summarized in Table 7.1. In the case of y-Al,O3, the adsorbed CO, amount upon pulsing
is only 28 % of the irreversible CO, uptake calculated from static measurements. As indicated
in Figure 7.6 y-Al,O3 mostly exhibits weak basic sites, which are only partially occupied at
low CO, partial pressures and residence times typically present in pulsed experiments. Static
conditions, in contrast, allow for more sites to be filled, which explains the higher value
obtained. The same discrepancy is observed for PCO1 where 22 % of the irreversible CO,
uptake determined from static chemisorption are adsorbed upon CO, pulsing. Also for Ni-
containing samples, deviations between static and pulsed experiments are observed. However,
the deviations decrease with increasing Ni loading. This is in line with the density increase of
medium and strong basic sites at higher Ni content (Figure 7.6), on which the adsorption is less
strongly influenced by the CO, partial pressure. Also the formation of Ni-CO species under
static conditions (Figure 7.3) has to be taken into consideration as an additional reason for the
observed deviations. As mentioned earlier, dissociative CO, adsorption on metallic Ni is likely
to be kinetically hindered close to room temperature. Low residence times, typically obtained
in pulsed experiments, therefore, impede dissociation. In contrast, long equilibration times in
static chemisorption measurements allow for Ni-CO formation.

The total CO, adsorption capacity of Ni-containing samples, determined from static chemisorp-
tion, decreases with increasing Ni content. Contrary to this, the irreversible CO, uptake and the
amount of adsorbed CO, determined from pulsed experiments and TPD initially decreases for
precipitated samples with rising Ni content and reaches a minimum at a Ni loading between 22.5
and 38.1 wt-%. At higher loadings, the adsorbed amount of CO, rises again. The contradictory
trend of total and reversible CO, uptake is in agreement with the increasing density of weak
basic sites with rising Al content. The initial decrease from sample PC15 to PC13, which exhibit

similar densities of medium basic sites, could be attributed to the significantly higher weak basic
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site density of sample PC15 (Figure 7.6A). More CO; can be adsorbed on those sites even upon
evacuation in the case of PC15. The irreversible CO, uptake slightly decreases with increasing
Ni loading for the impregnated samples. Pulsing of CO, onto unsupported metallic Ni (reduced
PC10) revealed an insignificant CO, uptake. This again supports that CO, does not dissociate

on metallic Ni at room temperature under transient conditions.

7.4.5 Catalyst performance in CO> methanation

Recently, we investigated the catalytic performance as well as the deactivation behavior of
catalyst PC31, PC11, PC13 and IC17 in CO, methanation in great detail [112]. The activity
per Ni surface area (specific activity) was shown to vary for the samples investigated, as
indicated in Figure 7.9. This suggests structure sensitivity as well as additional factors which
influence the activity. In this context, the CO; adsorption capacity and the basicity of the catalyst
material was reported to be important [19-21]. As shown in Figure 7.6 and as discussed in our
previous study [112], the density of medium basic sites forming monodentate formate rises with
increasing Ni loading of precipitated samples. Pan et al. [20] proposed that medium basic sites
forming monodentate formate species promote CO, methanation as monodentate formate is
hydrogenated faster than other formate species. This is in line with a higher specific activity
of sample PC31 as compared to samples of a lower Ni content. Moreover, the results nicely
demonstrate the strength of CO,-TPD measurements in evaluating and elucidating structure-

activity relations.
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Figure 7.9: Specific activity of freshly activated samples in CO, methanation (m1cyt = 50mg,
T = 523K, p = 8bar, Feed: Hy/CO,/Ar/Ny = 8/2/9/1, Opeed = 500 Nmlmin~!, data taken from [112]).
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7.5 Conclusion

