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Abstract

In a future power supply system mainly based on renewable sources, long-term
energy storage systems are crucial to replace the depleting fossil fuel reserves gradually
and to balance seasonal fluctuations of energy generated by wind and sunlight. The
strategy of choice comprises chemical energy carriers of high energy density, which can
be generated within the “power-to-chemicals” concept using renewable H> from water
electrolysis and the greenhouse gas CO>. Such reactions and processes are well studied
during steady state operation. However, for the utilization of power from fluctuating
renewable sources, the processes and especially the catalyst systems must tolerate the
dynamic supply of energy and, thus, H>. Therefore, new challenges in process control and
catalyst design arise keeping in mind that the catalyst itself is also a dynamic system. In
this thesis, the methanation of CO, was studied as an exemplary reaction to produce a
chemical energy carrier with a fluctuating H> supply to gain first insights into the

dynamics of the process and its impact on the catalyst structure and performance.

For this purpose, various Ni-based catalysts were studied under reaction conditions
during the dynamically operated methanation of CO2 using operando spectroscopy. First
experiments with a commercial methanation catalyst and utilizing operando X-ray
absorption spectroscopy (XAS) revealed a fast bulk oxidation of Ni in a less reducing
atmosphere after a H, dropout of 50 min during the methanation of technical CO; (O2
background) as an extreme scenario. Catalyst deactivation occurred in the subsequent
methanation step due to residual NiO, which could not be reduced fully under

methanation conditions.

For a more detailed insight into the structural behavior of the Ni particles under
dynamic reaction conditions a 10 wt.% Ni/Al,03; model catalyst was prepared and
optimized to obtain small and uniformly sized Ni nanoparticles. Characterization of the
catalyst using X-ray diffraction (XRD), temperature-programmed reduction with Hz (Hz-
TPR), scanning transmission electron microscopy (STEM) and XAS revealed Ni particles
of 4 nm in size and a high metal dispersion of 21 %. The catalyst showed competitive

performance in the methanation of CO,, which was intensively studied by parameter



screening experiments in a continuous flow laboratory setup equipped with a stainless
steel fixed-bed reactor and online analytics that was planned and built-up within this
thesis. Proceeding the previous spectroscopic study of the process with fluctuating H»
supply, an extended operando XAS experiment using the model catalyst showed
continuous deactivation over cycles. However, the initial state and performance of the
catalyst could be fully recovered within an efficient reactivation step with H» at elevated

temperatures.

In the next step, quick-scanning extended X-ray absorption fine structure
(QEXAFS) spectroscopy was applied to investigate short-term H> interruptions of 30 s,
which revealed surface oxidation/reduction processes, whereas the core of the Ni particles
remained reduced. The most reactive, i.e. low coordinated, metallic Ni sites were oxidized
in less reducing atmospheres and could not be fully re-reduced during the subsequent
methanation cycle, thus, causing deactivation. Coordination numbers estimated from
EXAFS fitting suggest shape changes of the Ni particles under dynamic reaction
conditions. These results clearly show the importance and opportunities arising from
investigating the structural dynamics of catalysts, especially in power-to-chemicals
processes relying on renewable Ha. Since even short-term interruptions of H> could not
be tolerated by the catalyst, operational adjustments of the methanation process were
developed to prevent catalyst oxidation and deactivation, also in the presence of O». This
was realized either by a small continuous Hz background flow through the reactor or the

utilization of a CO2/CH4 mixture for the methanation reaction.

As coking represents another path frequently causing deactivation of Ni-based
catalysts, operando Raman spectroscopy was applied to study the possible formation and
nature of carbon deposits during dynamic methanation of CO>/CH4 mixtures as e.g.
provided by biogas plants. It was discovered that the catalysts were resistant to carbon
formation under various feed compositions, unless pure CH4 was fed to the reactor. In the
latter case, intensive graphite-like carbon deposits were observed by operando Raman
spectroscopy at the surface of the working catalysts. Consequently, significant
deactivation of the catalyst was observed after coking. However, the catalytic activity
could be fully recovered after reactivation in H» at elevated temperatures, uncovering the

surface of the metal particles. These results demonstrate that operando Raman
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spectroscopy is a suitable tool to study the formation and nature of carbon deposits under

realistic reaction conditions and in real-time.

The Ni-based model catalyst system was further developed to a promising
17 wt.% NisFe/Al,O;5 catalyst with uniform NisFe alloy particles (4 nm), a narrow size
distribution and a high metal dispersion of 24 % as determined by in-depth
characterization by XRD, H>-TPR, STEM combined with energy dispersive X-ray
spectroscopy (EDX) as well as high resolution (HR)TEM and Raman spectroscopy.
Outstanding catalytic performance and stability was achieved compared to a commercial
Ni-based methanation catalyst under industrially relevant reaction conditions for 45 h
time on stream. Consequently, this bimetallic NizFe catalyst emerged as a promising

alternative for mid-temperature methanation of CO; in industrial applications.

In conclusion, this thesis comprises the planning and construction of a continuous
flow laboratory setup specifically designed for catalyst screening in the methanation of
CO; and for fast gas modulations to simulate dynamic reaction conditions. Catalysts with
high dispersion and uniform particle size distribution featuring high performance and
long-term stability were developed for structural investigations and, moreover, as
promising alternatives for industrial methanation applications. Complex operando
spectroscopic studies were performed to gain detailed insight into the behavior of the
catalyst and the deactivation mechanisms under dynamic reaction conditions. It was
found that fast load changes during the methanation of CO; influenced the catalyst and,
thus, arouse interest to investigate also other power-to-chemicals processes using
renewable H> under dynamic reaction conditions. Moreover, dynamic reaction conditions

allow additional insights into the reaction mechanism.
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Kurzfassung

Fiir eine zukiinftige, auf erneuerbare Ressourcen basierende Energieversorgung
sind Langzeitspeichersysteme unabdingbar, um fossile Rohstoffe schrittweise zu ersetzen
und saisonale Schwankungen in der Energieproduktion aus Wind und Sonnenlicht
auszugleichen. Vielversprechende Speichersysteme sind z.B. chemische Energietriger
mit hoher Energiedichte, die im Rahmen des "Power-to-Chemicals"-Konzepts aus
erneuerbarem H> (aus Wasserelektrolyse) und dem Treibhausgas CO; erzeugt werden
konnen. Unter stationérer Betriebsweise wurden diese Prozesse und Reaktionen bereits
eingehend untersucht und verstanden. Zur Nutzung von Strom aus fluktuierend
anfallenden erneuerbaren Quellen miissen jedoch Schwankungen der H2-Konzentration
und deren Einfluss auf den Prozess und insbesondere auf das Katalysatorsystem in
Betracht gezogen werden. Daraus ergeben sich neue Herausforderungen sowohl fiir die
Prozessfiihrung als auch fiir die Katalysatorentwicklung, da auch der Katalysator an sich
ein dynamisches System darstellt. In dieser Arbeit wurde die Methanisierung von COo,
als Prozessbeispiel zur Erzeugung eines chemischen Energietrigers, mit fluktuierender
H-Zufuhr untersucht, um erste Einblicke in die Dynamik des Prozesses und die

Auswirkungen auf die Katalysatorstruktur und —aktivitdt zu gewinnen.

Hierfiir wurden verschiedene Ni-basierte Katalysatoren unter realititsnahen
Reaktionsbedingungen in der dynamisch gefiihrten CO>-Methanisierung mittels
Operando-Spektroskopie untersucht. Eine erste Studie unter Verwendung eines
kommerziellen Methanisierungskatalysators und  Operando-Rontgenabsorptions-
spektroskopie (XAS) zeigte eine schnelle Oxidation des Katalysators wihrend eines ca.
50-miniitigen H»-Ausfalls bei der Methanisierung von technischem CO; (inklusive O»-
Spuren), was einen Extremfall der dynamischen Reaktionsbedingungen darstellt. Im
darauffolgenden Methanisierungsschritt wurde eine Deaktivierung des Katalysators
aufgrund verbleibender, inaktiver NiO-Spezies beobachtet, welche unter diesen

Bedingungen nicht wieder reduziert werden konnten.

Um detailliertere Einblicke in das strukturelle Verhalten des Katalysators unter

dynamischen Bedingungen zu gewinnen, wurde die Synthese eines 10 Gew.-% Ni/Al2O3



Modellkatalysators optimiert, um Ni-Nanopartikel mit einheitlicher Partikelgroe und
hoher Metalldispersion zu erhalten. Eingehende strukturelle Untersuchungen des
Katalysators mittels Rontgenbeugung (XRD), temperaturprogrammierter Reduktion mit
H> (H2-TPR), Rastertransmissionselektronen-mikroskopie (STEM) und XAS bestétigten
Ni-Partikel einheitlicher GroBe (4 nm) und einer Metalldispersion von 21 %. Der
Katalysator wies damit optimale Voraussetzungen fiir strukturelle Untersuchungen unter
Reaktionsbedingungen mittels Operando-Spektroskopie auf. Die katalytische Aktivitit
wurde in einem kontinuierlich betriebenen Katalysatorteststand bestehend aus einem
Edelstahl-Festbettreaktor und Online-Analytik untersucht, welcher ebenfalls im Rahmen
dieser Arbeit geplant, aufgebaut und ausgelegt wurde. Unter Variation verschiedener
Reaktionsparameter erwies sich der Katalysator als sehr aktiv. Basierend auf den ersten
spektroskopischen Studien der Methanisierung mit schwankender Hz>-Zufuhr, wurde ein
erweitertes Operando-XAS-Experiment am Modellkatalysator durchgefiihrt. Dies zeigte
eine fortschreitende Deaktivierung des Katalysators bei mehreren aufeinanderfolgenden
Storungen der H>-Zufuhr. Allerdings gelang die vollstindige Reduktion des Katalysators,
und damit die Wiederherstellung der urspriinglichen Aktivitit, durch einen

Reaktivierungsschritt in Hz bei erhohter Temperatur.

Zur Untersuchung des Einflusses kurzzeitiger Storungen der Ho-Zufuhr von 30 s
wurden XAS-Experimente mit hoher Zeitauflosung (QEXAFS) durchgefiihrt. Diese
Untersuchungen zeigten Oxidations-/Reduktionsprozesse an der Oberfliche der Ni-
Partikel, wiahrend der Kern der Partikel reduziert blieb. Dabei wurden die reaktivsten Ni-
Zentren geringer Koordination zuerst oxidiert, welche unter den folgenden
Methanisierungsbedingungen nicht wieder vollstindig reduziert werden konnten. Dies
ahtte eine Verringerung der katalytischen Aktivitit zur Folge. Die aus der Feinstruktur
der XAS-Spektren erhaltenen Ni-Koordinationszahlen konnten auf Veridnderungen der
Partikelgeometrie unter dynamischen Reaktionsbedingungen hindeuten. Diese
Ergebnisse zeigen klar die Wichtigkeit solcher Studien im Hinblick auf die
Katalysatorstruktur, besonders fiir “Power-to-Chemicals*“-Prozesse unter Verwendung
von erneuerbarem H>. Auf Basis der bisherigen Ergebnisse wurde die prozessseitige
Verhinderung der Katalysatoroxidation und -deaktivierung in Methanisierungsanlagen

untersucht. Diese Studien zeigten, dass ein kleiner, kontinuierlicher H>-Strom im Reaktor
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oder die Methanisierung eines CO2/CH4-Gemisches der Oxidation des Katalysators durch

Schwankungen der Hz-Zufuhr vorbeugen kann.

Neben der Oxidation stellt die Verkokung eine weitere, hiufige Ursache der
Deaktivierung von Ni-Katalysatoren dar. Um die Bildung und Eigenschaften moglicher
Kohlenstoffablagerungen wihrend der Methanisierung von CO2/CH4-Gemischen (z.B.
aus Biogasanlagen) unter dynamischen Bedingungen zu untersuchen, wurde auf
Operando-Raman-Spektroskopie zuriickgegriffen. Mit Hilfe dieser Methode konnte
gezeigt werden, dass in den verschiedenen Gasatmosphiren, die wéhrend der
dynamischen CO;-Methanisierung auftreten konnten, keine Kohlenstoffablagerungen
gebildet werden. Einzig in reinem CH4 wurden intensive Raman-Banden beobachtet, die
graphitischem Kohlenstoff zugeordnet werden konnten. Die Kohlenstoff-ablagerungen
hatten eine erhebliche Katalysatordeaktivierung zur Folge. Allerdings konnte die
urspriingliche Aktivitidt des Katalysators durch Reaktivierung in Hz bei erhohter
Temperatur zuriickgewonnen werden, wobei die Oberfliche der Metallpartikel von den
Kohlenstoffablagerungen befreit wurde. Wie diese Studie zeigte, ist Operando-Raman-
Spektroskopie eine vielversprechende Methode, um die Bildung und Eigenschaften von
Kohlenstoffablagerungen auf einem Katalysator unter realen Reaktionsbedingungen und

in Echtzeit zu beobachten.

Im weiteren Verlauf wurde der Ni-Modellkatalysator zu einem bimetallischen
17 Gew.-% NisFe/Al>O3-System weiterentwickelt. Eingehende Charakterisierung mittels
XRD, H>-TPR, STEM gekoppelt mit energiedispersiver Rontgenspektroskopie (EDX),
hochauflosender  Transmissionselektronenmikroskopie (HRTEM) und Raman-
Spektroskopie zeigten einheitliche Partikel der gewiinschten NisFe-Legierung (4 nm) mit
enger PartikelgroBenverteilung und hoher Metalldispersion von 24 %. In einem
Langzeitversuch unter industrierelevanten Reaktionsbedingungen mit hoher
Katalysatorbelastung zeigte der Katalysator eine hervorragende Aktivitdt und Stabilitéit
fiir 45 h im Vergleich zu einem kommerziellen Ni-basierten Methanisierungskatalysator.
Diese Ergebnisse belegen, dass der NiszFe-Katalysator ein vielversprechendes
Katalysatorsystem fiir die industrielle CO;-Methanisierung im moderaten

Temperaturbereich darstellt.
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Diese Arbeit umfasst die Planung und den Aufbau eines kontinuierlich betriebenen
Katalysatorteststands, welcher speziell zur Untersuchung der katalytischen Aktivitit
verschiedener Katalysatorproben und auch fiir die Methanisierung von CO: unter
dynamischen Bedingungen mit schnellen Gaswechseln ausgelegt wurde.
Katalysatorsysteme wurden entwickelt und optimiert, um spezielle Voraussetzungen und
Anforderungen, wie z.B. einheitliche PartikelgroBe fiir Strukturuntersuchungen, aber
auch hohe katalytische Aktivitidt und Langzeitstabilitit fiir industrielle Anwendung, zu
vereinen. Komplexe spektroskopische Experimente wurden entwickelt und durchgefiihrt,
um die Struktur und das Verhalten des Katalysators unter dynamischen
Reaktionsbedingungen zu untersuchen und entsprechende Riickschliisse auf
Deaktivierungsmechanismen ziehen zu kdnnen. So wurde herausgefunden, dass schnelle
Lastwechsel wihrend der Methanisierung von COz, als Beispielreaktion zur Erzeugung
chemischer Energietriger, den Katalysator beeinflussen. Diese Ergebnisse
veranschaulichen die Wichtigkeit, auch andere Prozesse im Rahmen des Power-to-
Chemicals-Konzepts, bei dem H: aus erneuerbaren Quellen genutzt wird, unter
dynamischen Bedingungen zu betrachten. Weiterhin besteht die Moglichkeit anhand
dynamischer Reaktionsbedingungen erginzende FEinblicke in den Reaktions-

mechanismus zu gewinnen.
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1 Introduction

1.1 Energiewende and renewable energy

The supply of energy in the near future poses major challenges due to the increasing
population and the depleting fossil resources. Germany has agreed on realizing the
“Energiewende” (energy revolution / transition) with the aim to shut down nuclear power
plants and focus on renewable energy (RE) systems. The main advantage of this approach
is the environmental protection and reduced emission of greenhouse gases.!!! RE
generation can be realized e.g. by photovoltaics or solar thermal power plants, wind
power technologies, geothermal energy, hydropower or by biomass either by thermal or

biological conversion.[?!
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Figure 1: Share of renewable energies in the gross energy consumption (squares, black) as well as in the
electricity consumption (circles, blue) and the CO; emission compared to that of 1990 according to the
energy transition in Germany (data taken from “Fiinfter Monitoring-Bericht zur Energiewende” by the
Federal Ministry for Economic Affairs and Energy!®). The dashed lines represent the goals by the
German government.



1 Introduction

The integration of REs into the energy sector in Germany is driven forth and
increased steadily over the past years (Figure 1). In 2015 the share of RE in the gross
electricity consumption was 31.6 %, which was mainly based on the huge growth of wind
power. The share of RE in the sectors of heat and transport is less pronounced. Efforts
need to be stepped up to achieve the reduction of greenhouse gas emissions, especially
CO:z. The goals in the electricity sector for 2020 (35 %) will be reached ahead, but the
share of RE need to be increased significantly until the year 2050 to replace conventional
power plants suffering from high CO; emissions. Greenhouse gas emissions need to be
reduced in this time frame by about 80 — 95 % compared to 1990. In this scenario, a
fraction of 60 % of the gross energy consumption and 80 % of the electricity consumption

will need to rely on renewable energies. !
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Figure 2: Energy production in Germany in January 2017 including wind (green), solar (yellow) and
conventional (grey) power generation. Figure taken from “Energy Charts”!”), Copyright © by Fraunhofer-
Gesellschaft, reproduced with permission.

The main challenge of an energy system that is mostly based on renewables is the
fluctuating nature of wind and solar energy, not only on time scales of months and seasons
but also of minutes. At the beginning of January 2017 exemplary shown in Figure 2, wind
provided a high amount of energy whereas in the second half of the month much less
energy was produced from wind. This phenomenon will be even more pronounced with
a higher share of RE in future energy systems causing balancing issues in the electricity
grid e.g. during wind calms. On the other hand wind turbines produce excess electricity

during strong wind periods, which cannot be fed into the power grid entirely. Thus, the



1.2 Energy storage

supply with RE needs to be matched with the energy demand in temporal and spatial
dimensions. Electricity produced in periods with high RE generation and low power
demand needs to be shifted to periods with high power demand and low RE generation
to guarantee grid stability. At the moment, the electricity grid is balanced by conventional

power plants but in the future, grid stability need to be warranted by RE.[#-1°!

1.2  Energy storage

The key strategy to manage the energy supply based mainly on renewable sources
could be energy storage.l'!"!*! There are a couple of well-developed methods for the
storage of energy.”!!! Batteries for example can be utilized for short-term storage of small
amounts of energy. Battery systems used for grid applications are for example sodium-
sulfur batteries, redox-flow batteries or lithium-ion batteries.!'*'® However, batteries
suffer from high cost and limited storage capacity. Pumped hydro energy storage exhibits
a high storage capacity and reaction times for grid stabilization but is geographically
limited. Compressed air energy storage suffers from range limitations of the caverns and
low efficiency.!'!! To bridge several weeks of wind calms and for the seasonal balancing
of REs, long-term storage systems, such as chemical energy carriers are

necessary.[l11:12:17]

H; e.g. produced by water splitting using renewable electricity can serve as
chemical energy carrier, offering an impressive gravimetric energy content (120 MJ kg™!)
due its low mass. However, the volumetric energy density (0.011 MJ L! (gas), 8.5 MJ L
(liquid, -253 °C)), crucial for energy storage, is very low compared to hydrocarbons
(35 MJ L1).1217-191 Gtate of the art H, storage technology requires pressures of
350 - 700 bar (4.5 MJ L1)121819) in gpherical or cylindrical vessels which requires huge
mechanical energy by the compressor. Up to now, none of the investigated storage
strategies of Hy is suitable e.g. for passenger cars.['2!7"11 Further H, storage technologies
such as H» adsorption on high-surface area materials or reversible chemical storage of H»

in hydrides are investigated currently.!!>-2%
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Methane as energy carrier shows a higher volumetric energy density (0.036 MJ L"!
(gas)) and is usually stored as compressed natural gas at 200 bar (6.9 MJ L") or as
liquefied natural gas (21 MJ L' at -160 °C).['2!8] Beside the higher volumetric energy
density, the main advantage of SNG is the infrastructure, which is already present on a
large scale. SNG can be stored and distributed in the existing long-range natural gas
pipeline network and storage facilities.®1%232* H, storage in the natural gas grid is also

possible, but limited to a small amount.

Further promising chemical energy carriers with high energy density are
hydrocarbons (35 MJ L'!) from Fischer Tropsch synthesis (crucial as fuel e.g. for
aviation) or methanol (16 MJ L) HL1217.25351 1n this thesis, the focus was on the
methanation of CO; to produce synthetic (or substitute) natural gas (SNG) as exemplary

reaction to produce a versatile chemical energy carrier.

1.2.1 Power-to-gas

SNG can be produced within the power-to-gas (PtG) process (Figure 3), which links
the power grid with the gas grid.!%?*3%37] Surplus electrical power from wind and solar
energies can be applied in water electrolysis to produce green Hz, which is then directly
used to hydrogenate CO:> in a heterogeneously catalyzed reaction to produce SNG with
an efficiency of 75 — 80 %.81237] The direct utilization of H, for CO> hydrogenation is
optimal for local flexible plants (e.g. in northern Germany near the wind parks) and avoids
the acquisition of cost-intensive H» storage facilities, which would lower the overall
efficiency of the PtG process.!'>¥ CO, as feedstock could for example be acquired by
CO, capture and storage (CCS) from industrial processes*®*! or from biogas
plants®?2*#!1l ysing directly the delivered CO»/CH4 mixtures or the CO» after separation.
CO. is recycled and used as feedstock, contributing to the decrease of the greenhouse gas

and producing a CO> neutral fuel.[23:25-29-36.42.43]

SNG can be used directly as a fuel for passenger cars with combustion engines (see

Audi e-gas-project in Werlte, Germany!**4®!), exhibiting higher efficiency and less

emission of particulate matter and NOx compared to conventional lean burn engines.!+74%!
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Furthermore, reconversion to electricity for electrical grid stabilization is possible using
gas turbines.®?! Additionally, lower dependency on natural gas imports is managed

through SNG production. Attention needs to be payed regarding the emission of CHa,

[12,47]

since it shows a 25-times higher greenhouse gas potential compared to COx.