Adsorption modes and the interaction of CO, with co-precipitated and impregnated Ni-Al
catalysts were elucidated using FT-IR spectroscopy, CO,-TPD as well as pulsed and static
COy chemisorption. Adsorption close to room temperature under flow conditions leads to the
formation of four different species on the surface, namely bicarbonates (adsorbed on weak
basic sites), bidentate carbonates, monodentate carbonates (adsorbed on medium basic sites)
and bridged/”organic”’-like species (adsorbed on strong basic sites). The density of medium
and strong basic sites increases with increasing Ni loading, whereas the amount of bicarbonate
decreases. Bicarbonate is the most abundant species on impregnated samples and y-Al,Os3.
In the subsequent TPD run, bidentate, monodentate and bridged/”organic”-like species exhibit
a desorption signal at 416 and 500 K as well as a broad desorption pattern between 550 and
750K, respectively. An additional CO signal at temperatures higher than 550 K originates from
dissociation of desorbing CO,. Close to room temperature, dissociative CO, adsorption on Ni
is not observed under flow conditions, but is observed under static conditions forming Ni-CO
species. Variation of the adsorption time and temperature implies that CO, adsorption on Ni-
Al-catalysts is an activated process. Adsorption of CO, at temperatures as low as 218 K leads
to a more complete adsorption on weak basic sites, forming bicarbonate with a corresponding
desorption signal at 325 K and an additional desorption signal at 260 K. Pulsed CO, adsorption
reveals that strong adsorption sites are filled first. The amount of adsorbed CO, is significantly
lower than under flow or static conditions, which demonstrates that the experimental design
has a strong influence on the CO, interaction and adsorption modes on Ni-Al catalysts. The
results provide the necessary knowledge to concisely characterize the CO, interaction with
Ni-Al catalyst by means of CO,-TPD. The strength of this technique in elucidating structure-
activity relations of Ni-Al catalysts in CO, methanation was shown.
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7.6 Supporting Information

7.6.1 FT-IR measurements
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Figure 7.10: Results from FT-IR measurements with NiAl,O4 (PC12) upon (A) He purging after CO,
adsorption under flow and (B) subsequent TPD.

7.6.2 CO5 pulse experiment at 700 K
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Figure 7.11: CO and COj in the effluent gas upon pulsing 6 % CO, in He onto a reduced PC11
sample at 700 K (10 pulses).
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7.6.3 XRD results
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Figure 7.12: XRD pattern of PC11 after (black) reduction and (red) CO,-TPD (JCPDS: Ni 78-0712,
Y-Al, O3 10-0425, NiAl,O4 10-0339).

7.6.4 CO>-TPD measurements with alumina
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Figure 7.13: TPD results after CO, adsorption on y-Al,O3 before and after reduction. CO,
adsorption was conducted in a three step process comprising adsorption at 308 K, gradual cooling to
218 K under CO, and adsorption at 218 K for another 30 min.
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8.1 Conclusion

Methanation of CO, is a promising technology to efficiently store renewable energy within the
Power-to-Gas (PtG) concept [10]. Therein, Hy, derived from water hydrolysis using a surplus of
renewable energy, is converted with CO, to synthetic natural gas (SNG). SNG can be stored and
transported within the natural gas grid and is reconverted for energy production when needed.
Highly selective and stable catalysts are required to meet the requirements of SNG purity and
to cope with the exothermal character of the reaction. Industrially, supported Ni catalysts are
of great importance as they combine low cost and high selectivity but suffer from deactivation
under severe reaction conditions. In order to design both active and thermostable catalysts, the
knowledge of deactivation mechanisms and their interplay are essential. However, deactivation
phenomena occurring in CO, methanation have only been scarcely investigated, although the
reaction has been known for more than 100 years [22]. In this work, therefore, Ni catalysts for
CO, methanation are investigated in greater detail.

For the measurements, Ni-Al catalysts with varying Ni loadings were synthesized via co-
precipitation and incipient wetness impregnation. The structure of the precursors and calcined
catalyst material was investigated by means of XRD, XPS, TPR and N; physisorption. The
catalyst precursors after precipitation consist of mixed basic carbonates, the structure of which
is highly dependent on the Ni content. Within this study, a takovite-like structure is observed as
the only crystalline phase for Ni/Al ratios of 3 and higher. Upon calcination, crystalline Ni-Al
mixed oxides are formed which consist of a NiO lattice with A3+ being inserted as well as
a Ni-containing spinel-like structure. The content of each phase is determined by the Ni/Al
ratio of the catalyst. Higher Al contents give rise to the Ni-containing alumina in accordance
with a decreasing reducibility. In impregnated samples, next to crystalline NiO supported on
Y-Al, O3, an amorphous Ni-Al mixed oxide phase of decreased reducibility is also present,
which partly encapsulates NiO. Also for impregnated samples, the reducibility declines with
rising Al content. Impregnated samples are easier to reduce than precipitated samples at a
comparable Ni loading. Metal-support interactions require higher temperatures to reduce free
NiO as compares to pure NiO. All samples are mesoporous. In precipitated samples with Ni

loadings beyond 38 wt-% agglomerates of plate like particles form slit-shaped pores, whereas
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the pore structure in samples of lower Ni content is not well defined. The BET surface area
decreases with increasing Ni content while the average pore diameter increases. Pore blockage,
decreasing the pore volume and surface area, is observed in impregnated samples with Ni
loadings exceeding 16 wt-%.

The interaction of H,, a reactant in CO, methanation, was thoroughly investigated by means
of H,-TPD. The studies were coupled with a thorough investigation and elucidation of N>O
chemisorption as a fast and facile in situ technique to determine the active Ni surface area
of activated samples. H,-TPD within the temperature range from 84 to 753 K allows for a
complete characterization of the H, interaction with supported Ni-Al catalysts. For hydrogen
located in the subsurface region of Ni, a desorption signal at 150 K is observed, whereas H,
adsorbed in the second layer on edges and cornes of the crystallites exhibits a broad pattern
centered around 308 K. Two overlapping peaks between 300 and 750 K quantify H, adsorbed
on the Ni surface. The Hj interaction is also highly dependent on the experimental conditions
applied. Elevated adsorption temperatures cause morphologic changes and a restructuring of
the adsorbed hydrogen layer. A dynamic behavior of the Ni morphology is also observed
when altering the gas atmosphere, the catalyst is exposed to prior to the measurement. From
a quantitative analysis, it is evident that spillover effects bias the calculation of the Ni surface
area, whereas values obtained from the H, uptake upon pulsed adsorption are in good agreement
with static measurements.

N> O chemisorption on the supported systems was shown to readily oxidize metallic Ni at room
temperature. Oxidation proceeds in a three step process. Initially, a fast oxygen uptake takes
place with formation of an oxide layer at a more moderate rate. Subsequent thickening of the
oxide layer leads to subsurface and bulk oxidation. The oxidation process is independent from
the N, O partial pressure in the gas phase. For supported systems, the decoupling of surface from
subsurface and bulk oxidation can be obtained at reaction temperatures between 190 and 195 K
with a O/Nig ratio of 0.38 £ 0.07. The metallic surface area of Ni powder, on the contrary,
can be reliably determined at chemisorption temperatures of 265 — 285K at a O/Nig ratio of
0.96 +0.05. However, the low reaction temperatures, necessary to suppress subsurface and bulk
oxidation, impede the application of N»>O chemisorption as an easy in situ technique for the
metallic Ni surface area determination of the catalysts systems applied in this study.

In a second part, the deactivation of precipitated and impregnated Ni-Al catalysts under CO,
methanation conditions was thoroughly investigated. The catalysts were aged evenly over the
whole bed length at 8 bar and 523, 573 as well as 623 K under thermodynamic equilibrium
using a stoichiometric feed gas composition. Periodic activity measurements under kinetically
controlled conditions allowed for the obtainment of time dependent activity data. The water
content in the gas atmosphere has shown to significantly accelerate deactivation, indicating
hydrothermal sintering. For precipitated Ni-Al systems, the catalyst stability increases with
rising Al content, whereas the catalyst activity decreases in the same order. The deactivation
behavior can be described with a power law model. The activation energy is similar for each