/WTn?\- Natural gas grid
\l

wating sup,
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Electricity

Figure 3: Schematic illustration of the power-to-gas concept using renewable energies from wind and
solar power.

Challenges for the PtG process arise from the fluctuating and randomly supplied
energy from wind and solar power. These fluctuations directly influence electro catalysis
for H> generation and may progress further towards the methanation reactor as fluctuating
H, feed.?*384%5%1 The impact of such fluctuating reaction conditions on the process
require in-depth investigation, especially in case of the catalytic reactions producing

chemical energy carriers.*®!

Other chemical energy carriers such as hydrocarbons or methanol can be produced
in a similar way (power-to-chemicals). Applied in the context of renewable energies all
the processes for the production of chemical energy carriers have to face the issue of the
fluctuating supply of wind and solar energies. In general, power-to-chemicals processes
in small and local plants require a shift from steady state operation to operation under
dynamic reaction conditions.!*¥! Note that a future scenario including an energy system
mainly based on renewables is considered here. As long as electricity is generated by
fossil fuels, it is not worthwhile to use hydrogen for the synthesis of hydrocarbons instead

of direct electricity generation.!!!:!?!
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1.3 Methanation of carbon dioxide

The so-called Sabatier Reaction (1)) that describes the methanation of COz is a well-
developed process under steady state conditions.[?®%1%2 The reaction is highly exothermic
(AH2os k = -165 kJ mol ') due to the formed water, which is the main product beside
methane. Increased pressure shifts the equilibrium to the product side because of the
reduction in volume of the product molecules compared to the starting materials. Taking
these aspects into account, the methanation of CO> is most favorable at low temperatures
(<400 °C) and elevated pressures. At temperatures above 450 °C the formation of CO as
additional by-product increases due to the endothermic reverse water gas shift reaction
(RWGS, (2)). In addition, the amount of unreacted CO; and H> increases at higher
temperatures.>®! In literature catalyst testing for the methanation of CO> in lab-scale
reactors is performed between 200 - 400 °C (in some cases 160 °C (Ru/TiO,"#)) and at

1 — 30 bar.B!

CO, + 4H, = CH, + 2H,0 AHaos k = -165 kJ mol™! (1)
CO, + H, = CO + H,0 AHaos x = -41 kJ mol™! (2)
CO + 3H, = CH, + H,O0 AHags k = -206 kJ mol™! (3)

The methanation of CO: proceeds more selectively than the methanation of
CO (3)1%5% and the formation of CH4 reached a higher rate in CO, methanation,®”=%!
indicating different reaction routes. For the full reduction of CO> to CHg, a transfer of
eight electrons is necessary, which inhibits the reaction kinetically and highly active

catalysts are required.?%!!

1.3.1 Catalyst systems

To date, most active catalysts for the hydrogenation of CO> to CHs are supported

Ni, 171 Ry, 546872771 Rp [S8.78-801 o811 or Pd8283] nanoparticles. Ru catalysts were
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reported as the most active ones especially in the low-temperature regime.[?851:52841 A
0.8 wt.% Ru/TiO> catalyst containing highly dispersed Ru nanoparticles prepared by a
barrel-sputtering method achieved near 100 % yield of CHy at only 160 °C. The turnover
frequency (TOF) was calculated as 4.6-10 s™!. However, the gas flow of 70 mL g'h!
was very low.5# Due to low costs and good performance in the high-temperature regime,
Ni-based catalysts are most commonly used. Surface defect-promoted Ni catalysts with
low coordinated Ni sites and high dispersion enhance the performance at low
temperatures between 220 - 300 °C, achieving a TOF of 2.4 103 s at 220 °C and
excellent stability for 260 h at 290 °C.[6%

Apart from the common support materials such as Al,Oj3 [60-62:68-7085-871 G, 881 apq
Ti0,P*%31 also redox-active materials such as ZrQ,,’18991 CeQ,[%0%21 or Ce0,/ZrO-
mixed oxides!%+%93%¢! were reported as promising supports, which promote the CO;
activation by mild basic sites and, thus, increase the low temperature activity of Ni
catalysts. A 10 wt.% Ni/CeO- catalyst prepared by a wet impregnation method achieved
high activity (X(COz = ca. 90 %) around 300 °C and a selectivity near 100 %, which was
superior compared to Ni catalysts supported on MgO, TiO2 and a-Al,05.1¢! Doping the
AlOs3 support, which exhibits high thermal stability and specific surface area, with ZrO;
or CeO2 to combine the advantages of both materials resulted in an enhanced activity of
Ni-based catalysts, especially at low temperatures between 250 - 300 °C.[6!7097 Other
promotors are for example MgO, which (similar to ZrO> and CeO:) enhances the
reducibility as well as the catalytic performance, increases the Ni dispersion and
suppresses sintering of the metal particles.!®®?8! MgO as a promotor to a Ni/SiO: catalyst
resulted in an improved performance and stability at for 50 h 350 °C.1%¥! Ni-Zr-Sm
catalysts show enhanced activity due to the stabilization of the active tetragonal zirconia
phase by Sm, which also increases the number of surface Ni atoms.®**! Enormous TOFs
were reported for 14 wt.% Ni/ZrO; catalysts doped with Ce or Sm and prepared by an
ultrasound-assisted method as well as for a 5 wt.% Ni catalyst supported on
mesostructured silica nanoparticles with a high concentration of basic sites. At 300 °C
reaction rates in terms of TOF values around 1.5 and 1.6s' were achieved,

respectively.l>*7!!
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Complementing a Ni catalyst system with an additional active metal to further
enhance the catalytic performance and life time has recently been investigated. NiFe alloy
catalysts have been reported to achieve a significantly higher catalytic performance due
to an improved CO dissociation (details on the reaction mechanism see section 1.3.2) as
predicted by computational studies.!'%"!%!1 Experimental results revealed that the addition
of Fe enhanced the methanation of CO compared to the monometallic Ni catalysts and
excellent catalytic performances were reported.!'°>1%! Furthermore, compared to
monometallic Ni catalysts bimetallic NiFe catalysts achieved higher performances in the
methanation of CO!'% as well as in the combined methanation of CO and CO,!'%41%51 In

contrast, a monometallic Fe catalyst was significantly less active than the Ni

catalyst.[104106]

The influence of dopants such as Fe, Co, Cu, Zr, Y and Mg on Ni catalysts in the
methanation of CO, was experimentally investigated by Hwang et al.'®”) and Ren et al.!).
The superior performance of the Fe-doped Ni catalyst compared to the other dopants was
ascribed to the weak metal-support interaction and an optimal CO dissociation energy at
the surface of the alloy.®°!! NiFe catalysts show the lowest peak temperature in
temperature-programmed surface reactions compared to monometallic catalysts or other
bimetallic systems, which experimentally supports the assumption of an optimal CO
dissociation energy in the methanation of CO,.!¥"! The optimum Ni/Fe ratio in the desired
alloy was found to be around 3 as reported by various studies.!'”>1%! Noble metal addition
of Ru or Rh in small amounts was reported to enhance the activity of a Ni-based catalyst
significantly. Moreover, the noble metals lower the reduction temperature of the

bimetallic Ni catalyst, provide sulfur resistance and long-term stability.93107-110]

The catalytic activity for each study reported in the literature is hard to compare
with each other, since variegated reaction conditions in terms of gas flow per catalyst

mass, degree of dilution, temperature and pressure were applied.

1.3.2 Mechanism

This short literature review of mechanisms proposed for the methanation of CO>

shows that the reaction routes are not resolved adequately and are still under discussion.
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The reaction routes including CO as intermediate and the direct hydrogenation of CO2
are both accepted in the literature. Moreover, metals, supports, dopants and their
interaction with each other might play a crucial role resulting in alternative reaction

routes, which has to be analyzed in each specific case.

On unsupported Ni catalysts, the hydrogenation of CO; includes first the fast
RWAGS reaction (2) followed by the conventional methanation of CO: CO is dissociated
to surface C and O, which is then hydrogenated gradually to CHs and HQ.57111-1131 Thjg
route was also proposed on a Rh/Al;O3 catalyst during low temperature methanation of
CO., including the oxidation of Rh caused by the dissociation of CO; and followed by
the mechanism of CO methanation.[”® Using noble metals supported on ceria, CO> is
activated on surface Ce’* sites leading to the formation of CO and the oxidation of the
support.[®? In the mechanism according to Marwood et al."'*! (Figure 4) CO is adsorbed
on the support of a Ru/TiO; catalyst forming hydrogen carbonate (step 1) and formate
species (step 2). The latter species located at the metal-support interface are the precursors

for CO (step 3), which is then hydrogenated to CH4 on the Rh surface (step 4).

CD(Hco;)s 2Hy

H,O
CO; (OH')s (Hcoo')clé—s (HCOO)s
(CO)m @
@ v
CHs +H,0

Figure 4: Reaction mechanism of the methanation of CO, on a Ru/TiO; catalyst. Reprinted from
Marwood et al.'"'* Copyright © 1997, with permission from Elsevier.

Formate species as surface intermediate were also reported in other studies,!>-!!7!

however, according to Westermann et al.!''® they are located at Ni sites when using a

Ni/zeolite (USY type) catalyst. According to Fisher et al.'®® using a Rh/SiO> catalyst the
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common dissociation of CO> to CO is followed by the hydrogenation of adsorbed CO

over H>CO species as intermediate without the formation of surface C.

A direct hydrogenation of CO2 without the formation of CO as intermediate was
proposed for a Pd-Mg/SiO; catalyst in a bifunctional mechanism. The reaction is initiated
by MgO, which adsorbs CO> and forms magnesium carbonate species. The carbonate is
then hydrogenated stepwise to CHs with H atoms provided by Pd.[#>#3! A similar reaction
route was reported for a Ni catalyst supported on CeO2/ZrO> mixed oxides, as shown in
Figure 5 a). When CO; is adsorbed by the mild basic sites present on the Ceo.5Zro.502
support monodentate carbonate and monodentate formate species are formed (see lower

path of Figure 5 a)), which are then hydrogenated quickly by H atoms provided by the Ni

particles.[9396:118.119]
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Figure 5: Mechanism for the methanation of CO» taking place on a) a Ni/Ceo5Zro.50O> and b) a Ni/Al,O3
catalyst according to Aldana et al. and Pan et al.,” respectively. Reprinted from Pan et al.!
Copyright © 2014, with permission from Elsevier.
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Weak basic sites result in the formation of hydrogen carbonates and bidentate
formats, which are hydrogenated with a lower rate (see upper path of Figure 5 a)).1°® This
reaction route might also be taken on the Ni/Al>Oj3 catalyst (Figure 5 b)) exhibiting weak
and strong basic sites as investigated by CO> temperature-programmed desorption
(TPD).® CO is not formed within this mechanism, however, it probably occurs from a

parallel reaction pathway as by-product.®!

1.3.3 Methanation reactors and industrial applications

Typically, the methanation of COz in lab-scale is performed in tubular packed bed
reactors, which are easy to handle. Problems may occur concerning the removal of heat
produced by the exothermic reaction. Therefore, high dilution of the catalyst bed with
inert material such as SiC is used in order to guarantee good heat dispersion. Moreover,
various zones with optimized dilution grades of the catalyst were applied in structured
fixed-bed reactors to prevent the formation of hot sports.['?”! Methanation in fixed-bed
reactors was simulated during dynamic operation to gain kinetic data and insight into
overheating phenomena during the transient reaction conditions.!!2!"123! Adiabatic fixed-
bed reactors are also most commonly used reactor types in industrial applications. Series
of fixed-bed reactors with gas recirculation, intermediate gas cooling or the utilization of
heat exchangers were applied for syngas methanation in the 1970s and 1980s. The
synthesis gas was produced mainly by coal gasification. Recently, a focus is on the
methanation of syngas derived from biomass gasification at the same location to

overcome the logistic issue of biomass distribution. 34124125

Due to hot spot formation and overheating of the reactor caused by the exothermic
reaction, alternative reactor types were tested to obtain isothermal conditions. For better
temperature control, micro channel reactors equipped with altering cooling channels were
developed exhibiting enhanced heat transfer.’>12%127] High heat and mass transfer were
successfully realized using fluidized-bed reactors in methanation reactions.!!?8:12]

Fluidized-bed reactors with multiple feed inlets and catalyst regeneration cycles were also

applied in industrial methanation applications.!3*1241251 Another reactor type facilitating

11
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nearly isothermal operation is a the three-phase reactor in which the heat transfer is

enhanced by an oil with high heat capacity. Furthermore, temperature variations can be

1’1.[130’131]

smoothened during dynamic operatio

Figure 6: Methanation unit of the Audi e-gas PtG plant in Werlte. Figure taken from Audi
MediaCenter!'3?!, Copyright © Audi AG, reproduced with permission.

Power-to-gas plants in Germany realizing the methanation of CO; are for example
the Audi e-gas-project***! (Audi, ETOGAS, ZSW, Fraunhofer IWES, EWE Biogas)
which is in operation since 2013 and produces 1000 t SNG per year, depending on the
availability of wind energy. Renewable electricity is converted to SNG with an efficiency
of 54 %, additional heat management between the methanation reactor and the biogas
plant would increase the efficiency to 60 % and higher. The methanation unit (Figure 6)
consists of a fixed-bed multi-tubular reactor equipped with molten salt cooling. CO; is
provided by a biogas plant using organic waste.***%! Earlier demonstration plants were
developed by ETOGAS, ZWS and Fraunhofer IWES in 2009 and 2012 located in
Stuttgart. Current developments aim at commercial PtG plants producing 13000 m* CHy4
per day.['313% Another PtG plant is e.g. the EXYTRON demonstration plant in

12
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Rostock.!'*! The HELMETH project coordinated by the Karlsruhe Institute of
Technology (KIT) aims at demonstrating the economic feasibility of the PtG concept,
improving the efficiency to about 85 % by thermal interlinkage of high temperature
electrolysis and methanation of COz. The latter will be performed in a series of fixed-bed
reactors operated at 30 bar and around 300 °C with intermediate water removal.[136:137]

An overview of operating PtG plants in Europe was published recently by Bailera et

al. 1%

1.3.4 Catalyst deactivation

The long-term stability of catalysts is of capital importance especially for industrial
applications. This section addresses typical causes of deactivation of Ni-based catalysts,

which may arise during methanation reactions.

1.3.4.1 Formation of volatile compounds

Ni is prone to form volatile and toxic carbonyl species (4) in CO atmosphere at
50 - 100 °C and decomposing at around 180 °C, which is known from the Mond process

for the purification of Ni.

Ni + 4C0 = Ni(CO), AHags x = -158 kJ mol! @)

The formation of Ni(CO)4 may lead to loss of the active materials and/or Ni particle
growth via Ostwald ripening.!¥1401 Therefore, methanation reactions containing CO and

utilizing Ni-based catalysts need to be operated at temperatures above 200 °C.1°!]

1.3.4.2 Poisoning and oxidation

Catalyst poisoning occurs by strong chemisorption of one poisonous substance on

the active sites of the catalyst and, thus, blocking these adsorption sites for the

13
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reactants.[1**1411421 A common catalyst poison in methanation reactions is H.S, which
appears as impurity from coal or biomass gasification. H>S adsorbs dissociatively on
metallic Ni blocking the active sites through strong chemisorption and degrading the
catalytic long-term performance. Furthermore, it has been reported, that sulphur
poisoning promotes sintering!!%143 a5 well as oxidation!!%! of the Ni particles. Small
NiRu particles supported on SiO2 showed enhanced sulphur tolerance.!'®! In industrial
applications H»S is removed by applying a gas purification step, e.g. by Rectisol®
scrubbing or by a ZnO bed, but sulphur compounds may still be present on ppb

levels.[84144]

Similarly to sulphur even low concentrations of oxygen may also act as catalyst
poison on Ni sites.!'*! In extreme cases full oxidation of the metal particles can occur in
O:. Since reduced Ni is the active species in the methanation of CO, oxidation of the
active sites has to be prevented. Catalyst oxidation which caused catalyst deactivation

during performance tests was reported in literature.!38:108!

1.3.4.3 Sintering

Growth of metal particles during the methanation of CO; performed in lab-scale
reactors was reported frequently.[0*88931451 Metal particle growth originates from
crystallite migration and coalescence (Smoluchowski ripening, Figure 7 a)) or atomic
migration via hopping mechanism, diffusion on the surface of the support or through
volatile species (Ostwald ripening, Figure 7 b)). During atomic migration, the size of
smaller particles diminishes and larger particles grow since the latter are more stable. As
a result of metal particle sintering the active surface diminishes reducing the catalytic
performance. The tendency towards particle sintering is highly dependent on the
temperature but also on the reaction atmosphere, metal species, promotors, support and

its pore SiZC.[139’141’142’146]

The temperature at which Ni atoms on defect sites become mobile (Hiitting
temperature) is 518 °C.1*!! Ni particle sintering accelerates with increasing temperature

between 550 °C — 750 °C, and an increasing steam content in the feed also contributes to

14
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the sintering progress.!'*>147! Ni particles grow fast in the first few hours on stream but
only minor particle growth emerged during further operation.'**!48! The fast sintering in

the beginning is induced by Ostwald ripening since very small particles are present.4!

Figure 7: Electron microscopy images of a Ni/MgAl,O4 steam reforming catalyst. Images al — a3 show
the particle migration and coalescence sintering mechanism, whereas the images b1 — b3 show the
particle growth originated from Ostwald ripening. Reprinted from Sehested'** Copyright © 2006, with
permission from Elsevier.

High reaction temperatures may arise during calcination, due to formation of hot
sports during the methanation of CO., which is an issue in adiabatic fixed bed reactors,
or during regeneration steps such as coke burning or reduction of NiO.['?>!4!] Sintering
caused by overheating effects becomes a major issue when the methanation process is
operated dynamically.!'*? Significant sintering of Ni particles was observed especially
during high temperature methanation (>600 °C) in industrial applications.!!4:15]
Sintering of metal particles may be prevented using promotors as discussed in

section 1.3.1.

1.3.4.4 Coking

Coking (or fouling) describes the deposition of unwanted species covering the

surface of the catalyst. Catalyst fouling by carbonaceous deposits is a major issue,
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especially in methanation applications containing CO.!'3:1521 The formation of carbon

deposits from CO is described by the Boudouard reaction (5).[5313:142.153]

2C0 = C + CO, AHos x = -172 kJ mol™! (5)

Another scenario leading to carbon formation is the decomposition of CHs (6) e.g.

in CH4 reforming applications,[53:144:153-156]

CH, = C + 2H, AHzos x = 75 kJ mol! (6)

The carbonaceous deposits cover the catalyst surface and, thus, block active sites
as well as the pores of the catalysts.!!3%!33 In extreme cases, carbon whiskers or nanotubes
may form (Figure 8 d)), thus, detaching Ni particles from the support.[!41:156:157 [ case of
a methanation pathway with CO as intermediate followed by its dissociation, monoatomic
surface carbon species are formed as reaction intermediates (Figure 8 c)) which can easily
be hydrogenated to CH4.!">*! When atomic carbon species agglomerate to large and inert

carbonaceous species, catalyst deactivation through fouling occurs (Figure
8 d)).1139.13.156]

A higher coking resistance in dry reforming application was reported for a NiFe
catalyst, due to the oxidation of carbon deposits by lattice oxygen from FeOx.!"%15°! Ni
catalysts promoted with small amounts of Rh also exhibit a higher coke resistance in dry
reforming applications.!!%1®!] Detailed studies on the formation of carbon deposits in
different atmospheres were conducted to investigate the nature and the removal of the

formed carbon thoroughly.!16%163!
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Figure 8: Illustration of carbon deposition during methanation of CO on a Ni/Al,Os. a) fresh catalyst in
oxidized state, b) reduced catalyst, c) working catalyst with carbon decoration, d) working catalyst with
carbon deposits and carbon whisker formation after long methanation runs. Reprinted from Czekaj et
al.I% Copyright © 2007, with permission from Elsevier.

In general, the amount of carbon formation during steady state methanation of CO;
with model gas compositions is negligible.>**! As discussed in section 1.3.2, the
methanation of CO; can be described by initial RWGS reaction (2), followed by the
methanation of CO (3) containing water. H2O suppresses the deposition of carbon
according to reactions (7) and (8).°%! In industrial applications, steam is added to the feed

to prevent carbon deposits during methanation of syngas.!34

C+ H,0O = CO + H, AHzos k = 131 kJ mol™! (7)

C + 2H,0 = CO, + 2H, AHaos k = 90 kJ mol! 8)

However, catalyst deactivation from carbon deposition may occur under dynamic
reaction conditions comprising e.g. a fluctuating H> feed. Furthermore, feed gas for

methanation of CO; contains significant amounts of CHs when using biogas (CO2/CH4)
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or product gas recycling for isothermal reactor conditions.[82484124.125.138.1991 Gyuch more

realistic feed gas compositions may also cause carbon deposition.