catalyst system studied and remains constant upon aging within the experimental error. This
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suggests that the kind of active site, the reaction mechanism and the rate determining step,
respectively, is the same for each catalytic system applied and is not changing upon aging.
Governing deactivation phenomena and structure-activity relationships were elucidated by
means of a detailed characterization study. Fresh as well as samples aged for 25, 95 and 165h
were removed from the aging setup under inert conditions and characterized with standard
and transient techniques. Upon reduction at 753 K, metallic Ni is formed with the Ni content
in the mixed oxide phase decreasing. Complete reduction, however, cannot be achieved. Ni
particle growth due to hydrothermal sintering is a main cause of deactivation next to an overall
decrease of CO, adsorption capacity and the reduction of medium basic sites in particular. These
phenomena are accompanied or induced by a decrease of the BET surface area and structural
modifications due to NiZ* depletion of the mixed oxide phase. A reduction of defects in the
Ni phase became evident from Hy-TPD results as well as X-ray diffraction. The analysis of
structure-activity relations indicates a complex interplay of deactivation mechanisms and/or
structure sensitivity. Carbon deposition could be ruled out as a cause of deactivation.
Furthermore, the interaction of CO, with Ni-Al catalysts was studied in greater detail by FT-IR
spectroscopy, CO,-TPD as well as pulsed and static CO, chemisorption. CO, adsorption is
highly sensitive to the adsorption mode applied. Adsorption under flow results in carbonate
species on the oxide phase. Bicarbonate and bridged/"organic"-like species are formed on
weak and strong basic sites, respectively, whereas monodentate and bidentate carbonate are
observed on medium basic sites. The bond strength to the oxide increases in the order bicarbon-
ate < bidentate carbonate < monodentate carbonate < bridged/"organic"-like species. Moreover,
CO, adsorption was revealed to be an activated process, where weak basic sites forming bicar-
bonate are only partially filled at room temperature. An additional very weak adsorption site,
which is not occupied at room temperature, is observed upon CO, adsorption at temperatures
as low as 260 K. At temperatures higher than 600 K, oxidation of metallic Ni most likely takes
place, forming gaseous CO. In addition to the formation of carbonates on the oxide phase,
dissociative CO, adsorption on metallic Ni and formation of Ni-CO species are observed under

static conditions at room temperature.

8.2 Outlook

The deactivation of Ni-Al catalysts under CO, methanation conditions has been shown to be a
complicated process, giving rise to both a complex interplay of several deactivation mechanisms
and structure sensitivity. To obtain a deeper understanding of deactivation, it is essential to
decouple these effects.

To unravel structure sensitivity, the correlation between the catalyst activity and Ni particle
size is essential, excluding support effects other than influencing the size and shape of the Ni

particles. For a reliable determination of the Ni particle size, electron microscopy such as TEM
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is advantageous, as Ni crystallite size determination by XRD and chemisorption techniques is
impeded due to paracrystallinity and a changing degree of reduction during aging. TEM analysis
would also facilitate the determination of particle size distributions as a function of aging time
and temperature, allowing access to the modeling of Ni particle sintering. A key point, however,
is the transfer between setups under inert conditions or the development of effective procedures
for sample passivation, which is not straight forward due to the high oxophilic character of
metallic Ni. Complementary EDX mapping and XPS studies would allow a more sophisticated
elucidation of the catalyst structure and its alteration during aging, as amorphous phases are
not detectable by means of X-ray diffraction. Also here, the problem of transferring fresh and
deactivated samples between setups has to be overcome.

Individual adsorption sites, representing basic sites of variable strength and potentially different
Ni facets are accessible by means of Hy- and CO,-TPD. The differentiation between those
sites on a quantitative basis holds great potential to investigate their individual influence on
the catalyst performance by correlating their abundance with catalytic data. This necessitates a
deconvolution of the corresponding TPD pattern based on an adequate kinetic model that has
been tested against experimental data.

With regard to the results from CO,-TPD and IR spectroscopy, the expansion of TPD/IR studies
to promoted systems, also within a detailed deactivation study, is conceivable, since electronic
promoter effects on the active Ni phase would become manifest in signal shifts in the desorption
pattern and could be characterized by TPD.

Next to catalyst deactivation phenomena, also the reaction mechanism is still under debate and
may alter depending on the catalyst composition. For its elucidation, operando IR and EXAFS
measurements can be applied. The studies can be completed with transient measurements com-
prising temperature programmed surface reaction and switching experiments, which proved to
be capable in clarifying reaction mechanisms [163, 271].

From an industrial point of view, biogenic and fossil feedstocks have great potential but gen-
erally contain poisoning compounds, such as H»S, leading to severe catalyst deactivation. Effi-
cient technologies exist to remove sulfur components from the feed gas, but are economically
not feasible, especially in an decentralized operation of PtG units. In addition, complete sulfur
coverages of Ni can still be obtained at H»S concentrations typically present after feed gas pre-
processing [106]. Therefore, the development of poisoning resistant catalysts plays a key role
in commercializing CO, methanation for renewable energy storage at an industrial scale. For
the tailoring of such systems, an understanding of poisoning mechanisms has to be established.
Thereby, deactivation studies can be combined with the development of a kinetic model for

catalyst poisoning in order to predict catalyst life times.
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Figure A.1: Reduction profiles of synthesized catalyst samples.
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