1.4 Dynamics in catalysis

It is well-known that the structure of catalysts is very dynamic, responding to the
current reaction conditions in the reactor (Figure 9).3%1641671 A5 discussed in section
1.3.4, supported metal particles may increase in size through sintering, but also re-
dispersion may occur as reported for reduction-oxidation-reduction treatments for
Ni/SiO; catalysts.['®®! Dissolution of the active material may occur e.g. volatile Ni(COx)
as discussed above. Metal particles may oxidize/reduce or undergo phase transformations,
e.g. Ba(NO3), formation in in NOx storage catalysts.!'®*17 Varjations in the redox
potential of the gas atmosphere may lead to different metal-support interactions, which
may further cause morphological changes of the metal particles i.e. wetting of the support,
decoration effects, surface alloying or composite formation.!'’!173 Surface segregation
was observed for Pd;Ga catalysts in the hydrogenation of acetylene forming Pd-like
patches and Ga,Os as active phase.!'” More examples and detailed insights into the

structural changes of catalysts are given in the following sections.

—

Formation of molecular species /
supported metal complexes
T

Composite formation

e 0 —a

Morphological changes
(wetting or restructuring)

Surface alloying /

! Phase change
segregation

(e. g. oxidation, formation
of carbides)

Figure 9: Illustration of structural changes of supported catalysts. Adapted from Kalz et al.!*®! available
under the terms and conditions of the Creative Commons Attribution-NonCommercial 4.0 International
license (https://creativecommons.org/licenses/by-nc/4.0/); the Figure was rearranged, Copyright © 2017.
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1.4 Dynamics in catalysis

This few examples show that the structure of the catalyst is dynamic and may
undergo changes under different reaction atmospheres. Furthermore, those structural
changes may lead to different properties and, thus, reactivity of the catalyst. Dynamic
reaction conditions are expected for the methanation of CO2 in combination with surplus
electricity from wind and solar energies. Systems, which are already studied under
transient reaction conditions are e.g. the Fischer-Tropsch reaction, where the influence of
unsteady state conditions on the process itself was investigated.**>%!">I Changing feed
compositions in the methanation of CO were simulated to study the response of the
reactor, which shows a self-stabilizing effect for high cycling frequencies.!'*)! Forced
periodic operation of chemical reactors was applied, with the aim to improve conversion
rates e.g. for liquid flow interruptions in trickle-bed reactors.!!’6'78] Variations in
temperature and composition of the feed composition are common problems in the field
of exhaust gas aftertreatment, which influences structure and activity of the
catalyst.!7%180] Catalysts in fuel cells operating under dynamic conditions suffer from

degradation implying dynamic driving cycles or start/stop cycles.[!8:182!

Characterization techniques under realistic reaction conditions while monitoring
the catalytic performance (operando) are required to investigate the behavior the catalyst
and to connect structural properties and the changes in the activity.'3*1%! Various
spectroscopy, diffraction and microscopy techniques have been applied under reaction
conditions to reveal detailed insight into different structural changes of catalysts used in

processes operated under changing reaction atmospheres.[8-164165.1871

1.4.1 In situ and operando characterization studies in catalysis

In situ transmission electron microscopy (TEM) was applied to monitor the
sintering of metal particles!!®®! or the growth of carbon nanofiber!">”! on supported
catalysts, which may cause catalyst deactivation as discussed in section 1.3.4. Identical
location (IL) TEM delivered detailed insight into the behavior of Pt-based fuel cell

catalysts during transient operation. Various degradation effects such as agglomeration,
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carbon corrosion, dissolution and detachment of the Pt particles were caused by 3600

start-stop cycles.!!8!

Another powerful tool to explore the structure of the catalyst under reaction
conditions is X-ray absorption spectroscopy (XAS).!7L18-1951 Changing the redox
potential of the gas atmospheres may lead to structural changes of the active material, as
observed for Cu/ZnO catalysts in using operando XAS combined with X-ray diffraction
(XRD)!! (Figure 10 a)) or in situ TEM!'"? Figure 10 b)). Switching between wet and
dry syngas during methanol synthesis the Cu coordination numbers received from the
evaluation of the extended X-ray absorption fine structure (EXAFS) indicated reversible
morphology changes of the Cu species from spherical particles (Figure 10 a) A) to flat
Cu particles decorated with reduced Zn (Figure 10 a) D), respectively.!'’! Further studies
of the commercial Cu/ZnO/Al2O; system showed a complete overlayer of metastable
graphite-like ZnO on the Cu particles after reductive treatment. The combined results
from TEM and DFT studies indicated that ZnOx species may act as co-catalyst and
stabilizing promotor, enhancing the activity of the Cu catalyst in the methanol

synthesis.[173:196-198]

a Oxygen Vacancies m
) Oxidizing Reduced Zn o b)
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Reducing ,Z/n

Figure 10: a) [llustration of a Cu/ZnO catalyst and its morphological changes in more reducing and more
oxidizing atmosphere. from (A) spherical shaped particle to (D) Cu particles which are more flat with
strong wetting of the support and decorated by reduced Zn species. Reprinted from Grunwaldt e al.['"!
Copyright © 2000, with permission from Elsevier. b) TEM images of the reversible morphological
changes of the Cu particle under (A), (C) reducing and (B) oxidizing conditions. Figure taken from
Hansen et al.l'’ Copyright © 2002, reprinted with permission from AAAS.
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1.4 Dynamics in catalysis

Further structural dynamics investigated by operando XAS were reported for a Cs
promoted Ru/C Fisher-Tropsch catalyst. Switching between H> and CO atmospheres
resulted in reversible Ru-Cs particle reconstruction emphasizing a strong interaction with
CO."! The ignition in the partial oxidation of methane with a RhPt/Al,O; catalyst was
studied using operando XAS and a high speed X-ray camera. It was found, that in the
beginning of the reaction reduction of the catalyst occurs at the end of the catalyst bed
and the reduction front propagates towards the reactor inlet. Thus, the method gave
remarkable insight into the reaction mechanism along the catalyst bed and into the phase
transformations of catalyst particles.!'”>! The oscillatory behavior of a Pd/Al,O3 system
during the partial oxidation of methane was explored by operando XAS, revealing
dynamic structural changes between PdO, Pd and PdCy along the catalyst bed.!"**! Similar

dynamics in the catalyst structure were observed during oscillatory CO oxidation.!!?!!

The formation and nature of carbon deposits on Pt/Al,O3 catalysts during the
dehydrogenation of propane in various gas atmospheres was studied by Sattler et al.**!
applying operando Raman spectroscopy, which is a suitable tool to monitor the carbon
formation under reaction conditions due to the characteristic bands in the region of
1200 — 1600 cm!. It was found that the addition of H, decreased the size of the carbon

crystallites during the reaction.

1.4.2 In situ and operando characterization studies in methanation
reactions
Some of these spectroscopic techniques were also applied in connection to the
methanation reaction. Mechanistic studies discussed in section 1.3.2 were performed
using in situ and operando diffuse reflectance infrared spectroscopy (DRIFTS) or infrared

[58.78.95.96.114.116-1191 For this purpose, Aldana et al.®®' studied the

spectroscopy (IR).
methanation of CO2 during with varying feed gas mixtures monitoring the catalyst’s
response with operando IR and mass spectrometry (MS) and gained important
conclusions about the mechanism. Similar feed gas modulation experiments were
performed by other groups.!!!”!!”! DRIFTS coupled with MS in combination with

modulation of the feed gas composition and phase sensitive detection was used by Zarfl
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1 Introduction

et al.®" to gather more detailed information on the reaction steps involved in the
methanation of CO on a Ni/Al,O3 catalyst. The modulation excitation approach improved
the sensitivity towards variations in the IR signals and revealed that CO dissociation
occurs on isolated low coordinated Ni sites, whereas CO adsorbed on crystalline sites is

less reactive.

XAS is a powerful tool to investigate the catalytic structure of methanation catalysts
and to correlate it to the activity.[6"-222051 [ sity X-ray absorption near-edge structure
(XANES) spectroscopy showed that Pt doping of Co catalysts enhances the reducibility
of the catalyst significantly, suggesting a long-distance H atom spillover from Pt to Co.
This effect is also expected to occur under methanation conditions leading to an increase
in the formation rate of CH4.2?! In situ EXAFS revealed that a higher Ru dispersion
arising from different calcination treatments led to an enhanced selectivity in CO
methanation.!”*?! Investigations on a Rh/zeolite (Y type) catalyst using in situ EXAFS
spectroscopy revealed structural changes of the Rh particles during the methanation of
COas. The peak intensity of the Rh-Rh scattering as well as the catalytic activity increased
during steady state operation, indicating the formation of an optimal structure during the

reaction, thus, leading to a higher performance of the catalyst.[20>2%]

To date, detailed investigations of the catalyst structure, especially the catalyst
behavior in changing feed composition using spectroscopic techniques combined with

mass spectrometry has rarely been done.
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2 Scope of the thesis

Powering the planet using renewable energy, storage systems are necessary due to
the fluctuating supply of wind and solar energy. Among other strategies, energy can be
stored in chemical energy carriers such as methane, hydrocarbons, methanol or higher
alcohols. One of the main steps to generate promising chemical energy carriers is the
hydrogenation of CO> using renewable H». This process needs to withstand fluctuations
in electricity supply from wind and solar power plants, which occur temporarily and
fluctuate on a time scale of seconds to days. When using a small or even no H» reservoir,
these fluctuations are transferred to the catalytic reactor and impose a varying H> feed
that is needed to hydrogenate CO.. This is crucial especially for local plants, which

directly consume the produced H; for the hydrogenation of COs,.

Inspired by spectroscopic and mechanistic studies in the literature investigating
adsorbed and reactive species under changing reaction atmospheres in methanation
reactions, the aim of this thesis was to focus on the structure and the dynamics of the
catalyst under such conditions. Considering the fluctuating supply of renewable Ho,
investigations under fast load changes with focus on the catalyst structure and its behavior
are required to gain information about morphology changes of the active material and
deactivation processes due to stress and strain of the catalyst. The methanation of CO>
was chosen as an exemplary reaction to produce a chemical energy carrier and to
demonstrate the importance of such studies when catalysts undergo start/stop procedures

or dynamic reaction atmospheres in the reactor.

Essential for catalytic performance tests in such processes is a continuous flow
laboratory setup, which has been planned and constructed in this thesis. Parameters such
as temperature and pressure as well as reaction conditions and catalyst load should be
adjustable to establish the optimum catalytic performance. Furthermore, the dosage of
different gas mixtures, additional gases and fast load changes need to be possible to
simulate dynamic reaction conditions. The configuration of the laboratory setup is

described in chapter 4.

23



2 Scope of the thesis

A first approach addressing the general response of a commercial Ni-based
methanation catalyst is outlined during a H> dropout in the methanation of CO> to
demonstrate the applicability of the concept (chapter 5). Operando X-ray absorption
spectroscopy (XAS) has been applied to monitor structural changes of the catalyst under

reaction conditions.

For in-depth studies of the structural behavior, a Ni-based model catalyst
specifically designed for operando XAS studies has been prepared (chapter 6). This
requires Ni particles of uniform size to determine changes in size, structure and
morphology. Likewise, a catalyst support, which does not affect the XAS measurements
at the Ni K-edge in transmission mode is required. The catalyst preparation and its

composition has been optimized to that effect.

Based on the first results with the commercial catalyst, further operando XAS
studies with fluctuating H> flow has been planned and executed using the novel Ni-based
catalyst to assess the structural behavior of the catalyst and the influence on the stability
and deactivation under such conditions (chapter 6). The time period of the H> dropouts
has been varied and extended experiments with numerous cycles are realized to study the
influence on the catalyst stability and to simulate fluctuating reaction conditions to an
extreme grade (chapter 7). For this purpose, advanced XAS techniques with high time

resolution have been applied.

Since the formation of carbon deposits is a well-known deactivation phenomenon
for Ni catalysts, in-depth investigations during fluctuating H> supply related to the
operando XAS experiments have been carried out. Questions such as “In which reaction
atmospheres reflecting realistic gas mixtures and dynamic reaction conditions do carbon
deposits form?”, “What is the nature of those carbon species and how do they behave in
different atmospheres?”, “How do carbon deposits influence the catalytic performance
and how can they be removed?” could be answered. To monitor carbon deposition in real-
time and under realistic reaction conditions, operando Raman spectroscopy has been

established and applied (chapter 8).

Finally, promising bimetallic systems, which exhibit enhanced catalytic

performance and stability and at the same time fulfill the requirements for further
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structural investigations by operando XAS, have been prepared, optimized, characterized
regarding the interplay of both metals and tested for their catalytic performance (chapter
8 and 9). The most promising catalyst has been exposed to industrially relevant, harsh
reaction conditions to verify its limitations and compared with commercial Ni-based

methanation catalysts as benchmark (chapter 9).

An overview of this thesis within its specific aims is summed up in the following

scheme:

Lab-scale reactor setup (chap. 4)

¢ Planning and construction of a continuous flow laboratory setup designed for
catalyst testing and parameter screening in the methanation of CO,

¢ Dosage of additional feed gases and fast gas switching for dynamic reaction
conditions

Catalyst development (chap. 6)

¢ Synthesis of a Ni-based model catalyst with uniform particle size
¢ Optimization of preparation method and catalyst composition

Dynamic reaction conditions (chap. 5 - 7)

e Catalyst behavior under fluctuating H, feed
¢ Monitoring of structural changes using operando XAS

Carbon formation (chap. 8)

¢ Exploring the formation of carbon deposits under changing reaction
atmospheres using operando Raman spectroscopy

Development of bimetallic catalysts (chap. 8, 9)

¢ Development of promising bimetallic Ni-based systems
¢ Enhancing performance and stability

Catalytic long-term stability (chap. 9)

¢ Parameter screening of the most promising bimetallic catalyst

¢ Catalytic performance and stability under industrially relevant reaction
conditions
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3 Experimental details

3.1 Catalyst materials and preparation

The experiments in chapter 5 were carried out using a commercial Ni/Al>O3
methanation catalyst. The received catalyst pellets were crushed and calcined in a separate

oven under static air at 500 °C (5 K min™) for 4 h.

The prepared catalysts utilized in chapters 6 to 9 were prepared by homogeneous
deposition-precipitation with urea as precipitating agent.[**2®1 Typically, 2 - 4 g of the
catalyst sample were prepared in one batch. The synthesis mixture consisted of a
0.3 mol L! solution of the metal precursors in deionized water (Ni(NOs3)2-6 H20,
Fe(NO3)3-9 H20 both Merck, > 99 % and Rh(NO3);3-x H20 by Sigma Aldrich, 36 % Rh
content) and 5-8 equivalents of urea (Carl Roth, crystalline, > 99.6 %). The precursors of
the bimetallic catalysts were dissolved and precipitated simultaneously. The intended

metal loadings and the utilized masses of the chemicals are shown in Table 1.

Table 1: Materials and amounts used for the preparation of the catalysts.

Cat. Load.  Ni-nitrate Fe-nitrate Rh-nitrate Urea AlLOs Vu,o
[wt.%] [g] [e] [g] [g] [g] [mL]

Chapter 3

Ni 10 1.001 - - 1.038 1.800 115

Chapter 7

Ni 5 1.001 - - 1.245 3.800 115

NisFe |5 0.751 0.347 - 1.401 3.800 115

NiRho. | 3.4 0.567 - 0.055 1.227 3.800 115

Chapter 8

Ni 20 2.002 - - 2906 1.600 230

NisFe |20 1.502 0.695 - 3.270 1.600 230
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3 Experimental details

The desired molar ratio for the bimetallic catalysts were Ni/Fe = 3 and Ni/Rh = 10.
Commercial y-Al,O3 support (Alfa Aesar, 1/8” pellets, crushed and calcined at 600 °C
(5 K min™!) for 4 h) was added to the solution and the suspension was stirred for 1 h at
room temperature at a pH value of 5. The suspension was then heated to 90 °C to
hydrolyze urea and stirred under reflux for 18 h (36 h in case of the 17 wt.% NisFe
catalyst) at constant temperature. Afterwards, the suspension was cooled to room
temperature and stirred for another hour, resulting in a pH value of 7 - 8. The solid was
filtered off, washed with 500 mL deionized water, dried at 110 °C over night and calcined
at 500 °C (5 Kmin) for 4 h in static air. To characterize the catalysts in their reduced
state, the samples were treated in 50 % H2/N, at 500 °C (5 K min!) for 2 h and stored

under N> for the ex situ measurements, which were then performed in air.

3.2 Characterization methods

The chemical composition of the catalysts was determined via optical emission
spectroscopy with an inductively coupled plasma (ICP-OES) using an Agilent
720/725 emission spectrometer. For the elemental analysis of the Ni and NisFe catalysts
in chapter 9 the samples were first digested in HC1 + H2SO4 + H202 (2:2:1) at 240 °C for
12 h using a Berghof pressure digestion system DAB-2 and then the solution was

analyzed using a Perkin Elmer Optima 4300 DV System.

The specific surface area of the catalyst was determined by N2 physisorption
at -196°C according to the Brunauer-Emmet-Teller (BET) method via multi point

measurements using a BELSORP-mini I (Rubotherm).

X-ray diffraction (XRD) patterns of the calcined and reduced catalyst powders
were recorded ex sifu on a rotating sample holder using a PANalytical X Pert PRO
diffractometer with Ni-filtered Cu Ko radiation (1.54060 A) in a range of 20 = 20 - 80°
and a step size of 0.017° (0.51 s per scan step) and. The crystallite size was calculated
using the Scherrer equation and LaBs was used as standard to correct the experimental

signal broadening of the equipment.
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3.2 Characterization methods

Electron microscopy investigations were carried out using the reduced and spent
catalyst samples. The powders were directly dispersed on copper grids covered with holey
carbon film. The morphology and structure of the catalysts was characterized by high
resolution transmission electron microscopy (HRTEM) and high angle annular dark-field
(HAADF) scanning transmission electron microscopy (STEM) in a FEI Titan 80-300
microscope operated at 300 kV for the reduced fresh samples and 80 kV for the spent
samples, when carbon deposits were investigated (chapter 8). Information about the
average composition of the catalysts in large areas or the local composition of the
nanoparticles was acquired by STEM coupled with energy-dispersive X-ray spectroscopy
(EDX) using a S-UTW EDX detector (EDAX) and electron energy loss spectroscopy
(EELS) using a GIF 863 Tridiem energy-filtering spectrometer (Gatan). Quantification
analysis of the EDX/EELS spectra, STEM-EDX and STEM-EELS spectrum imaging was
carried out by using TEM Image & Analysis (TIA 4.7 SP3 version) software and Gatan
DigitalMicrograph (DM, version 1.71). The size of the supported metal nanoparticles was
determined using ImageJ software fitting the particles with ellipsoid shapes. The metal
dispersion was calculated using the approximation of spherical particles, their mean
diameter and element specific data such as the area occupied by surface metal atoms and

the volume occupied by metal atoms in the bulk material according to literature.?!"!

Temperature-programmed reduction with H2 (H2-TPR) was carried out using a
Micromeritics AutoChem II 2920 chemisorption analyzer equipped with a thermal
conductivity detector (TCD). 100 mg of the catalyst sample (100 —200 um sieved
fraction) was placed in a U-shaped quartz tube and pretreated at 500 °C (10 K min™!) in
50 mL min™! of 10 % O./He followed by the TPR between 40 — 900 °C (10 K min™') using
50 mL min™! of 10 % Ha/Ar.

Temperature programmed oxidation (TPO) coupled with thermogravimetric
analysis and mass spectrometry (TG-MS) was conducted on the spent catalyst samples
using a NETZSCH STA 449 F3 Jupiter ASC connected to a QMS 403 D Aéolos. 20 mg
of the samples were heated from 40 to 700 °C (5 K min™!) in 10 % O»/He (50 mL min™).
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3.3 Catalytic tests

3.3.1 In situ cell microreactor

The catalytic performance of the commercial catalyst (chapter 5) was tested in a
stainless steel fixed-bed microreactor. The gases were doses by individual mass flow
controllers (Bronkhorst) placed on a mobile setup used for in situ studies. The
microreactor was packed with 50 mg of the calcined catalyst (250 - 500 pm sieved
fraction). Before the catalytic tests, the catalyst was reduced in situ in the reactor at 450 °C
(5 Kmin!) for 2 h in 50 % H2/N; and a flow rate of 50 mL min™'. Afterwards it was
cooled to 200 °C in N2 (50 mL min!). The methanation of CO, was carried out in the
range between 200 and 500 °C with 50 °C steps. Each temperature was kept for ca.
30 min. All measurements were performed at atmospheric pressure. The ratio of the
reaction gases was fixed to Ho/CO; = 4 diluted in 40 % Na. A total flow of 40 mL min!
was used resulting in a gas hourly space velocity (GHSV) of 15000 h'! and a weight
hourly space velocity (WHSV) of 6000 mLco2 gea' h™! calculated as follows:

CHSV — V(total) )
~ V(cat)

WHSV — V(CO,) (10)
m(cat)

The composition of the feed and the product gas stream was analyzed by a Thermo
Scientific C2V-200 micro gas chromatograph (uGC) equipped with a molecular sieve
(5 A) and a QS-BOND column, He as carrier gas and a thermal conductivity detector

(TCD).
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3.3 Catalytic tests

3.3.2 Tubular fixed-bed reactor

The performance tests and parameter screening of the prepared catalysts (chapter 7
to 9) were performed in the new continuous flow laboratory setup using a stainless steel
tubular fixed-bed reactor. The planning and construction of the laboratory setup is
described in chapter 4. The catalyst samples (300 — 450 pum sieved fraction) were diluted
in SiC (210 um) and packed into the reactor (exact masses see Table 2). Details and
specifications of the laboratory setup and the packing of the reactor are described in

chapter 4.

First, the catalyst was reduced in situ at 500 °C (10 K min™) for 2 h in 50 % Ha/N>.
Then the reactor was cooled to 200 °C and the gas atmosphere was switched to
H2/CO2 =4 in 50 - 75 % N». The methanation reaction was performed between 200 and
450 °C in 50 °C steps to determine the optimum reaction conditions. Each temperature

was kept for ca. 30 min to obtain stable values in the product analysis.

Table 2: Masses of the catalysts, gas mixtures and total gas flow as well as WHSV and GHSV used for
the catalyst tests in the chapters 6 — 8.

Catalytic  mcat Total flow Gas WHSV GHSV

tests [mg] [mL min!] mixture [mLcoz geat' h'1]  [h]

Chapter 6 150 600 H>/CO2=4 12000 26700
in 75 % N

Chapter 7 300 300 H>/CO2=4 6000 13400
in 50 % N»

Chapter 8 300 300 H>/CO2=4 6000 13400
in 50 % N

Reactant and product gas compositions were analyzed either by a Thermo Scientific
C2V-200 micro gas chromatograph (chapter 5 and 6) equipped with a molecular sieve
(5 A) and a QS-BOND column, He as carrier gas and a thermal conductivity detector
(TCD) or an INFICON micro gas chromatograph Fusion (chapter 7 to 9) equipped with
molecular sieve (5 A) and Q-BOND columns with Ar or He as carrier gas, respectively,

and a TCD. For pressure screening experiments (chapter 9), this procedure was applied
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3 Experimental details

between 1 and 20 bar in 5 bar steps, respectively. Details of the reaction conditions

applied in each study are specified in Table 2.

3.3.3 Catalytic tests with methane containing feed

The experiments with CHs as additional feed component (chapter 8) were
performed with 75 % N> to match the reaction conditions applied in the operando Raman
experiments (section 3.4.3). The resulting GHSV was 26800 h™!, whereas the amount of
CO; and Hz and, thus, the WHSV remained the same compared to the screening
experiments (6000 mLcoz gea' h'!). Further gas mixtures contained 20 % Ha + 5 % CO;
+ 4 % CH4 in N2, 4 % CHs in N2 or 50 % H> in N2 (for reactivation). All applied gas
compositions declared as “Phase A-E lab-scale reactor” are listed in Table 3. The Thermo

Scientific C2V-200 uGC was used for gas analysis.

Table 3: Composition of the gas mixtures applied during experiments in a lab-scale reactor. (reaction
conditions: 400 °C, 1 bar, time on stream (TOS) 30 min each phase, except Phase D: 500 °C, 60 min).
Reproduced from Mutz et al.>'1 Copyright © 2018 Published by Elsevier B.V.

Lab-scale reactor Feed gas composition
Phase A 20% H2+5 % CO2/ N2
Phase B 4 9% CH4/ N2

Phase C 20% H2+5 % CO2/ N2
Phase D 50 % H> / N»

Phase E 20% H2+5 % CO2/ N2

3.3.4 Long-term stability tests!

The kinetic measurements and long-term stability tests described in chapter 9 were

carried out in cooperation with Michael Belimov at the Institute for Micro Process

! Description taken from Mutz et al.:'?  B. Mutz, M. Belimov, W. Wang, P. Sprenger, M.-A. Serrer, D. Wang, P. Pfeifer,
W. Kleist, J.-D. Grunwaldt, "Potential of an Alumina-Supported NisFe Catalyst in the Methanation of CO,: Impact of Alloy
Formation on Activity and Stability", ACS Catal. 2017, 7, 6802-6814. Copyright © 2017, American Chemical Society.
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3.3 Catalytic tests

Engineering (IMVT) at KIT. A microchannel packed bed reactor!>'¥ concept with
integrated temperature setting possibility was utilized for long-term stability tests and
kinetic measurements. Slit dimensions are 60 x 8 x 1.5 mm® (length x width x depth).
Compressed air in the range of 100 L min™!, pre-heated to the reaction temperature with
an external device, was used as heat transfer medium in 72 x 36 cross-flow
microchannels, each 500 um wide and 230 um deep. Four axially distributed
thermocouples of K-type in the metal housing, close to the packed bed, allowed
temperature measurement. The reaction zone was packed with 150 mg (mesh
200 - 300 um) of catalyst diluted with SiC (mesh 300 - 400 um). The reactants were
dosed via MKS mass flow controllers. WHSV values of 80500 mLco2 g h! were
adjusted using the gas composition with the initial amount of 9.1 % CO., H2/CO2 = 4 and
the reaction was operated at 6 bar. An industrial catalyst sample with nominal 20 wt.%
Ni/Al2O3 was used as standard for comparison in the tests under industrially relevant
conditions. As it was supplied in tablets, it was crushed and sieved to the desired particle
size of 200 - 300 um. The gas compositions were analyzed using an Agilent online gas
chromatograph 7890 including a Pora-Plot Q capillary column and a HP-Plot 5 A
molecular sieve. For detection, thermal conductivity and flame ionization detectors were

used.

The mass transport limitations were estimated according to the following criteria.
The used values are listed in Table 4. The results and evaluation are further discussed in

section 9.4.

Carberry number- External mass transport limitation (according to Reft?!#)

RO%,; - 0.05

Ca = (11)
kg ayCcozp n
Mears criterion- External heat transport limitation (according to Refl>!4l)
RO%,, |AgH| d,,  0.05RT
ATrjpm = — < 12
fitm 6a, E, (12)

Weisz-Prater criterion!?!!
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2
Robs ﬂ
n+1 V,C02 6

2 DcozerfCcozs

Effectiveness factor was estimated (according to Refl>1))

R

(13)

(14)

Table 4: List of experimental data for estimating the mass transport limitations and effectiveness factor.
Reproduced from Mutz et al.?'?! Copyright © 2017, American Chemical Society.

Variable Description Value SI unit
Ca Carberry number
) 4 Weisz-Prater number
ATfiim Temperature difference over film
thickness on the catalyst pellet
T Temperature 360 °C
)/ Pressure 6 bar
Xco2 molar concentration of CO2 0.09
XH2 molar concentration of H» 0.36
Viot Total volumetric flow (NTP) 2.2 Lmin"
Meat Catalyst mass 015 ¢
Peat Catalyst density 832  Kkgea mcat’!
n Reaction order in CO2 0.5
Rv,coz Reaction rate of CO; acc. Ref!?!7! 569.5 mol mey! 57!
kg,coz Ext. mass transfer coeff. of CO- 0.3738 ms’!
ay Specific ext. surface area (6/d,) 2400 m'
Ccozp Molar bulk concentration of CO; 10.36 mol m™
ArH Reaction enthalpy -1.65-10° J mol!
dp Catalyst particle diameter 250 pm
ap Particle heat transfer coefficient 1488.8 W m'K'!
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3.3 Catalytic tests

R Ideal gas constant 8.314 Jmol! K

E, Activation energy acc. to Refl*!”! 82000 J mol!

Dcoz,eff Intraparticle effective diffusion 1.1-10° m?s!
coeff.

& Particle porosity 0.7

Tp Tortuosity 3

Ccozs Molar concentration of CO; on 10.36 mol m?
the catalyst surface

3.3.5 Calculations of conversion and turnover frequency

Conversion, yield and selectivity were calculated in the catalytic tests as follows:

Conversion:

_ COa0ut
COZ,out + CH4,out + COout

X(CO,) = (1

or including N2 as internal standard for volume correction:

Conversion:

Yield:

Selectivity:

COz0ut = N, in)
X'(CO )= <1— - - -100 %
2 NZ,out ' COZ,in

CHyoue 01 COpyt
COZ,out + CH4,out + COout

Y(CH, or CO) =

Y(CH
S(CH,) = ﬁ -100 %

-100 %

) 100%  (15)

(16)

a7)

(18)

The turnover frequency (TOF) was calculated as moles of CH4 produced per moles

of surface metal atoms per second using the inlet flow of CO», the molar gas volume V(m)

and the catalyst mass:
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/ in) - Y(CH
Turnover frequency: TOF = V(€0z i) - Y(CH,) (19)
V(m) - N(surf)-m(cat)

The number of surface metal atoms N(surf) was estimated using the dispersion from

TEM analysis (section 3.2).2!% Hence, all surface metal atoms were assumed to be

equally active.

3.4 Spectroscopic studies

The operando XAS and Raman spectroscopy studies were performed in a capillary
fixed-bed reactor connected to the gas dosing system (similar as described in chapter 4)
which was heated by a hot air blower (Oxford GSB-1300). The catalysts (100 — 200 um
sieved fraction) were packed in 1 — 1.5 mm quartz glass capillaries resulting in a catalyst
bed of 10 mm in length which was fixed between two quartz wool plugs (Figure
11).1192218] Gases were analyzed with a Pfeiffer Vacuum ThermoStar™ GSD 320 mass
spectrometer equipped with a quartz capillary (or a stainless steel capillary in case of the

operando Raman spectroscopy experiments) and a C-SEM/Faraday detector.

ot air blower

Figure 11: Exemplary image of the setup used for operando XAS experiments including a hot air blower
and quartz glass capillary connected to the gas dosing system (photo taken by Paul Sprenger (ITCP,
KIT)).
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3.4 Spectroscopic studies

3.4.1 X-ray absorption spectroscopy?

X-ray absorption spectroscopy experiments (chapter 5 and 6) were performed at the
XAS beamline at the ANKA synchrotron radiation source in Karlsruhe, Germany
(2.5 GeV ring, 100 — 150 mA). All measurements were carried out in transmission mode
at the Ni-K edge at 8333 eV. Ex situ XAS measurements (energy range 8200 eV to
9300 eV) were conducted on pressed pellets of the catalyst powder diluted in cellulose
and fixed with Kapton tape using an X-ray beam of 1 mm in height and 7 mm in width.
For the in situ XAS experiment the catalyst was diluted with v-AlO3
(catalyst/AloO3 = 1:2 for the commercial catalyst and 1:1 for 10 wt.% Ni/Al,O3) and
packed in a 1 mm quartz glass capillary with a wall thickness of 20 um.!'”?' The
measurements were carried out with an X-ray beam of 0.75 x 5 mm in size. Different gas
mixtures such as 100 % He as inert atmosphere, 15 % H»/He for activation, 15 % Ho,
3.8 % CO2/He (H2/CO2=4) for the methanation reaction and 3.8 % COx/He in the
absence of H», were used. Details about the applied reaction conditions for the operando

XAS experiments in chapter 5 and 6 are listed in Table 5.

Table 5: Net weight of the catalysts, gas mixtures and total gas flow as well as WHSV and GHSV used
for the operando XAS studies in chapter 5 and 6.

Catalytic  mcat Total flow Gas WHSV GHSV

tests [mg] [mL min'] mixture [mLcoz geat' h'1]  [h!]

Chapter4 2 60 H,/CO2=4 67500 480000
in 81 % He

Chapter 5 3 50 H>/CO2 =4 37500 415000
in 81 % He

The data was analyzed by Hudson W.P. Carvalho (ITCP, KIT), who used the
Athena and Artemis software of the IFEFFIT package.”! For the XAS analysis the

spectra were energy calibrated using a reference Ni metal foil (N1 K = 8333 eV) and the

2 Description taken from Mutz et al.:"*"! B. Mutz, H. W. P. Carvalho, S. Mangold, W. Kleist, J.-D. Grunwaldt,
"Methanation of CO,: Structural response of a Ni-based catalyst under fluctuating reaction conditions unraveled by operando

spectroscopy", J. Catal. 2015, 327, 48-53. Copyright © 2015, with permission from Elsevier.
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data were normalized. The XANES spectra were fitted by linear combination analysis
(LCA) using bulk NiO and the fully reduced Ni catalyst as references. Also references
such as NiCOs and Ni carbide (NiC, Ni3C) were considered in the data evaluation as
possible intermediates during the reaction (see supporting information in the Appendix).
The analysis was performed in the energy range from 20 eV in front of and 70 eV after

the absorption edge.

Additionally, the EXAFS spectra were background subtracted using the
AUTOBKG algorithm in Athena. The k*weighted EXAFS functions (k%*y(k)) were
Fourier transformed in the k range of 3.0-12 Al (Hanning window sills Ak =1 A™). For
EXAFS refinements, structural models were built using the crystal structure for metallic
Ni (ICSD reference code 64989) and NiO (ICSD reference code 9866) and calculation of
the corresponding backscattering amplitudes and phases by FEFF 6.0.[22!] The theoretical
data were adjusted to the experimental spectra by a least square method in R space from
1.0-3.3 A for the oxide-like phases and from 1 -4.5 A for the metallic phases. The
amplitude reduction factors (So?) were determined using metallic Ni foil and NiO bulk
reference compounds. Then the coordination numbers (N), bond distances (r), energy
alignment between the theory and the experiment (AEo) and mean square deviation of
inter atomic distances (c*) were refined. The absolute misfit between theory and

experiment was expressed by p.[???!

3.4.2 Quick EXAFS?

In cooperation with Andreas M. Ginzler (ITCP, KIT) quick scanning X-ray
absorption spectroscopy (QEXAFS)22225] experiments (chapter 7) were performed. The
QEXAFS experiments were conducted at the SuperXAS beamline at the Swiss Light

Source (SLS) synchrotron facility (Paul Scherrer Institute (PSI), Villigen, Switzerland)

3 The description is taken from Mutz et al.:?**! B. Mutz, A. M. Ginzler, M. Nachtegaal, O. Miiller, R. Frahm, W. Kleist, J.-
D. Grunwaldt, "Surface Oxidation of Supported Ni Particles and Its Impact on the Catalytic Performance during Dynamically
Operated Methanation of CO,", Catalysts 2017, 7, 279. Available under the terms and conditions of CC BY 4.0 license
(http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.
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3.4 Spectroscopic studies

which operates in top-up mode at 400 mA and 2.4 GeV. The measurements were
performed at the Ni K-edge (8333 eV) in transmission mode. The polychromatic X-ray
beam was collimated using a Si-coated mirror at 2.5 mrad located in front of the
monochromator. The monochromatized beam was focused to a beam size of
200 pum x 200 pum at the sample position using a Rh-coated mirror at 2.5 mrad. A channel-
cut Si(111) monochromator oscillating at 22 Hz was used together with N»-filled gridded
ionization chambers both dedicated for fast data acquisition, where a Ni foil was
measured simultaneously with the data for absolute energy calibration. In each oscillation
of the monochromator, two spectra were recorded, one with increasing energy, another
one with decreasing energy. With this system operando X-ray absorption spectroscopy

data were recorded with 44 spectra s,

For the operando XAS experiments 5 mg of the 10 wt.% Ni/Al>O3 catalyst was
diluted with AlO3 (1:1) and placed into a 1.5 mm quartz glass capillary (20 pm wall
thickness).!"”?! Spectra were acquired at the middle of the catalyst bed. The total gas flow
was adjusted to 20 mL min™! using similar compositions as in the catalyst screening in the
lab-reactor (reduction: 50 % H./He, methanation: 25 % reactants (H2/CO2 =4) in He).
The same WHSV of 12000 mLco2 gea' h™' as during parameter screening was used
resulting in a higher GHSV of 71700 h™! due to the different dimensions of the reactor.
Fast switches of the gas atmosphere were realized using a microelectric VICI Valco 4-

way valve.

The data was analyzed by Andreras M. Ginzler (ITCP, KIT) who used Matlab®
routines for merging QEXAFS data, for energy calibration to a metallic Ni foil, for
normalization and for conducting LCA. The measurement of 44 spectras” allowed
detection of changes with a time resolution of 23 ms. However, it was found that a 1 s
time resolution was sufficient to monitor the structural changes of the catalyst, and thus,
the spectra could be averaged for 1 s each to improve data quality. For the LCA, a linear
combination of reference spectra was fitted to the sample spectra in the XANES region
(-30 eV to +50 eV). The spectrum of the reduced catalyst in 50 % H>/He atmosphere and
of the oxidized catalyst in 5 % O/Ar/He, both acquired at 400 °C, were used as reduced
and oxidized reference, respectively (see Figure S 7 in the Appendix). EXAFS data

analysis was performed using Athena and Artemis of the IFEFFIT software package!?*"!
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on spectra collected during steady state conditions and on selected spectra during
fluctuating operation. In this case 220 spectra were averaged. The theoretical data was
adjusted to fit the experimental spectra by a least square method in R space (with k/, ¥’
and k>-weighted EXAFS functions, R range see supporting information in the Appendix)
considering metallic Ni (ICSD: 64989) and NiO (ICSD: 9866). Corresponding
backscattering amplitudes and phases were calculated with Feff 6.0122!]. Amplitude
reduction factors (So?) were obtained on metallic and NiO bulk references. Coordination
number (N), bond distance (R), and energy alignment between theoretical and
experimental data (AEo) were refined for each spectrum. The mean square deviation of
interatomic distances (6°) was obtained by simultaneously refining spectra of the sample

in similar conditions and at the same temperature (cf. Appendix).

3.4.3 Ex situ and operando Raman spectroscopy*

Microscopic Raman spectroscopy was performed using a Renishaw inVia Reflex
Spectrometer System equipped with a frequency doubled Nd:YAG Laser with 100 mW

'was used

at 532 nm. For all samples, a 20x objective and a grating with 2400 lines mm’
and seven individual scans with three accumulations each were averaged. For metal-
oxide-bands, the acquisition time for each accumulation was set to 60 s at 10 % laser
power in a spectral range of 60 - 1320 cm™'. For carbonaceous species, the acquisition
time was set to 300 and 600 s at 0.5 % laser power in a range from 1000 - 2000 cm™'. The
data treatment was performed by Paul Sprenger (ITCP, KIT) who used WiRE 4.2 from

Renishaw.

Operando Raman spectroscopy (chapter 8) was performed in cooperation with Paul
Sprenger (ITCP, KIT). Typically, the data was collected in a spectral range from 960 to
2077 cm™ with a grating of 2400 lines mm™! resolution. For spectroscopic experiments

under reaction conditions, 10 mg of the catalyst samples (100 — 200 um sieved fraction)

* The description is adapted from Mutz et al.:*'""  B. Mutz, P. Sprenger, W. Wang, D. Wang, W. Kleist, J.-D. Grunwaldt,
"Operando Raman spectroscopy on CO, methanation over alumina-supported Ni, NisFe and NiRhg; catalysts: Role of carbon

formation as possible deactivation pathway", Appl. Catal. A 2018, 556, 160-171. Copyright © 2018 Published by Elsevier B.V.
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3.4 Spectroscopic studies

were packed in quartz glass capillaries (1.5 mm outer diameter, 0.01 mm wall
thickness).'®! The total gas flow was set to 20 mL min!, resulting in a
GHSV = 69800 h'!, which was higher compared to the experiments in the laboratory
reactor in section 3.3.3 due to the different reactor geometry. The WHSV of
6000 mLco2 gear' h! remained similar to the catalytic tests in the lab-scale reactor
(section 3.3.3). The gas mixtures and the sequences of the operando Raman experiments
are listed in Table 6. The denotation of the phases is in correlation with the experiments
performed in the lab-scale reactor to construct the link between the experiments. A

microelectric VICI Valco 4-way valve allowed fast switches of the gas atmospheres.

The laser beam for Raman spectroscopy was focused on the catalyst bed via
Renishaw’s video fibre optics probe (Figure 12) with a long distance objective with a
focal length of 70 mm. The laser spot size on the catalyst bed was approximately 70 um
in diameter. Raman spectra were recorded continuously at an effective laser power of
2mW with 60 s acquisition time per individual spectrum. The data treatment was

performed with WiRE 4.2 from Renishaw.

Table 6: Composition of the gas mixtures applied during the operando Raman spectroscopy experiments.
(reaction conditions: 370 °C, 1 bar, time on stream (TOS) 30 min each phase/modulation, except Phase
D: 510 °C, 60 min). Reproduced from Mutz et al.*'!! Copyright © 2018 Published by Elsevier B.V.

Spectroscopic microreactor Gas composition

Phase A 20% H2+5 % CO2/ He

Methanation of CO:2 containing CHs 20 % H> + 5 % CO24 % CH4/ He

Phase B 4 % CHa4 / He

Modulation 1 5% CO2/He < 4 % CH4/He
Modulation 2 20 % H>/He < 4 % CHa/He
Modulation 3 20% H2+5 % CO2/He <> 4 % CH4/ He
Phase C 20% H2 +5 % CO>/ He

Phase D 50 % Hz>/ He

Phase E 20% H2+5 % CO2/ He
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3 Experimental details

Figure 12: Image of the setup used for operando Raman spectroscopy experiments including a hot air
blower and quartz glass capillary (spectroscopic microreactor) connected to the gas dosing system (photo
taken by Paul Sprenger (ITCP, KIT)).
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4 Design and construction of a
laboratory setup

A continuous flow laboratory setup designed for catalyst screening and dynamic
reaction conditions in the methanation of CO> was planned and built-up. Fast online
analytics and a microelectric valve allowed the application and monitoring of the reaction
under dynamic reaction conditions. The spent catalysts were easily recoverable from the
reactor for characterization. This setup was applied for the catalytic tests described in the
chapters 6 to 9 (except the long-term test). The piping and instrumentation diagram
(P&ID) is shown in Figure 13 and a picture of the setup in operation is presented in Figure

14.

Legend
PR: Pressure reducer; MFC: Mass flow controller; CV: Check valve; RV: Relief valve; F: Filter; BPR: Back pressure regulator;
HGC: Micro gas chromatograph; MS: Mass spectrometer
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Figure 13: Piping and instrumentation diagram (P&ID) of the laboratory plant for the methanation of

CO..
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4 Design and construction of a laboratory setup

The gases N2, Hz, COz as well as CH4 and air can be dosed and adjusted by six
individual mass flow controllers (Bronkhorst, MFC F-01-06 in the P&ID). Expansion of
the model gas composition in the methanation of CO; is possible. Hz and N> are connected
to a VICI Valco microelectric 4-port 2-position valve and, thus, can be substituted with
each other to simulate fast H> dropouts during the reaction. An additional air pipe is
connected to the valve to oxidize the catalyst. To avoid mixing of H> and O, air can only
be fed to the reactor when Hy is absent from the stream by using the exhaust position of

the 4-way valve.

\

\

Figure 14: Picture of the laboratory setup for the methanation of COs,.

The gases are mixed and can be either fed into the reactor in down-flow position or
guided through the bypass to adjust the feed gas composition. The catalytic reaction is
performed in a stainless steel tubular fixed-bed reactor (L;=410mm; d,=3/8%,
di = 7 mm, Figure 15). The reactor is packed with catalyst particles with a grain size (dp)
of 300 — 450 pum which are diluted in SiC (Carborundum, VWR Chemicals) with a grain
size of 210 um as inert material to reduce local overheating effects from the exothermic
reaction (in combination with the dilution of the reaction gases with inert gas). In general,

the degree of catalyst dilution is 2 - 5 which should not result in an irregular distribution
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or channeling effects.[?*! Applying those conditions, a 5di-sized catalyst bed is obtained
(Figure 15). The bed length (Ly = 35 mm) is 80 — 120-fold larger than d,, which fulfills
the criteria Lv/d, > 50 to avoid axial dispersion of the reaction gases along the catalyst
bed.[??”] Radial concentration gradients and wall effects can be excluded since the ratio

of di/d, is 16 — 23 and fulfills the criteria di/d, > 10.[216:2262281

F&—— Quartz wool

Thermocouple (T-03)
&——— 500 pm SiC

Quartz wool

300 - 450 pm catalyst
diluted in 210 pm SiC

Quartz wool
500 pm SiC
Thermocouple (T-05)
Stainless steel mesh Quartz wool

Figure 15: Scheme of the packed tubular reactor used for the methanation of CO».

The different grain sizes of the catalyst material and SiC enable an easy recovery
of the catalyst by sieving for characterization of the used catalyst after the reaction. The
spare void of the reactor is filled with SiC (Carborundum, VRW Chemicals, 500 um) for
optimal gas mixing and to minimize the dead volume. The various packing zones are
separated with quartz wool. The temperature inside the reactor can be monitored with two
K-type thermocouples (T-03 and T-05 in the P&ID) placed in front and behind the

catalyst bed.

The reactor is heated by a custom-made split-tube oven (HTM Reetz, LK type

oven). The inner diameter of the oven is fitted to the outer reactor diameter and features
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4 Design and construction of a laboratory setup

a temperature constant zone of 50 mm within a heated length of 280 mm. The temperature
can be regulated by an Eurotherm 2416 PID controller and the thermocouple in front of
the catalyst bed inside the reactor (T-03). The oven temperature is monitored by an
additional thermocouple (T-04) in the middle of the oven. In parallel to the tubular fixed-
bed reactor, a stainless steel microreactor can be connected, which can be used for
operando XAS studies at elevated pressures. It is heated by an appropriate split furnace
regulated with a PMA — KS 20 temperature controller and a K-type thermocouple placed

in the wall of the reactor.

The pressure in the reactors can be adjusted by a back-pressure regulator
(Swagelok, KBP series). All pipes and instruments down-flow of the reactor outlet are
heated to 120 — 150 °C with heating wires (Horst) controlled by Horst HT 30 and HT 31
temperature controllers and K-type thermocouples (T-06 and T-09 in the P&ID) to avoid

water condensation.

Quantitative gas analysis can be performed using a micro gas chromatograph
(uGC). The gas compositions in the experiments can be analyzed using either a Thermo
Scientific C2V-200 uGC equipped with a molecular sieve (5 A) and a QS-BOND column
with He as carrier gas and a thermal conductivity detector (TCD) or an INFICON Fusion
uGC equipped with molecular sieve (5 A) and Q-BOND columns with Ar and He carrier
gas, respectively, and a TCD. Fast gas analysis in only 130 s was possible using the
INFICON uGC, which was crucial for experiments under dynamic reaction conditions.
In addition to the quantitative gas analysis via uGC real-time monitoring of the gas
composition is realized with a Pfeiffer Vacuum ThermoStar™ GSD 320 mass

spectrometer equipped with a quartz capillary and a C-SEM/Faraday detector.

Full remote control of the laboratory plant is possible. The position of the 4-way
valve and the temperature of the reactor can be controlled and recorded by LabView
programs. Temperature and pressure are recorded with an in-house built Data Logger and
a separate LabView program. Specifications of the laboratory setup are listed in Table 7.
Gas hourly space velocity (GHSV) concerning total gas flow and volume of the catalyst
bed and weight hourly space velocity (WHSV) concerning gas flow of CO2 and catalyst

mass were calculated according to (9) and (10), see section 3.3.
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Table 7: Specification of the laboratory setup designed for catalyst screening in the methanation of CO..

Temperature
Pressure

Gas flow (N2)
Gas flow (Ha)
Gas flow (CO»)
Gas flow (CHa)
Gas flow (Air)
Catalyst mass
GHSV

WHSV

Tested up to 550 °C (Tmax, oven: 1000 °C)

Up to 20 bar

10 - 500 mL min’!

8 - 400 mL min’!

2 - 100 mL min!

10 - 500 mL min’!

0.06 - 3 mL min’!

80 - 1000 mg

1000 - 40000 h!

120 - 75000 mLco2 gear' h!
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S Hydrogen dropout during the
methanation of carbon dioxide!

5.1 Introduction

One of the main challenges for the future electrical power supply from renewable
resources like wind and sunlight concerns the long-term storage of renewable energy to
balance its seasonal supply. However, considering the fluctuating supply of renewable
H, investigations under fast load changes with focus on the catalyst structure and its
behavior are required to get information about morphology changes of the Ni particles

and deactivation processes due to stress and strain of the catalyst.

The study in this chapter aims at the understanding of structural changes occurring
in the system when changing the hydrogen supply. Such studies need to be conducted
under operando conditions!!33-18¢! since Ni is known to be very prone to oxidation even
at room temperature. Moreover, supported nanoparticles are known to be very dynamic
(e.g. Refs38165-1671) In this chapter, we thus give a first insight into structural changes
that occur when a commercial Ni-based catalyst is exposed to changing reaction
atmospheres using operando XAS and to demonstrate the importance of such studies for

catalysts under dynamic reaction atmospheres.

5.2  Catalyst characteristics

The commercial catalyst consisted of 23 wt.% Ni on Al>O3, promoted with 5 wt.%
CaO and exhibited a specific surface area of 170 m* g'!. The XRD pattern (Figure 16) of
the calcined sample showed reflections of NiO planes at 2@ = 37.3° (111), 43.3° (200),

! The text and figures of this chapter are taken from Mutz et al.:*'”) B. Mutz, H. W. P. Carvalho, S. Mangold, W. Kleist, J.-
D. Grunwaldt, "Methanation of CO,: Structural response of a Ni-based catalyst under fluctuating reaction conditions unraveled by

operando spectroscopy", J. Catal. 2015, 327, 48-53. Copyright © 2015 Published by Elsevier Inc.
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5 Hydrogen dropout during the methanation of carbon dioxide

62.9° (220), and 75.4° (311). Using the Scherrer equation and the reflection of the (200)
plane a crystallite size of 9 nm was estimated. Reduction tests at different temperatures
revealed a full reduction of the catalyst at 450 °C (5 K min™!) in 50 % Hx/N; for 2 h
(afterwards cooled in N2). New reflections of metallic Ni at 20 =44.5° (111), 51.9° (200)
and 76.4° (220) were observed. The isolated Ni reflection at 51.9° was used for estimation

of the crystallite size resulting in a size of about 8 nm.

NiO NiO Ni Ni NiO NiO Ni

CO, 400°C

Methanation 400°C
Mw \.—-A..——n—-/\..—-..—-—-/\..-

Reduced 450°C
.-——t—y-—h-;—/\-—/

Calcined 500°C ] y / JIl
20 25 30 35 40 45 50 55 60 65 70 75 80
20 [°]

Intensity [a.u.]

{
f

Figure 16: XRD pattern of the commercial 23 wt.% Ni/CaO-Al>Oj catalyst at different conditions:
calcined (black, 500 °C, 5 K min’!, 4 h in air), reduced (red, 450 °C, 5 K min™!, 2 h in 50 % H/N»), after
the methanation of CO, (green, 400 °C, 1 h, Ho/CO, =4, 40 % N) and treated in CO, (grey, 400 °C, 3 h,
17 % CO»/Ny); the latter two experiments each after reduction. Unmarked reflexes belong to CaCO3 (20
=29.4° and 39.4°), CaO (20 = 37.4°) and Al,O3 (20 = 33.2° and 67.3°). Crystallite size was estimated
using the Scherrer equation (reduced sample: Ni (111) at 20 = 44,5°) and Ni (200) at 20 = 51.9° result in
8 nm; sample after methanation: FWHM of Ni (200) results in 9 nm). Reproduced from Mutz et al.'>'!
Copyright © 2015, with permission from Elsevier.

The XRD pattern of a catalyst after the methanation reaction (400 °C, 1 h, cooled
in N2) revealed only a negligible increase of the crystallite size (9 nm, (200) plane) and a
partial oxidation to NiO indicated by the shoulder in the NiO region at 43.3°. Also Du et
al.'®" observed for a Ni/MCM-41 catalyst that the particle size remained rather similar

even after harsh reaction conditions and that Ni was slightly oxidized. Moreover, Bando
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5.2 Catalyst characteristics

et al [205,206]

showed that Rh particles were very dynamic during methanation.
Furthermore, no reflections due to crystalline phases of NiC or NizC were observed in the
XRD patterns, which is in line with Ocampo et al.'®?! and with the fact that the presence
of CO2 and the formed water prevent carbon/carbide formation. Also NiCO3; was not
observed by X-ray diffraction analysis. The other unmarked signals in Figure 16 can be
assigned to CaCO3 (20 =29.4° and 39.4°), CaO (20 =37.4°) and AlO3 (20 = 33.2° and
67.3°). CaCOs is present after calcination at 500 °C and is converted to CaO during H»
treatment. After introducing CO», CaCO3 is formed again. Especially after CO; treatment
of the catalyst, CaO is converted completely to CaCOs. The small signal around 37° after
methanation could be either CaO or NiO. The Al>O3 support did not change at any

conditions, so the reflexes at 33.2° and 67.3° are present in all diffractograms.
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Figure 17: STEM-HAADF image of the reduced commercial 23 wt.% Ni/CaO-Al,Os catalyst and Ni
particle size distribution after fitting 1185 particles assuming an ellipsoidal shape of the particles. Bright
regions are related to Ni particles, identified with EDX. C and Cu signals belong to the TEM grid.
Reproduced from Mutz et al.'1 Copyright © 2015, with permission from Elsevier.

For further information on the Ni particle size and distribution STEM images in
HAADF mode were recorded (Figure 17), which revealed a rather low and

inhomogeneous dispersion of Ni on the support. The images were evaluated redrawing
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5 Hydrogen dropout during the methanation of carbon dioxide

and admeasuring 1185 Ni particles to get a representative statistical size distribution. The
results showed a broad particle size distribution (2 — 20 nm) and an average particle size
of 8 £ 4 nm. The dispersion of the Ni particles was calculated to ca. 9 % implying a high
fraction of bulk nickel. Ca-species were homogeneously distributed over the support as

unraveled by EDX.

5.3 Catalytic activity

The catalytic activity was tested in the temperature range 200 —500 °C by
analyzing the gas phase composition for 30 min at each temperature. The results are

summarized in Figure 18.
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Figure 18: Methanation of CO; using a commercial 23 wt.% Ni/CaO-Al,O3 catalyst (50 mg) at

T =200 — 500 °C performed in a stainless steel microreactor (H»/CO; =4 in 40 % N,

WHSYV = 6000 mLcoz gear! h'! GHSV = 15000 h™!). Reproduced from Mutz et al.?'*! Copyright © 2015,
with permission from Elsevier.

High selectivity towards CHs4 was achieved and beside CO no other carbon
containing byproducts, like ethane, butane or methanol, were detected. Since the

equations (15) and (16) provided the same results we assume there was no carbon loss

52



5.4 Ex situ XAS evaluation

during the reaction. The catalyst was already active at 200 °C converting 1 % CO: into
CH4. Conversion of CO; increased constantly with rising temperature to a maximum
value of 81 % at 400 °C resulting in a CH4 yield of 80 % and a selectivity of 99 %. Further
increase of the temperature to 500 °C resulted in higher CO yields due to the endothermic
reverse water gas shift reaction which is favored at these temperatures.'>*! The TOF was
calculated considering the surface Ni atoms estimated by the 9 % dispersion calculated
from the STEM evaluation and amounted to 0.02 s™' at 250 °C (9 % CO» conversion with
> 99 % selectivity towards CH4). This rate is comparable to the TOFs reported in

literature,1®1-??°! even though lower temperatures have been applied in the present study.

5.4 Ex situ XAS evaluation

Catalysts in calcined and pre-reduced (fully reduced, exposed to air for about 3
days) state were studied ex situ by XAS for structural investigations of the Ni particles.
The amplitude of Fourier transformed EXAFS was similar to the bulk NiO for the
calcined catalyst (Figure 19). Likewise, distances and number of neighbors (see Table S
1 in the Appendix for the results of the EXAFS analysis) were equal to those obtained for
bulk NiO. However, the larger refined o? suggested that the mean square deviation of the
bond lengths were slightly larger for the calcined catalyst than for the bulk NiO, which
might be a result of the smaller particle size. Linear combination analysis of the XANES
spectrum of the pre-reduced catalyst (Figure 20) showed that it was partially oxidized
after air exposure (preparation of the pellets) resulting in a mixture of 35 % NiO and 65 %
metallic Ni. The ex situ EXAFS data showed a lower coordination number for the first Ni
coordination shell than reported for bulk materials (Table S 1). Nevertheless, the EXAFS
signal is an average of all Ni absorbers and therefore the coordination number for the pre-

reduced pellet must be corrected.
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Figure 19: k*>-weigthed Fourier transformed EXAFS spectra of the calcined catalyst (black) measured ex
situ as pressed pellets and a NiO reference sample (red). Reproduced from Mutz et al.*'”! Copyright ©
2015, with permission from Elsevier.
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Figure 20: XANES spectra of the pre-reduced catalyst in black, metallic Ni (green) and NiO (purple)
references. Additionally, the result of the linear combination analysis (red) and the fit residual (blue) is
shown. Reproduced from Mutz et al.?'"! Copyright © 2015, with permission from Elsevier.

In summary, XANES and EXAFS indicated a mixture of remaining metallic Ni and
newly formed NiO phases after air exposure. Moreover, the spectra demonstrated that the
catalyst can undergo changes when it is removed from the reactor. Hence, realistic
information on the catalyst structure under dynamic working conditions can only be

gained using operando spectroscopy.!!83-18¢]
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5.5 Operando XAS studies

5.5 Operando XAS studies

Figure 21 presents the fraction of the reduced Ni determined by LCA of the XANES
spectra (shown in Figure 22 a)) and the formation of CH4, both recorded under operando
conditions. The pre-reduced catalyst (65 % Ni, 35 % NiO) was activated by treatment in
a 15 % Hy/He stream at 500 °C (10 K min™") for 30 min (step 1 in Figure 21). Reduced Ni
was identified by decreasing white line and increasing pre-edge peak in Figure
22 a).1723% The EXAFS spectrum (Figure 22 b)) recorded in reducing atmosphere after
cooling to room temperature showed that the oxide phase was completely reduced and
the coordination number for Ni in the first shell increased to 8 + 1 atoms (details in the

Appendix, Table S 1).

After the activation (still at room temperature) the reaction atmosphere was
switched to 15 % Hz, 3.8 % CO2 / He (H2/CO2=4) and heated again to 400 °C
(10 K min!; step 2 in Figure 21). At lower temperatures, a slight oxidation occurred on
the Ni surface. Similar to the results in Figure 18, CH4 formation started around 250 °C
during the operando spectroscopic measurements. As the temperature increased the
catalyst became again fully reduced and remained in this state while producing CH4 at
400 °C (conditioned during ca. 50 min). During the first methanation cycle the
coordination number was slightly decreased compared to the freshly reduced catalyst,
probably due to adsorption or incorporation of oxygen. However, the contribution of
oxygen in the EXAFS was too small to be analyzed. Although oxygen containing species
might be adsorbed during the reaction, these processes might be too dynamic and too fast
to monitor with XAS in this experiment. Considering further compounds such as NiCO3
to the data treatment, no improvement of the fits were achieved and bulk carbonates can
therefore be ruled out as possible component formed during the experiment (details see
Appendix). This does not exclude the formation of surface carbonates. Carbon deposition
and the formation of Ni carbides was not considered due to studies in literature>*3!
reporting that this is negligible for the methanation of COs. To finally rule out the
formation of Ni carbides, we simulated corresponding spectra and performed linear
combination fits and target transformations which did not give any indication of such a
phase. Finally, principle component analysis indicated that mainly two components are

present in the partly oxidized samples (details see Appendix).
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Figure 21: Operando XAS experiment during methanation of CO; over pre-reduced 23 wt.% Ni/CaO-
Al,Os3 catalyst (100 — 200 um sieved fraction, diluted with 2x y-Al,O3) conducted in a quartz glass
capillary with on-line gas analysis under changing reaction conditions. The plot shows the fraction of
metallic Ni from linear combination analysis of the XANES spectra, the temperature and the MS signal of
the produced CH4. The particular reaction atmospheres are shaded accordingly. Step 1 (H»): complete
reduction of the pre-reduced catalyst at 500 °C under 15 % Hy/He (60 mL min’!, GHSV = 480000 h'!)
followed by cooling to room temperature. Step 2 (H2 + CO»): addition of CO,, heating to 400 °C

(10 K min!) and holding the temperature for ca. 50 min. Step 3 (CO,): switching to 3.8 % CO»/He and
holding for ca. 50 min. Step 4 (H> + CO): adding again H» and holding for ca. 50 min. Reproduced from
Mutz et al.'>'”! Copyright © 2015, with permission from Elsevier.

Removal of H> from the gas stream (step 3 in Figure 21) resulted in an immediate
termination of the CH4 formation, which was also reported by Aldana et al.'*, due to the
poor H» storage capacity of the catalyst (full MS data is shown in Figure S 2 in the
Appendix). Additionally, XANES data proved a fast oxidation (54 % oxidized fraction)
in the less reducing atmosphere which might be caused by CO: or traces of oxygen or
water in the system, respectively. Note that the used CO> had a background of O.. In the
following 50 min, the oxidation continued slowly reaching 70 % of NiO, probably due to
diffusion of oxygen into the core of the particles. The EXAFS refined Ni-O coordination
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number agreed with the fraction of oxidized Ni determined by XANES. Additionally, the
bond length was close to that determined for the NiO reference, therefore hinting at the
formation of a NiO-like phase. Obviously, oxidation of Ni occurred after removal of H»
from the gas stream. The dynamic change of the gas composition under reaction
conditions leads to a significantly higher fraction of oxidized Ni than the oxidation under
ambient conditions (35 % oxidation, see section 5.4). The corrected coordination number
for the metallic Ni phase decreased to 5 + 2, whereas the Ni-Ni bond length increased by
0.05 A compared to the freshly reduced catalyst. Further analysis and comparison is given

in the Appendix (Figure S 3 b), Table S 1 and Figure S 4).
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Figure 22: a) Evolution of the Ni K-absorption edge in the XANES spectra and b) corresponding Fourier
transformed EXAFS spectra of Ni traced under dynamic atmospheric conditions. The XANES threshold
intensity and position was used to evaluate the oxidation state of Ni. The main peak in the EXAFS around
2A corresponds to the Ni-Ni first coordination shell of metallic Ni phase, whereas the two mains peaks at
1.5Aand2.5A (in CO,) are associated to the first (Ni-O) and second (Ni-Ni) coordination shell of a
NiO-like phase, respectively. Reproduced from Mutz et al.*'”! Copyright © 2015, with permission from
Elsevier.

When H> was again added to the gas stream (step 4 in Figure 21), CH4 formation
resumed instantaneously and the reduced fraction increased abruptly, reaching 94 % of
metallic Ni within 20 min after switching the reaction atmosphere. Although the gas
analysis proved a high CHy4 yield in the second methanation cycle, the value did not reach
the same level as in the first methanation step. Whereas the Fourier transformed EXAFS
spectra looked similar (Figure 22 b)) (also EXAFS analysis, see Figure S 4), the XANES
spectra remained different with a slightly higher whiteline (Figure 22 a)) in line with the
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6 % fraction oxidized Ni found by LCA. Furthermore, the formation of CH4 seems to
decrease gradually as a function of time which is explained in literature by sintering.®*!
However, no significant change in this regard was observed here (Figure S 4). Hence,
dropout of H> in the methanation reaction seems to provoke catalyst oxidation under
dynamic conditions, thus requiring an efficient reactivation step to reach the initial value

of the CHj4 yield in the second cycle.

5.6 Conclusions

In this chapter, the methanation of CO> was studied under both steady state and
dynamic reaction conditions using a commercial Ni-based catalyst for a fist attempt. At
400 °C the methanation reaction reached 81 % COz conversion and a selectivity of 99 %
towards CHs, which is — as well as the obtained TOF of 0.02 s™! at 250 °C — comparable
to other Ni-based catalysts reported in literature. XRD analysis as well as EXAFS
evaluation revealed only a negligible increase of the Ni particle size. However, strong
structural changes were found for this standard catalyst under dynamic reaction
conditions. Operando XAS showed that a fast bulk-like oxidation of the Ni particles
occurred immediately after removal of H; from the gas stream. In the following

CH, methanation step a lower
CO,/H,

” 100 % Ni % 100 % Ni Qz catalytic ~ performance
activated high activity M 30 % Ni

was observed due to

70 % NiO
] H, P e residuals  of  partly
/ 94 % Ni CO;/H, 4. T .
% 6% NiO oxidized Ni, indicating
deactivated ..
that an efficient

Scheme 1: Illustration of the oxidation/reduction effects of the Ni
particles occurred under dynamic conditions. Reproduced from Mutz et
al.?"! Copyright © 2015, with permission from Elsevier. necessary after a H,

reactivation  step  is

dropout to return to the initial activity. These results are important for methanation
applications operated in industrially scale, where the fluctuating supply of renewable H>
has to be considered. Consequently, oxidation of the catalyst has to be prevented or

efficient reactivation procedures need to be developed. Further investigations of the bulk-
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like oxidation are required with next generation catalysts and using highly time-resolved
operando techniques to monitor the mechanistic steps of deactivation. These first results
on Ni catalysts on methanation reactions under changing reaction atmosphere
demonstrate that catalysts need to be studied under dynamic conditions in heterogeneous
catalysis, that have received reasonable attention for the storage of electrical energy under

fluctuating conditions.
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6 Effect of repetitive hydrogen
interruptions and reactivation!

6.1 Introduction

The methanation of CO> to produce a chemical energy carrier needs to withstand
fluctuations in the H» feed, which is produced by water splitting using renewable energies
from wind and sunlight. In the previous chapter operando XAS was used to investigate
the catalyst’s response during a H> dropout in the methanation of technical CO». It was
observed that a fast bulk oxidation of the Ni particles occurred after removal of H> from
the feed gas.!?!”! In this work we present an extended experiment on the basis of the results
from chapter 5 revealing the effects of cycling and a reactivation step on the catalyst. For
a more detailed insight into the structural changes of the catalyst, the preparation of a
model catalyst was developed and optimized to obtain uniformly sized Ni particles.
Inbound characterization using XRD, STEM, XAS and H>-TPR as well as the test of the
catalytic performance in a newly designed laboratory setup show the capability of the
catalyst for the structural investigations under dynamic reaction conditions with operando

XAS.

! The text and figures of the sections 6.2 and 6.3 are taken from Mutz et al.:*>! B. Mutz, A. M. Ginzler, M. Nachtegaal, O.
Miiller, R. Frahm, W. Kleist, J.-D. Grunwaldt, "Surface Oxidation of Supported Ni Particles and Its Impact on the Catalytic
Performance during Dynamically Operated Methanation of CO,", Catalysts 2017, 7, 279. Available under the terms and conditions
of the Creative Commons Attribution 4.0 license (CC BY 4.0, http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

The text and figures of section 6.4 are taken from Mutz et al.:*"! B. Mutz, H. W. P. Carvalho, W. Kleist, J.-D. Grunwaldt,
"Dynamic transformation of small Ni particles during methanation of CO, under fluctuating reaction conditions monitored by
operando X-ray absorption spectroscopy", J. Phys.: Conf. Ser. 2016, 712, 012050. Available under the terms of the Creative
Commons Attribution 3.0 license (CC BY 3.0, https://creativecommons.org/licenses/by/3.0/), Copyright © 2016.
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6 Effect of repetitive hydrogen interruptions and reactivation

6.2 Catalyst characterization

A catalyst featuring uniform and rather small Ni particles was essential to determine
the structural changes of the Ni particles during dynamically operated methanation.
Homogeneous deposition-precipitation?*’2%! method was chosen to obtain a Ni/Al>O3
catalyst with these properties. Elemental analysis using ICP-OES confirmed a catalyst
loading of 10 wt.% Ni/Al,Os. The specific surface area of the catalyst was 200 m? g! and
the mean pore diameter was 11 nm. XRD was not suitable to analyze the catalyst, since
the Ni and NiO reflections were either superimposed by the signals of the support, the

particles were too small to create reflections or the phases were X-ray amorphous,

respectively (Figure 23).

NiO NiO Ni Ni NiO Ni

10 wt.% Ni/AL,O,

reduced / \\//
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Figure 23: XRD patterns of the y-Al,Os support (grey) calcined at 600 °C (4 h, 5 K min™), the 10 wt. %
Ni/AlO; catalyst (red) prepared by deposition-precipitation and calcined at 500 °C (4 h, 5 K min™') in
static air and the catalyst in the reduced state (blue) after treatment in 50 % H2/N» flow at 500 °C (2 h,

5 K min!) measured ex sifu Reproduced from Mutz et al.!??3! under the terms and conditions of CC BY
4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

As shown in Figure 24, electron microscopy revealed a homogeneous dispersion of
the particles on the support resulting in small Ni particles with a diameter of 3.7 £ 1.2 nm,

a narrow size distribution and a Ni dispersion of 21 %. These values are comparable with
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those reported in literature for supported Ni catalysts that were prepared using the same

preparation technique.[232233!

500 Counts: 965
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Figure 24: STEM-HAADF images and particle size distribution (top left) of the 10 wt.% Ni/Al,O3
catalyst prepared by homogeneous deposition-precipitation Reproduced from Mutz et al.?**! under the
terms and conditions of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright ©

2017.
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Figure 25: H,-TPR profile of the 10 wt.% Ni/Al,Oj3 catalyst using 10 % Ho/Ar (50 mL min™!, 100 mg
sample), ramp rate 10 K min™'. Reproduced from Mutz et al.!*** under the terms and conditions of CC BY

4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

Additionally, TPR experiments show H> consumption in a small temperature range

(peak maximum at 565 °C, see Figure 25) confirming the uniform particle size and the
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6 Effect of repetitive hydrogen interruptions and reactivation

absence of agglomerates or larger particles. Furthermore, the Ni particles were reduced
at lower temperature compared to other Ni/Al,O;3 catalysts reported in literature (peak
maxima between 680 — 800 °Cl6023423]) " \which suggests a weaker metal-support

interaction in the catalyst prepared in this study due to the synthesis method.

6.3 Catalytic performance

The catalyst was applied in the methanation of CO; and showed high conversion
and selectivity with CO being the only by-product (Figure 26). The results of eq (15) and
(16) from the experimental section obtained similar values for the conversion of X(CO»)
and X’(CO.), which excludes the formation of other products in significant amounts. In
Figure 26 the values obtained from eq (15) are shown. The formation of CHg4 started
between 200 and 250 °C and the conversion of CO> increased with rising temperature
reaching the highest value of 69 % at 400 °C at a maximum selectivity towards CH4 of
95 %. The results are comparable with reports in the literature using Ni/Al,O3 catalysts

treated under related reaction conditions.[ 03143
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Figure 26: Conversion of CO; (black), yield of CHy (red) and yield of CO (blue) as well as selectivity of
CHy4 (green) for the 10 wt.% Ni/Al>Os catalyst; conditions: stainless steel tubular fixed-bed reactor,

150 mg catalyst, Hy/CO, = 4 diluted in 75 % Na, p = 1 atm, T = 200 — 450 °C, GHSV = 26700 h™!' and
WHSV = 12000 mLcoz gea! h!). Reproduced from Mutz et al.”??*! under the terms and conditions of CC
BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.
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The TOF at 250 °C was calculated as 0.02 s or as 0.08 s™! at 300 °C. The reported
TOFs for Ni/Al,O; methanation catalysts reported in literature cover a broad range
between 0.69 1.5 0.10 571,11 0.041 - 0.097 1,11 and 0.5:103 —2.4-1073 s71.12] The
achieved TOFs correspond to typical dimensions, however, it is difficult to compare the
results due to the diverse reaction conditions applied in these studies. In conclusion, the
catalyst used in this study can be regarded as a representative methanation catalyst, which
is well suited for our experiments to evaluate the effects of fluctuating reaction conditions

on the structure of the active component and their impact on the catalyst activity.

6.4 Operando XAS studies

Figure 27 visualizes the results of the operando XAS experiment which was performed
based on the earlier studies in chapter 5.12!”! The corresponding XANES spectra in each
atmosphere at 400 °C can be seen in Figure 28. A pre-reduced catalyst was activated in
15 % Hy/He at an oven temperature of 500 °C (10 K min™!, temperature 460-470 °C
measured with a thermocouple at the location of the capillary) for about 40 min.
Obviously, the catalyst was not fully reduced which might be due to the strong interaction
of the small Ni particles with the Al>O3 support and the low H> concentration used for the
activation. On the other hand, no NiAl>O4 spinel species could be identified in LCA. As
reduced Ni reference the XANES spectrum of the reduced commercial catalyst from
chapter 5 was used. The commercial catalyst exhibits larger Ni particles which makes the
XANES spectrum look more like bulk Ni, whereas reduced Ni nanoparticles on an oxidic
support do not differ from bulk Ni. The capillary was cooled to room temperature to

receive a spectrum of the reduced catalyst in good quality as reference.

Afterwards the gas atmosphere was switched to methanation conditions (H2/CO; = 4,
diluted in 81 % He) and the reactor was heated to 400 °C (10 K min’!, real temperature
350 - 360 °C). Even at room temperature the catalyst was oxidized to some extent but
was reduced again when the production of CHg started at about 200 °C. 80 % of the Ni
nanoparticles remained in the reduced state during the 40 min methanation period at

400 °C. After removing H> from the gas stream 75 % of the Ni fraction were immediately
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oxidized in the less reducing atmosphere and the formation of CH4 stopped as well in the

absence of H».
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Figure 27: Operando XAS experiment for the methanation of CO; using the 10 wt.% Ni/Al,O3 catalyst at
ANKA synchrotron Karlsruhe. The fraction of reduced Ni was calculated with linear combination
analysis of the XANES spectra. Reproduced from Mutz et al.!**!! under the terms and conditions of CC
BY 3.0 license (https://creativecommons.org/licenses/by/3.0/), Copyright © 2016.

After another 40 min, H> was introduced again to restore the previous methanation
conditions. In the first few minutes Ni was reduced fast and afterwards more slowly
resulting in about 50 % metallic Ni. The oxidation of the catalyst during the next switch
to the less reducing atmosphere took longer than during the first switch. In the third and
fourth methanation cycle a behavior similar to the second cycle was observed which

means that the fast reduction in the first few minutes was decelerating over time.

Overall, the maximum percentage of metallic Ni decreased with the number of cycles
and also the produced amount of CH4 decreased slightly. The first H> dropout caused a

faster oxidation than the following cycles which might be due to oxygen contamination
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in the system. Therefore, a deep bulk oxidation occurred which was not fully reversible
under methanation atmosphere. In the following cycles dynamic oxidation and reduction

of the Ni particles with a small but continuous deactivation was observed.
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Figure 28: Normalized XANES spectra at 400 °C for each atmosphere according to Figure 27 as well as
the reference spectra used for the LCA. Reproduced from Mutz et al.”?3!! under the terms and conditions
of CC BY 3.0 license (https://creativecommons.org/licenses/by/3.0/), Copyright © 2016.

Figure 29 shows the development of each Ni phase (Ni, NiO and NiCO3) during the
experiment calculated from LCA. After exposure to air the pre-reduced catalyst showed
a N1 and NiO phase as well as NiCOs. During the reduction in Hz, NiO and NiCO3 phases
were reduced. During the methanation of COz, only traces of NiCO3 were present in the
catalyst. Removal of H> from the feed gas always led to the formation of NiO in the first
step and its subsequent conversion into NiCOs3 (best seen in CO; cycle 2 and 3). In the
following methanation atmosphere first a fast reduction of NiCO3 occurred followed by
a delayed slower reduction of NiO to metallic Ni. Roughly 30 % of each oxidized
compound remained on the catalyst during the methanation sequences after the first H>

dropout.

As a result of the Ni oxidation during H> dropout a reactivation step was performed at

the end of the experiment recovering the same fraction of reduced Ni (78 % at room
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temperature, see Figure 27) as after the activation in the beginning. As depicted in Figure
29 bulk NiO and NiCOs could only be reduced in a reactivation step flushing the reactor
with Hz at 500 °C. A reactivation step with higher H> concentrations might be even more

effective.
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Figure 29. Fraction of Ni, NiO and NiCOj references derived from LCA evolving during the operando
XAS experiment. Reproduced from Mutz et al.””3!! under the terms and conditions of CC BY 3.0 license
(https://creativecommons.org/licenses/by/3.0/), Copyright © 2016.

Comparing the EXAFS spectra of the activated catalyst and the catalyst after the
reactivation step at room temperature (Figure 30), no significant changes could be
observed. Therefore, it can be concluded that the size of the particles did not change
during this short experiment. Performing the experiment four times in a row with the
same catalyst sample, the Ni particle grew slightly to a mean diameter of 5.2 £ 1.2 nm
(Figure 31) as determined from STEM images and the dispersion decreased to 14 %.
Lovell et al.l'® reported a re-dispersion effect of Ni/SiO» catalysts derived from

reduction/oxidation/reduction pre-treatments, which could also have happened during our
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experiments. Consequently, quick scanning EXAFS studies are necessary to receive

additional structural data of the Ni catalyst during dynamic reaction conditions.

FT k*¢(R) [a.u.]

—— Ni/ALO, activated
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Figure 30: Magnitude of Fourier transformed k3-weighted EXAFS spectra of the NiO reference (calcined
catalyst), the 10 wt.% Ni/Al>Os3 catalyst after reduction and reactivation recorded at room temperature.
Reproduced from Mutz et al.'>>! under the terms and conditions of CC BY 3.0 license
(https://creativecommons.org/licenses/by/3.0/), Copyright © 2016.

Il Fresh [ Spent

| I

4 5 6 7 8 9 10
Particle size [nm]

2 3

Figure 31: Results of the STEM images taken on the spent 10 wt.% Ni/Al,O3 catalyst sample compared
to data of the fresh sample from Figure 24.
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6.5 Conclusions

A 10 wt.% Ni/Al2Os3 catalyst with an average Ni particle size of 4 nm and a narrow
size distribution as well as a high metal dispersion of 21 % was prepared and applied for
the methanation of CO». The catalyst shows high activity at 400 °C, converting 69 % of
CO: to CHy with a selectivity of 95 %. Both uniform Ni particles and high catalytic
performance represent optimal properties for structural investigations under dynamic

reaction conditions.

Fast phase transformations between metallic Ni, NiO and NiCOs were observed
under changing reaction atmospheres using operando X-ray absorption spectroscopy.
Removing H» from the feed gas and, thus, simulating a H, dropout during the methanation
reaction of technical CO> led to oxidation of the active sites to NiO and NiCOz. After
adding H> to restore methanation conditions (H2/CO; = 4), NiCOs3 was first converted to

NiO which was then reduced to metallic Ni. However, the initial fraction of reduced Ni

could not be recovered. This was CH, O Ni
H HO0 @ Nio
only possible with an effective % 7/ Hadropout @ Nico,

. . . CO, ‘ /%
reactivation step applying H» at 2N\ »/ Lower activity due to oxidation of Ni

increased temperatures Fligh activity
(500 °C). Furthermore, a slight Periodic

: : rEef;i(t:it\i/::ion Hz dropout
but steady deactivation of the in H, %

catalyst was observed over Continuous oxidation and deactivation

several cycles. This experiment Scheme 2: Illustration of the phase transformations of the Ni
) _ particles during the methanation of CO; under dynamic reaction
illustrates that operando XAS is conditions.

a powerful tool to analyze catalysts under working conditions and to monitor changes of
the active centers. This is crucial for a better understanding of the catalytic processes and
the reasons for deactivation, especially in the methanation of CO; under dynamic reaction

conditions.

70



7 High fluctuations in the supply of
renewable hydrogen'

7.1 Introduction

The studies in the previous chapters have shown that during the dynamic
methanation of technical CO; a fast partial oxidation of Ni-based catalysts occurred in a
less reducing atmosphere after a H> dropout, which caused a deactivation in the following
methanation sequence due to the presence of inactive NiO on the metallic catalyst
(chapter 5).12!°! Further deactivation occurred over cycles but the initial catalytic activity
was recovered using reactivation in H, at elevated temperatures (chapter 6).23!1 In
general, interruptions in the H> feed must be prevented, since otherwise reactivation is
required to retrieve high catalytic performance. Hence, methanation reactors have to be
kept under reducing atmosphere during stand-by operation.**! Based on these
considerations, highly time-resolved operando XAS experiments were performed to gain
a better insight into the kinetics and mechanisms of the redox processes and to evaluate
the sensitivity of the catalyst towards deactivation. Furthermore, experiments including
fast switches of the gas atmospheres have been performed to obtain insights into blocking

of active sites under fast load changes.

7.2  Quick-EXAFS experiments

The operando QEXAFS experiments were executed in cooperation with Andreas
Ginzler (ITCP, KIT) who was responsible for the recording of the QEXAFS spectra and

their evaluation. These studies were performed to gather information on the oxidation

! The text and figures this chapter are taken from Mutz et al.:** B. Mutz, A. M. Génzler, M. Nachtegaal, O. Miiller, R.
Frahm, W. Kleist, J.-D. Grunwaldt, "Surface Oxidation of Supported Ni Particles and Its Impact on the Catalytic Performance
during Dynamically Operated Methanation of CO,", Catalysts 2017, 7, 279. Available under the terms and conditions of the
Creative Commons Attribution 4.0 license (CC BY 4.0, http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.
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state and the atomic structure of nickel during methanation conditions and, especially,
during short periods of hydrogen dropouts. In previous studies, we observed a significant
oxidation of nickel particles, when H, was withdrawn from the reaction feed, leading to
lower catalytic activity during the subsequent methanation cycle.?!>23! In those studies,
however, the hydrogen feed was interrupted for long periods of time (approx. 1 h) since
conventional XAS methods were used, which require relatively long acquisition times
per spectrum (approx. 5 min). Therefore, in the present study we applied the fast quick-
scanning EXAFS technique!***?*"! to obtain data even in the sub-second regime for

studying the impact of short hydrogen dropouts (30 — 300 s).

The methanation of technical CO; containing traces of oxygen and the simulation
of the H> dropouts were performed at 400 °C (highest conversion and selectivity, compare
Figure 26 in section 6.3) and the same WHSV applied in the activity measurements.
Before each experiment, the catalyst was reduced in 50 % Hz/He at 500 °C. To simulate
a short dropout of H», caused for example by fluctuations in the hydrogen feed or by an
unexpected change of the operation mode, hydrogen was switched on and off. The results

of the experiment are presented in Figure 32.

First, the fully reduced catalyst was exposed to methanation conditions (Hz/
CO2=4,75 % He). After several minutes of operation and a stable MS signal of methane,
the catalyst was subjected to a period of fluctuating H> feed for 15 min. During this
modulation the feed was switched every 30 s between 5 % CO»/He and methanation
conditions (H»/CO> =4). Finally, the catalyst was again exposed to steady state
methanation conditions. The applied feed composition expressed as the signal of the valve
position is depicted in the upper part of Figure 32. The product gas was monitored during
the entire experiment, all analyzed components are shown in the Appendix (Figure S 18).
The methane production was monitored by mass spectrometry (m/z 15) and the resulting
signal is presented in the middle part of Figure 32. Throughout the experiment, X-ray
absorption spectra were recorded with an acquisition rate of 44 spectras™'. XANES
spectra (exemplary sequence see Figure 33) were evaluated with LCA (details see
Appendix) to monitor the Ni oxidation state during transient conditions. The results are

plotted in the bottom part of Figure 32.
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Figure 32: Methanation of CO, during dynamic operation switching every 30 s between methanation
conditions (Ho/CO» = 4) and CO, at constant WHSV of 12000 mLcoz e h!) and GHSV of 71700 h'.
The figure shows the valve signal in the upper part (black), the CHy4 signal of the MS (m/z 15) in the
middle part (green) and the fraction of reduced (blue) and oxidized (red) Ni from LCA of the XANES
spectra. The numbers in circles count the Hy dropouts. Reproduced from Mutz et al.?*>! under the terms
and conditions of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

The Ni particles were reduced during the methanation of CO> (H2/CO; = 4) and an
intense signal assigned to methane was observed in the mass spectrometer data. Short H»
cut-offs, however, strongly affected the catalyst and its activity. As H, was switched back
on the stream after a 30 s period of a less reducing atmosphere without Hz (0 — 0.5 min),
a slightly decreased methane signal was observed. The methane production decreased
further with each H> dropout. However, no significant change of the Ni oxidation state
was monitored during the first 5 min of the experiment. During the sixth H» free period
(after 5.5 min) a first slight oxidation of Ni to a fraction of 6 % was observed, which was
still accounted to be negligible. Fast and significant oxidation of Ni during the seventh
H: dropout (at 6 - 6.5 min) was observed by XAS, indicated by the increasing intensity
of the white line. As discussed later in this chapter, the oxidation of Ni in the absence of
H> was caused by the traces of oxygen present in the technical CO». The oxidation stopped

at 29 % oxidized Ni according to LCA when H> was switched back to the feed at 6.5 min.
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Even though the catalyst was exposed to the H> containing atmosphere for 30 s (at
6.5 — 7 min), it did not regain its initial state and 9 % of the Ni atoms remained oxidized.
The percentage of oxidized Ni species increased steadily during the subsequent
modulation until the 12 H dropout, during which approximately 65 % of the Ni atoms
were oxidized. In the following oxidation and reduction events (between 11 and 15 min)
a marginal but no significant increase in the percentage of oxidized Ni was observed and
the fraction of oxidized Ni remained at a constant level altering between 65 % and 50 %
over cycles. Nevertheless, the deactivation of the catalyst continued steadily as shown by

the decreasing MS signal of methane.

Figure 33: Section of the XANES spectra of the 10 wt.% Ni/Al;O3 catalyst during the 30 s H, dropout
modulation (dropouts no. 6-10 according to Figure 32). Reproduced from Mutz et al.'*** under the terms
and conditions of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

During the ensuing 10 min of modulation, the changes of the catalyst (altering
oxidation/reduction and continuous deactivation) followed the same trend and are
therefore not shown here (full range experiment see Figure S 9 in the Appendix). After
the period of fluctuating operation (25 min in total), a sequence of steady state
methanation was performed during which the oxidation state of the catalyst and structure

was further monitored. During a 30 min measuring period significant reduction of Ni was
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observed over time. This process, however, was very slow and even after 30 min (final
5 min of this sequence shown in Figure 32) the initial oxidation state was not regained
and 30 % still remained oxidized. Consequently, the catalyst was less active and showed
a similar methane production and oxidized fraction as observed after the ninth H> dropout.
This supports a correlation between the oxidized fraction of Ni and the formation of
methane.?!°! Obviously, the temperature of 400 °C was too low to reduce Ni completely,

which would have necessitated a reactivation of the catalyst at elevated temperatures.?*!!
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Figure 34: a) Fourier-transformed extended X-ray absorption fine structure (FT EXAFS) data (k: 3-11
A-1; k2-weighted, not phase corrected) during 30 s H, dropouts (starting at the methanation sequence
before the seventh H, dropout (Meth-6)); b) Results of the EXAFS fitting analysis during the 30 s
modulation. The final spectra of each sequence (methanation sequences labeled as “Meth”) were analyzed
(details see Appendix). The coordination numbers (N) of neighboring atoms are presented: Ni-O and
Ni-Niox correspond to O and Ni coordination numbers, respectively, in oxidized nickel and Ni-Nirq to the
coordination number of the first nickel shell in reduced nickel. Reproduced from Mutz et al.?>>! under the
terms and conditions of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright ©
2017.

The active catalyst state was obviously very sensitive towards oxidation, and
already, a short exposure to a less reducing atmosphere was sufficient to initiate oxidation
of Niresulting in lower activity. Therefore, the full EXAFS spectra were further evaluated
to extract information on the local structural changes of the Ni catalyst during fluctuating

conditions. In Figure 34 a) Fourier-transformed (FT) EXAFS spectra are presented along
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with best fitting parameters obtained by fitting the first two coordination shells (Figure
34 b). The EXAFS evaluation of the cycles 6-8 are shown in Figure 35, the structural

parameters and the full analyzed datasets are listed in Table 8, more details are shown in

the Appendix.
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Figure 35: Experimental and simulated FT EXAFS data (magnitudes, not phase shift corrected) of the Ni
catalyst during 30 s modulation, in addition, the estimated Ni coordination numbers (Cycles 6-8), k-range
3-9, k-weight = 2 (for details see Appendix). Reproduced from Mutz et al.?* under the terms and
conditions of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

For the first six cycles no significant changes in the EXAFS spectra were observed.
The spectra were dominated by a feature at about 2 A, predominantly originating from Ni
neighbors in reduced Ni. The evaluated interatomic distance of 2.49 A was similar to the
one in metallic Ni. The O contribution determined in the reduced state may originate from

the oxide support or incomplete reduction of the Ni particles. Including a Ni-Niox (the Ni-
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Ni backscattering contribution in nickel oxide) bond pair led to a worse fit and was
therefore not considered in Meth-6. During the seventh H> dropout, when significant
oxidation was observed for the first time (see LCA in Figure 32) changes in the FT
EXAFS data were observed, indicating substantial changes in the structure of the Ni
nanoparticles. During oxidation, the feature at 2 A in the EXAFS spectra resulting from
reduced Ni-Ni coordination disappeared quickly and was replaced by two peaks related
to the O and Ni neighbors in a NiO-like structure. The evaluation of the final EXAFS
spectra of each sequence (methanation atmosphere or less reducing atmosphere,
respectively) facilitated monitoring the evolution of the respective coordination shells
during fluctuating operation. The respective coordination numbers are therefore plotted
in Figure 34 b) for this purpose. The data revealed the transformation from a reduced Ni
particle to a partially-oxidized Ni particle. Even though the Ni particles were very small,
they did not get fully oxidized due to the short duration of H> dropout indicating that a
core of reduced Ni remained (coordination number Nnini,rea > 1). After the 12" dropout
predominantly a reversible oxidation and reduction was observed, in accordance with the

LCA discussed earlier, and the core of the particles remained reduced.

The following steady state methanation operation (full range experiment see Figure
S 9 in the Appendix) slowly transformed the catalyst back into its reduced state. However,
even after 30 min in the methanation atmosphere, still, a significant fraction of nickel
remained oxidized, also shown by the coordination numbers (Nni.o = 2.2, NNi-Ni,red = 2.4,
Nniniox = 3.0, see Table S 6). During this methanation experiment, only slight sintering
was observed by an increase in the coordination number of reduced Ni by 0.2. This is
within the accuracy of the evaluation; however, the Ni coordination number increased by
0.5 after repeating the whole experiment of 30 s modulation three times further (see Table
S 5). Note that the evaluated Ni coordination was not adjusted to the fraction of the
particles in the Ni/NiO mixture, and no conclusion on the correlation between
coordination number and particle size was drawn. In this study, we focused on the
progressive contribution of O in the catalyst during the modulation experiment to

investigate oxidation and reduction effects.
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Table 8: Structural parameters of the local Ni atomic environment extracted from best fitting the EXAFS
spectra shown in Figure 35. k-range = 3-9 A™!, R-range = 1.2-3.2 A, Ni"d = 6, NY* = 5, a = fitted
uncertainty 0.01 or lower, f = fixed during fit, N = number of neighboring atoms, R = distance, 6> = mean
square deviation of interatomic distance, R factor = misfit between experimental data and theory.
Reproduced from Mutz et al.?>* under the terms and conditions of CC BY 4.0 license
(http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

Cycle Atom N R 621073 Eo R-factor
[A]? [A2] [eV] [%]
Meth-6 O 1.6 +0.2 2.03+0.2 8.3f 9.0%1.5 0.27
Ni 4.4 +0.3 249 +0.1 11.8f
Dropout-7 O 24+0.2 2.02 +0.03 8.3f 7.6+£29 0.25
Ni 20+0.6 248 +0.02 11.4f
Ni 3.4+0.9 2.96 +0.03 11.8f
Meth-7 (0] 1.8+0.2 2.01 +£0.2 8.3f 64+22 0.23
Ni 32+04 248 +0.1 11.4f
Ni 1.9+0.6 295+0.3 11.8f
Dropout-8 O 3.0+0.2 2.04 +£0.02 8.3f 89+21 0.14
Ni 1.3+£0.6 2.48 +0.03 11.4f
Ni 4.4 +0.7 2.97 +£0.03 11.8°
Meth-8 O 22+0.2 2.02 +0.03 8.3f 6.8+29 0.23
Ni 23+0.6 248 +0.01 11.4f
Ni 3.1+0.9 2.96 +0.03 11.8°

The delayed start of the Ni oxidation as observed in Figure 32 was rationalized
when the spatial conditions of the experiment were considered.!'”*!"!1 XAS spectra were
recorded in the middle of the catalyst bed with a 200 pm-sized X-ray beam and correlated
to the integral activity data. Catalyst oxidation therefore probably started at the reactor
inlet and propagated through the catalyst bed. We speculate that the oxidation was caused
by the Oz background present in the CO- feed (cf. the estimation in the later part of this
chapter), which oxidized a small amount of Ni at the reactor inlet in the short 30 s period
in a less reducing atmosphere and was thereby completely consumed. Significant
oxidation by CO» was ruled out, as CO; was present in excess and should then also have

oxidized Ni in the middle of the reactor already at the beginning of the experiment (cf.
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Figure 32; oxidation started at the sixth switch). Furthermore, an additional experiment
in the total absence of O2 using short and thin stainless steel tubing and a CO2 (99.998%)
bottle directly placed next to the mass flow controllers showed that no catalyst
deactivation occurred during 60 s H> dropouts (see Figure S 20). Catalyst deactivation
occurred during 300 s cycles when 300 ppm and 500 ppm O2 were added to the gas
mixture, which was more pronounced with increasing O2 content (Figure 41 in the
following chapter). Finally, the oxidation of Ni by COz2 is thermodynamically unfavorable
(AG > 0). Estimations of the amount of O> present in the spectroscopic experiment based
on the formation of NiO showed that an amount of around 1000 ppm was sufficient for
the oxidation (for details, cf. the discussion of Figure S 11in the Appendix). Reduction of
the whole catalyst bed was not achieved within the following 30 s during methanation at
400 °C. Therefore, the overall fraction of oxidized Ni increased during fluctuating
operation causing the steady decrease in catalytic activity. The methane production
decreased continuously, even after Ni reached a stable oxidized fraction at the monitored
position (after the 12" H, dropout), since Ni oxidation kept propagating towards the end

of the catalyst bed.

To provoke a faster oxidation through the catalyst bed and to investigate the
oxidation and its kinetics in a longer cycle duration, the catalyst was exposed to H»
dropout events to an extended period of 300 s in a subsequent experiment using the same
catalyst sample. In this experiment (Figure 36) oxidation was observed immediately
during the first dropout event. However, there was a significant delay (approximately
80 s, details see Figure S 11) between the switch of the gas atmospheres and the oxidation
observed in the XANES spectra, due to the gradual oxidation of the Ni along the catalyst
bed. Again, oxidation was found to be fast, resulting in 91 % of NiO at the end of the
300 s cycle. Switching to methanation conditions after 300 s led to a re-reduction of the
Ni particles and methane formation. About 38 % of oxidized nickel remained on the
catalyst and changed the overall catalyst composition resulting in a decreased catalytic
activity in the second methanation cycle. Reduction occurred approximately 20 s after the
gas switch and, therefore, seemed to propagate faster than the oxidation due to the much
higher concentration of the reducing agent in the feed. In the following H> dropout cycles

the maximum oxidized fraction in the less reducing atmospheres remained at
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approximately 95 %. Therefore, a 300 s H> dropout led to a (nearly) complete oxidation
of the catalyst. A slowly-progressing reduction of the catalyst was observed during the
30 min period of steady state methanation at the end of the experiment, reaching a final

value of a 48 % reduced fraction.
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Figure 36: Methanation of CO, during dynamic operation switching every 300 s between methanation
conditions (Ho/CO, = 4) and CO» at constant WHSV of 12000 mLco2 gea' h™! and GHSV of 71700 h*'.
The figure shows the valve signal in the upper part (black), the CHj4 signal of the MS (m/z 15) in the
middle part (green) and the fraction of reduced (blue) and oxidized (red) Ni from LCA of the XANES
spectra. The numbers in cycles count the H, dropouts. Reproduced from Mutz et al.??*! under the terms
and conditions of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

Similar to the 30 s modulation, the estimated amount of O; based on the formed
NiO showed a value around 1000 ppm. Additional experiments with a quantified amount
of Oz (Figure 41) showed a full Ni oxidation after a few 300 s H> dropouts applying
500 ppm Oz. Consequently, we assumed an Oz content between 500 and 1000 ppm
present in the QEXAFS experiments. This small quantity is ideal to oxidize the most

reactive sites and block in fact those Ni sites for methanation.

The FT EXAFS spectra collected during the 300 s modulation and the coordination

numbers from the best fits of the EXAFS spectra are shown in Figure 37 a) and b),
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respectively. As already observed during the 30 s modulation, the FT EXAFS spectra in
the reduced state were dominated by one signal at 2 A which is assigned to Ni-Ni
coordination in reduced Ni. Note that the Nni-Niea Of 5.1 was slightly higher than the one
determined from the EXAFS evaluation during the 30 s modulation (Nni-Ni,red = 4.4). This
can be explained by sintering of the Ni particles since the same sample was used for all
experiments and three additional 30 s modulation experiments (not shown here) were

performed before the 300 s modulation experiment (see Table S 4).
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Figure 37: a) FT EXAFS data (k: 3-11 Al k?-weighted) during repeated 300 s H, dropouts; b) Results of
the EXAFS fitting analysis during the 300 s modulation. The final spectra of each sequence were
analyzed. The coordination numbers of neighboring atoms are presented: Ni-O and Ni-O-Ni correspond
to O and Ni coordination numbers, respectively, in oxidized nickel and Ni-Ni to the coordination number
of the first nickel shell in reduced nickel. Reproduced from Mutz et al.?**! under the terms and conditions
of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

Applying the 300 s modulation, the steady state of the maximum Ni-O path was
already reached during the first H> dropout. A bulk oxidation of the Ni particles occurred
during the absence of H» indicated by the Nniniea Which decreased to zero. The oxidation
state reached its steady state after the first cycle, while the amount of receded Ni during
the methanation periods decreased until the fourth cycle. Reduced Ni particles with a

NninNired Of 5.1 were transformed into oxidized Ni particles with a Nniniox of 7.6. This
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can be either explained by incomplete reduction of the Ni particles contributing to the
apparently lower coordination in reduced Ni and a higher coordination after oxidation.
Another explanation for the difference in the coordination numbers can be a wetting effect
of the flat reduced particles, increasing the contact with the oxidic support material,
whereas the oxidized particles are more spherical with a higher average Ni-Ni

coordination.l'”!!
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Figure 38: MS data of both the 30 s and 300 s H, dropout modulations put on top of each other for
comparison. Reproduced from Mutz et al.??3 under the terms and conditions of CC BY 4.0 license
(http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

The direct comparison of the MS signals of both modulation experiments (Figure
38) proved first, that the catalytic activity is fully restored after reactivation in H> and
showed secondly that the deactivation was more distinctive during 300 s switches, where
a significantly lower CHy signal was detected after the second cycle up until the end of
the experiment. Furthermore, in the experiments with 30 s modulation, the catalyst was
much more active during steady state methanation after the H> dropout sequence. This
observation clearly emphasized the correlation of the Ni oxidation state and the
methanation activity. Comparing the results of the LCAs from both experiments, full

oxidation was interrupted during the 30 s cycles due to the fast switching. During the
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300 s modulation, the oxidation state reached a plateau indicating the complete oxidation

process. Thus, the impact of the short cycles on the catalyst deactivation was less severe.
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Figure 39: Scheme of the supported Ni particles during 30 s dropout modulations. Blue represents
reduced Ni, whereas red describes oxidized Ni. Reproduced from Mutz et al.'*?3 under the terms and
conditions of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

Figure 39 and 10 show schemes of the Ni particles during the dynamic methanation
of CO». Short term H> dropout (Figure 39) first led to an oxidation of the most reactive
sites such as low coordinated Ni atoms located at step sites, defect sites or at the interface
to the support material.[?*82*?! Particularly, the interface sites appear important for the
methanation of CO», since the key steps of the hydrogenation is speculated to take place
at the interface of the metal particle and support.?®!'¥l Furthermore, step sites are more
reactive in CO dissociation compared to plane facets.!**!**! NiO islands may form and
grew to NiO structures to several layers.****¥1 Diffusion of oxygen into the bulk did not
occur due to the short period of less reducing atmosphere. Full oxidation of the Ni
particles was interrupted, and NiO planes were reduced partly in the methanation
atmosphere. The highly active lower coordinated Ni sites remained oxidized under these
reaction conditions due to their higher stability. Hence, the methanation of CO> could
only take place at the reduced Ni plane sites resulting in lower activity. This supports
earlier studies in the literature!23-240:24%1 that selective blockage of the low coordinated Ni
edge or corner sites leads to differed or deteriorated catalytic properties. Similar structure
sensitivity due to easier oxidation of low-coordinated sites was also observed during CO

oxidation on Pt catalysts.?*”**®! For example, oxidation of low-coordinated Pt atoms
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located at edge and corner sites during CO oxidation was found by XAS resulting in an
irreversible CO adsorption on PtO.**! Cluster models show that metal particles of our
size or dispersion contain 4 % edge sites.[*>%2>3 This value correlated with the remaining
oxidized fraction (10 %) in the methanation sequence after the first oxidation during the
seventh H> dropout when additional sites at the interface, as well as corner and defect

sites, would have been taken into account.

The schematic structural changes of Ni particles during 300 s modulations are
illustrated in Figure 40. Compared to the short-time H> dropouts, the longer 300 s Hz
dropouts resulted in a less reducing atmosphere enabling a complete oxidation of the Ni
particles, which then suffer from insufficient re-reduction during the reducing

methanation atmosphere.
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Figure 40: Scheme of the supported Ni particles exposed to H, dropout modulation with different cycle
duration of 30 s and 300 s. Reproduced from Mutz et al.”??*! under the terms and conditions of CC BY 4.0
license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

7.3  Operational adjustments in methanation applications

Since even short H» dropouts cause catalyst deactivation and necessitate a
reactivation in Hy at elevated temperatures to recover the initial activity, operational
adjustments are essential in industrial methanation plants to prevent catalyst oxidation

and the application of an unprofitable reactivation step.
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Periods of 300 s of H> dropout were performed in the lab-scale reactor under similar
reaction conditions (WHSV = 12000 mLco2 gea' h™)) as in the operando QEXAFS
experiments. The 10 wt.% Ni/Al,O3 catalyst was exposed to a series of Hy dropout
periods intensified with 300 — 500 ppm Oz to induce fast and deep oxidation and

deactivation of the catalyst (Figure 41).
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Figure 41: Series of 300 s H, dropout periods during the methanation of CO, containing 300 — 500 ppm
O, using the 10 wt.% Ni/Al,O3 catalyst; conditions: stainless steel tubular fixed-bed reactor, 150 mg
catalyst, Ho/CO, = 4 diluted in 75 % N or 5 % CO, / N2 + 300 — 500 ppm O, p = 1 atm, T =400 °C,
GHSV =26700 h'! and WHSV = 12000 mLcoz g’ h!. Reproduced from Mutz et al.'?*3 under the terms
and conditions of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

The initial activity of the catalyst (cycle 1) resulted in a conversion of CO- of 68 %
with a selectivity of 96 % towards CH4. The first two H> dropout periods containing
300 ppm O caused only minor deactivation of the catalyst leading to a CO2 conversion
of 66 % (cycle 2) and 64 % (cycle 3) and a decline in selectivity to 94 % (cycle 2) and
92 % (cycle 3). A more pronounced deactivation was observed when 500 ppm O were
dosed during the H> dropout periods. The conversion of CO> declined to 57 % (cycle 4)
and further to 41 % (cycle 5) and the selectivity towards CH4 also decreased significantly
to 82 % (cycle 4) and 61 % (cycle 5). Full oxidation of the catalyst was suspected during
the fourth H> dropout indicated by a strong increase of the O signal in the MS (Figure
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42). This observation implies that Ni is fully transformed to NiO and Oz is not consumed
for oxidation anymore. Full Ni oxidation during H> dropouts is in line with the operando
QEXAFS experiments (Figure 36). After a total of eight H> dropouts, the conversion of
COz declined to a final value of 29 % with a selectivity of 46 % towards CHa.
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Figure 42: MS data corresponding to Figure 41 for a series of 300 s H, dropout periods during the

methanation of CO» containing 300 — 500 ppm O». Reproduced from Mutz et al.'*?3! under the terms and
conditions of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

One possibility to prevent catalyst oxidation during H> dropouts may be the
integration of a small but permanent H> background flow through the methanation
reactor. An experiment similar to that described in Figure 41 was performed but a constant
flow of 1000 ppm H2 was included in addition to the traces of Oz. The results (Figure 43)
show that in the presence of H> no significant deactivation of the catalyst occurred. The
conversion of CO» (initially 65 %, 63 % at the end) as well as the selectivity towards CHy4
(initially 94 %, 91 % at the end) remained nearly constant for eight H> dropout cycles

with only a slight decrease over cycles.
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Figure 43: Integrated background flow of 1000 ppm H> for a series of 300 s H, dropout periods
matching those in Figure 41 with the 10 wt.% Ni/Al>O; catalyst; conditions: stainless steel tubular fixed-
bed reactor, 150 mg catalyst, Ho/CO, = 4 diluted in 75 % N or 5 % CO, / N> + 300 — 500 ppm O, +
1000 ppm Ha, p = 1 atm, T =400 °C, GHSV = 26700 h'! and WHSV = 12000 mLco2 gear' b

Another possibility to avoid deactivation may be the methanation of a CO2/CHy
mixture, which can be obtained from biogas plants!®>*124138] or by product gas recycling
within the methanation process.3*!21%! The H, dropout experiment was performed
analogue to the previous experiments but with a feed of CO2/CH4 = 5/4. The results
(Figure 44) also show no significant deactivation of the catalyst during the methanation
cycles. Constant conversion of CO; of 63 - 64 % and selectivities between 93 — 94 %
were achieved during the entire experiment. Consequently, the reduction potential of CH4

is sufficient to prevent catalyst oxidation and to retain its catalytic performance.
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Methanation cycles

Figure 44: Series of 300 s H, dropout periods according to Figure 41 during the methanation of a
CO»/CH4 mixture using the 10 wt.% Ni/Al>Os catalyst; conditions: stainless steel tubular fixed-bed
reactor, 150 mg catalyst, Hy/CO»/CH4 = 20/5/4 diluted in 71 % N> or 5 % CO» / N> + 300 — 500 ppm O; +
4 % CHas, p = 1 atm, T = 400 °C, GHSV = 26700 h! and WHSV = 12000 mLco2 gear! h7l.

In conclusion, to prevent catalyst oxidation during H, dropouts CO2/CH4 mixtures
could be used directly for the methanation of CO; or, if CH4 is absent, the integration of
a small background flow of Hz e.g. from gas bottles or a small storage tank is a promising
option. These first insights into operational adjustments to prevent catalyst oxidation
during H> dropouts are crucial for industrial methanation applications operated in
decentralized plants. Note that these are only first promising suggestions which need

further optimization regarding the gas compositions.

7.4  Conclusions

Experiments with periodically changing atmospheres during the methanation of
technical CO2 simulated as H> dropouts were performed and resulted in detailed insights
into the catalyst deactivation mechanism. During H» interruptions, catalyst deactivation
occurred due to oxidation of the most active surface Ni sites in the presence of O2

impurities (500 — 1000 ppm) in technical CO;. Thirty-second short-term H> dropouts
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7.4 Conclusions

show surface oxidation and reduction occurring after the seventh modulation cycle
monitored in the center of the catalyst bed. The core of the Ni particles remained reduced,
since full oxidation was interrupted. Nevertheless, catalyst deactivation occurred already
after the first dropout since the oxidation of the active sites propagates stepwise through
the catalyst bed starting from the reactor inlet. This gives important insight into the
mechanism of the methanation reaction, and, obviously, even short interruptions in the
H; feed, and thus, slight oxidation of the most active Ni sites cannot be tolerated by the
catalyst. Therefore, it is important to prevent H> dropouts in industrial methanation
applications, where traces of O> might be present. This can also be transferred to other

power-to-chemicals processes using renewable H».
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Scheme 3: Illustration of the QEXAFS experiment applying 30 s and 300 s modulations and the impact
on the Ni particles of the model catalyst. Reproduced from Mutz et al.”??3! under the terms and conditions
of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

A higher impact on the deactivation was observed during 300 s modulation, where
a bulk oxidation was observed even in the first H> dropout, which resulted in a higher
fraction of oxidized Ni remaining on the catalyst during the methanation sequence and
thus, an even lower CH4 production. The presence of small amounts of oxygen in the CO>
stream can already block a small fraction of most active Ni sites, which had a strong
influence on the CO>-methanation activity. This “titration” of active sites may be further

used in future to understand the methanation of CO, but also other CO2 hydrogenation

89


http://creativecommons.org/licenses/by/4.0/

7 High fluctuations in the supply of renewable hydrogen

mechanisms in more detail. Variations in the Ni coordination numbers may indicate
changes in the shape of the Ni particles such as flat reduced Ni particles with increased
interacting area with the oxidic support and spherical particles of oxidized Ni. To
investigate this mechanism of the oxidation propagating through the catalyst bed,

spatially resolved operando EXAFS would provide important data to prove this theory.

In addition two possibilities to prevent the catalyst from oxidation in methanation
applications via operational adjustments were presented. Constant catalytic performance
over eight H> dropout cycles could be warranted using either a permanent H, background

flow or utilizing the direct methanation of a CO2/CH4 mixture.
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8 Formation of carbonaceous species
during dynamic methanation'

8.1 Introduction

As discussed, the hydrogen feed produced via water electrolysis may underlie
fluctuations depending on the availability of electricity generated from renewable
resources. In the previous chapters 5 - 7 deactivation of a Ni-based catalyst was observed
during H, dropouts, which was caused by oxidation of the active sites.?!*?3!] Usually,
deactivation induced by carbon depositions does not occur during steady state CO>
methanation under model gas compositions, since their formation is suppressed by the
formed water during the reaction path.’*3 However, the formation of carbonaceous
deposits during dynamic reaction conditions is still under discussion. This might occur
for example in CO; atmosphere caused by H> dropouts. Furthermore, such carbon
depositions may be triggered by a CHs containing CO: feed, e.g. from biogas
plants[®241241381 from recycled gas streams!3*!2>14% or from product formation along the

fixed-bed reactor.

The methanation of CO and more recently CO: is well-known and thoroughly
investigated process under steady state operation. The most commonly used catalysts for
the methanation of CO; are Ni-based materials due to the low cost of the metal compared
to e.g. Ru, which is especially more active at lower temperatures.?®>152 Ni-based
catalysts have been improved specifically to enhance the catalytic performance and
stability. As discussed in chapter 1.3.1 a bimetallic NiFe (Ni/Fe = 3) system was found to
enhance conversion and selectivity in the methanation of CQ,.[8721:1041061 Fyrthermore,

the addition of a small amounts of Rh to a Ni/Al>O3 catalyst was reported to improve the

! The text and figures are taken from Mutz et al.:'*'"V B. Mutz, P. Sprenger, W. Wang, D. Wang, W. Kleist, J.-D. Grunwaldt,
"Operando Raman spectroscopy on CO, methanation over alumina-supported Ni, NisFe and NiRhg; catalysts: Role of carbon

formation as possible deactivation pathway", Appl. Catal. A 2018, 556, 160-171. Copyright © 2018 Published by Elsevier B.V.
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8 Formation of carbonaceous species during dynamic methanation

activity and stability of the catalyst towards the methanation of CO> compared to the

monometallic Ni catalyst due to enhanced Ni dispersion."*!

Nevertheless, Ni catalysts are prone to form coke or carbon depositions in reactions
containing CHs or CO (e.g. in reforming applications or syngas reactions).[!3% 1441531341 A
higher coking resistance in dry reforming application was once again reported for the
NiFe catalyst, probably because of the oxidation of carbon deposits by lattice oxygen
from FeOy.[%131 Furthermore, Ni catalysts promoted with small amounts of Rh exhibit

a higher coke resistance in dry reforming applications.!!6%:161]

The nature, formation and removal of carbon deposits from CH4 decomposition or
in CO/H2/CH4 atmospheres have been investigated ex sifu, e.g. by Takenaka et al.!'®! or
Bai et al.!'®?, A particularly suited tool for the characterization of carbon depositions is
Raman spectroscopy. Several Raman bands between 1000 and 2000 cm™ are
characteristic for certain carbonaceous species.!*>*>7! Since most of the investigations
were performed ex situ, a more detailed insight into the formation and nature of the carbon
deposits on a working catalyst requires spectroscopic studies under reaction conditions.
Operando Raman spectroscopy was successfully applied in structural investigations of
oxide catalysts by various groups.[>>3-26! Sattler er al.'**" recently investigated the nature
of coke deposits during the dehydrogenation of propane, using operando Raman

spectroscopy which was e.g. influenced by the H> concentration.

In this chapter, a monometallic 5 wt.% Ni/AlxOs3 catalyst as well as state of the art
bimetallic 5 wt.% NisFe/Al,03 and 3.4 wt.% NiRho.i/ALO3; systems with different
catalytic properties were prepared, characterized using XRD, H>-TPR, STEM-EDX as
well as EELS, and tested for their catalytic performance in the methanation of COx. Then,
these different catalyst systems were treated by various industrially relevant feed
compositions related to the methanation of CO; while studying the formation of
carbonaceous species in real time by operando Raman spectroscopy simultaneously. The
main focus was on investigating the influence of CO2 and CH4 mixtures (in the absence
of CO) on carbon formation. Thus, we elucidated the formation and nature of
carbonaceous deposits in different and fluctuating reaction atmospheres, the effect on the

catalytic activity and developed a reactivation strategy.
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8.2 Characterization of the catalysts

8.2 Characterization of the catalysts

Three Ni-based catalysts were synthesized and applied in this study to investigate
the role of carbon deposition during methanation of CO> with various feed compositions.
Apart from a monometallic 5 wt.% Ni/Al,O3 catalyst, a 5 wt.% NizsFe/Al,O3 and a
3.4 wt.% NiRho.1/Al,03 bimetallic catalyst were prepared by homogeneous deposition-
precipitation. The elemental composition of the catalysts determined by ICP-OES is
shown in Table 9. The molar Ni/Fe ratio was 3:1 and Ni/Rh ratio was 11:1, respectively.
Note that the total metal loading of the NiRho.1 catalyst (3.6 wt.%) was lower compared
to the Ni and NisFe catalysts (4.9 wt.% and 4.6 wt.%, respectively). In general, no
significant decrease of the specific surface areas (Table 9) was observed for the different
catalysts, which indicates that pore blockage or structural changes did not occur

throughout precipitation and calcination.

Table 9: Elemental composition determined by ICP-OES and specific surface area from BET analysis of
the three catalyst materials. Reproduced from Mutz et al.?'"! Copyright © 2018 Published by Elsevier
B.V.

Sample Ni [wt.%] Fe[wt.%] Rh[wt.%] SBeT [m? g’
v-Al203 support - - - 202
5 wt.% Ni/Al203 4.9 - - 192
5 wt.% NizFe/Al203 3.5 1.1 - 187
3.4 wt.% NiRho./ALO3 3.1 - 0.5 185

For the catalysts, XRD analysis showed only reflections of the y-Al,O3 support (see
Appendix, Figure S 21). No reflections of metal oxides or reduced metal species were

observed, which indicates the presence of rather small crystallite sizes.

Scanning transmission electron microscopy was applied on the reduced catalyst
samples to identify the morphology of the catalysts and to further estimate the size of the
metal nanoparticles. The STEM images showed uniformly sized metal particles for the
5 wt.% Ni/AlbO3 (3.4 +£0.7 nm, Figure 45 a)) and the 5 wt.% NizFe/Al,O3 catalyst
(2.9 £ 0.8 nm, Figure 45 b)). The derived metal dispersion according to the method in
Refl?1% was about 27 % and 32 %, respectively.
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Figure 45: STEM-HAADF images (left) and metal particle size distribution (right) of a)

5 wt.% Ni/AL,O3, b) 5 wt.% NisFe/Al,O3 and c) 3.4 wt.% NiRho.1/Al,Os. The catalysts were reduced prior

to the measurements at 500 °C (5 K min™") in 50 %H,/N; for 2 h. Reproduced from Mutz et al.?'!]

Copyright © 2018 Published by Elsevier B.V.

Further analysis of the composition using STEM-EDX in large regions (Table S 7
in the Appendix) revealed variations of the Ni/Fe ratios between 1.9:1 and 10.2:1. Smaller

regions were investigated by STEM-EELS spectrum imaging (Figure S 22) and showed
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8.2 Characterization of the catalysts

that the metal nanoparticles can be monometallic Ni and bimetallic NiFe particles, which
explains the variation of Ni/Fe ratio. The metal particles of the 3.4 wt.% NiRho.1/Al2O3
catalyst were slightly smaller (2.0 £ 0.5 nm, Figure 45 c)) than those of the Ni and NisFe
catalysts. This may be explained by the lower metal loading of the NiRho.; catalyst or by
a milder reduction in the presence of Rh.[>?2I The dispersion of the metal particles was
derived as 42 %. The elemental composition obtained from STEM-EDX analysis in large
regions revealed a more pronounced deviation of the Ni/Rh ratio compared to the NisFe
catalyst (Table S 8). An average Ni/Rh ratio gave a value of 19:1, which emphasizes the
higher degree of segregation for the NiRho.1 catalyst. In conclusion, homogeneous
deposition-precipitation resulted in similar particle sizes for all three catalysts which
simplifies comparison. In general it appears to be a well-suited method to obtain small
Ni, Ni-Fe and Ni-Rh particles with narrow size distribution, as proposed earlier for such
Ni-based catalysts.!**!2>3) However, a higher metal loading of the catalysts and, thus,
larger particles might have resulted in a more homogeneous dispersion of both metals on

the bimetallic catalysts and a higher yield of the desired alloys (see chapter 9).

H>-TPR was used to study the reducibility of the catalysts and thus to gain, in
comparison with literature, complementary information on the phase composition of the
catalysts. Note that the conditions during the TPR experiment (10 % Hx/Ar, 10 K min!),
which allowed the identification of different species on the catalyst, were different
compared to the activation procedure used for the ex situ characterization (50 % Ho/No,
500 °C, 2 h). The TPR profile (Figure 46) of the Ni catalyst showed a H> consumption in
a small temperature range with a main peak at 580 °C attributed to reduction of NiO to
Ni and a shoulder at 720 °C, which might originate from the reduction of smaller NiO
particles with stronger interaction with the support. Mixed oxide formation such as
NiAlO4 would have resulted in TPR peaks at temperatures > 800 °C.[8¢23! [arger Ni
particles would have shown reduction peaks at low temperatures. Both species were not
observed here and, therefore, the TPR results supported the results obtained by STEM
and also XRD, that the catalyst exhibited small particles, a narrow size distribution and

the absence of large agglomerates.
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Figure 46: H>-TPR measurements of the 5 wt.% Ni/Al,O3, 5 wt.% NizFe/Al,O3 and
3.4 wt.% NiRhy 1/Al,Os catalysts in 10 % Hy/Ar (10 K min™"). Reproduced from Mutz et al.”''! Copyright

© 2018 Published by Elsevier B.V.

Next to the main reduction peaks the TPR profile of the bimetallic NizFe catalyst
featured a peak at 210 °C, which is assigned to the reduction of Fe2O3 to Fe3Os. The
overlapping peaks between 350 - 650 °C can be attributed to the reduction of Fe3O4 to Fe
and NiO to Nj.!105264.2651 Noble metal promotion of the Ni catalyst with Rh led to a shift
of the reduction peaks by about 30 - 40 °C to lower temperatures compared to the

monometallic catalyst (580 °C to 540 °C and 720 °C to 690 °C), probably due to

hydrogen spillover.[?3160.161.266]

8.3 C(Catalytic performance and parameter screening

The 5 wt.% Ni/AlxO3, 5 wt.% NizFe/Al2O3 and 3.4 wt.% NiRho.1/Al2O3 catalysts
were tested for the methanation of CO; in a temperature range of 200 — 450 °C (Figure

47) after in situ reduction (2 h, 50 % H2/N>, 500 °C cf. experimental details in section 3.3)

in a lab-scale fixed-bed reactor.
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8.3 Catalytic performance and parameter screening

In general, the conversion of CO; (Figure 47 a)) started between 200 and 250 °C
and increased with temperature for all three catalysts. The catalytic performance of the
catalyst systems diverged at around 300 °C. The highest activity was achieved using the
NizFe catalyst (30 %), while Ni (19 %) and NiRho.1 (13 %) were less active. The
promoting effect of Fe was most pronounced at 300 — 350 °C, where enhanced catalytic
performance was achieved compared to the Ni and NiRho; systems. The highest
conversion of CO> using Ni and NisFe catalysts was achieved at 400 °C (75 % and 70 %,
respectively). The best results for the NiRho, catalyst were obtained at 450 °C (67 %
conversion of CO»). In comparison to the Ni and NisFe catalysts, the NiRho 1 system gave

the lowest conversion of CO; over the full temperature range.
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Figure 47: Catalytic performance of the 5 wt.% Ni/Al,O3 (squares, black), 5 wt.% NizFe/Al,Os (circles,
red) and 3.4 wt.% NiRho 1/Al,O3 (triangle, green) catalysts in the methanation of CO, (Ho/CO;, =4, 50 %
N, 1 bar, 6000 mLco2 gear! h'!); @) conversion of CO, and b) selectivity to CHa. Reproduced from Mutz
et al.>' Copyright © 2018 Published by Elsevier B.V.

CO was the main byproduct during the catalytic tests. Additionally, traces of C,-
hydrocarbons (< 1 %) were produced by the Ni and NisFe catalysts at 300 °C. At 200 °C,
the selectivity for the NisFe catalyst was low, however, the conversion of CO> was < 1 %
and, therefore, the produced amount of CO was negligible. At 250 °C, the selectivity
towards CH4 (Figure 47 b)) was highest for the Ni catalyst (90 %), whereas more CO was
formed by the NizFe and NiRho,1 catalysts. The selectivity towards CHs achieved by the
NisFe catalyst increased significantly with the temperature to 94 — 97 % at 300 — 350 °C,

leading to the highest values in this temperature range. At 400 °C, all catalysts produced
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8 Formation of carbonaceous species during dynamic methanation

CH4 with a selectivity of 95 — 98 %. The selectivity decreased slightly to 93 —95 % at
higher temperatures due to the thermodynamic equilibrium and the endothermic reverse

water-gas shift reaction.>*!

As the metal loading and the dispersion of the catalysts were slightly different, the
TOFs were estimated at 250 °C and 300 °C (Table 10). At 250 °C, similar TOFs were
achieved for the Ni and NisFe catalysts (0.012 s and 0.013 s’!, respectively). At 300 °C,
a higher TOF was found for the NisFe catalyst (0.078 s™!) compared to the monometallic
Ni catalyst (0.055s!), highlighting the synergetic effect of Ni and Fe. The NiRho;
catalyst showed the lowest TOFs of 0.006 s' and 0.028 s! at 250 °C and 300 °C,
respectively. Note that the TOF for the NisFe catalyst at 300 °C was calculated with a
conversion (30 %), which is not fully differential. Therefore, the rate might be even higher

in reality.

Table 10: Metal dispersion (estimated from STEM images) and turnover frequencies for the

5 wt.% Ni/AlLO3, 5 wt.% NizFe/Al,O3 and 3.4 wt.% NiRhy.1/Al>O3 catalysts calculated at 250 °C and
300 °C considering the yield of CH4. Reproduced from Mutz et al.>''! Copyright © 2018 Published by
Elsevier B.V.

Catalyst Dispersion [%] TOF (250 °C) [s']  TOF (300 °C) [s™]
5 wt.% Ni/Al,O3 27 0.012 0.055
5 wt.% Ni3Fe/AlO3 32 0.013 0.078
3.4 wt.% NiRh i/Al;O3 42 0.006 0.028

A comparison of CO> conversion and reaction rates with literature values is difficult
due to the different reaction conditions. Nevertheless, the TOFs obtained in this work are
in a similar order of magnitude as reported for 15 -20 wt.% Ni/Al,O3 systems in
literature.[61:62%°] The high activity achieved by the NisFe system within this study is in
agreement with CO methanation data, where NisFe has been reported to be more active
than monometallic Ni catalysts.!!">!%! This trend was further observed for the
methanation of CO, 871042671 Thys, it can be expected that the reverse water-gas shift
reaction occurred fast at the catalysts surface in the mid-temperature regime. The
enhanced performance of the NizFe system in the methanation of CO2 may be explained

by its higher activity in the dissociation of CQ.[87:100.1011031 [ thig study, the addition of
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Rh did not offer the expected positive effect on the catalytic activity for the methanation
of CO as reported for a NiRhg catalyst supported on Ce/Zr mixed oxide.®! This may
explained by an insufficient intermixing of the metals or different support interactions. In
general, the catalysts achieved high activity and selectivity at 400 °C and represent state
of the art methanation catalysts, which are well-suited for operando Raman spectroscopic
studies to investigate the formation of carbonaceous species during CO2 methanation (in

the absence of CO).

8.4 Methane initiated catalyst deactivation and reactivation
in the lab-scale reactor

In a fist attempt, we investigated the impact of triggered carbon poisoning on the
catalytic ~ performance of the 5 wt.% Ni/Al2O3, 5 wt.% NizFe/AlbO3  and
3.4 wt.% NiRho.1/Al,03 catalysts. For this purpose, CH4/N> was fed to the catalysts to
produce carbon deposits initiated by methane decomposition.'®*?%] The experiments
were conducted in the lab-scale reactor at 400 °C, i.e. the temperature at which the highest
CO» conversion was observed during the catalytic performance tests (see section 8.3).
The results are shown in Figure 48 and represent the basis for the operando Raman

spectroscopy studies in section 8.5.

The test in standard CO> methanation reaction at 400 °C for 30 min (“Phase A”)
showed a similar trend in the catalytic activity for the three catalysts
(N1 > NisFe > NiRho.1) as during the catalytic performance tests in section 8.3. The CO;
conversion for all catalysts was slightly lower probably due to the higher inert gas flow
and, thus, less hot spot formation. In the following “Phase B”, the catalysts were exposed
to 4 % CHa4 / N> for 30 min to induce carbon depositions. The decomposition of CH4 over
Ni/AlbO3 catalysts was reported to start around 250 °C and to accelerate above
400 °C.1*" Thus, a mild carbon formation was expected in the present experiments. In
“Phase C”, a second CO> methanation sequence was applied in order to unravel possible
deactivation caused by the expected carbonaceous deposits compared to the results of the

fresh catalysts in “Phase A”. All three catalysts showed a remarkable decline in CO>
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8 Formation of carbonaceous species during dynamic methanation

conversion as well as an extensive shift of the selectivity towards CO. In case of the Ni
catalyst, the CO2 conversion dropped significantly to 30 % (“Phase A”: 71 %). The
selectivity towards CHy of the carbon-covered catalysts decreased in the order of NiRho.1
(39 %) > Ni (30 %) > NizFe (24 %). The deactivation seemed to be less pronounced (but
still intensive) for the NiRho| catalyst, whereas the largest amount of CO was produced
by NisFe. Obviously, the active sites of the catalysts were blocked, inhibiting the
hydrogenation of CO: to CH4. Instead, CO was formed by the Boudouard reaction or by
an incomplete reduction since the poisoned metal particles could not provide a sufficient
number of H atoms. Due to the short reaction periods of 30 min, significant sintering of
the metal particles which might influence the catalytic performance are unlikely,

especially as we did not see such an effect in a chapter 7.
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Figure 48: a) yields of CH4 and CO during the methanation of CO» and b) selectivity towards CH4 of the
5 wt.% Ni/AL,O3, 5 wt.% NizFe/AlbO; and 3.4 wt.% NiRhg.1/Al>O; catalysts exposed to different phases

at 400 °C. 1 bar, 6000 mLco2 gear' h!, TOS 30 min): (A) 5 % COz + 20 % H, / Na, (B) 4 % CH4 / Na, (C)
5 % CO2 + 20 % Haz / N2, (D) 50 % H / Nz at 500 °C, TOS 60 min and (E) 5 % CO2 + 20 % Hz / N2 (see
Table 3 in section 3.3.3). Reproduced from Mutz et al.?!'"! Copyright © 2018 Published by Elsevier B.V.
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8.5 Monitoring the formation of carbon deposits via operando Raman spectroscopy

To reactivate the catalysts, a 1 h period of 50 %H2/N> at 500 °C (“Phase D”) was
applied followed by another CO> methanation sequence at 400 °C (“Phase E”). High
activity was restored for all catalysts after reactivation, matching nearly the results of the
fresh samples in “Phase A”. 69 % of CO; was converted by the Ni catalyst (“Phase A™:
71 %) with a selectivity of 91 % towards CH4 (“Phase A”: 95 %). A similar behavior was
observed for the NisFe and NiRho catalysts (c¢f. Figure 48). Within this experiment,
drastically inhibited catalyst activity in the methanation of CO; was observed induced by

a period of CH4 atmosphere.

The deactivation was expected to derive from carbon deposition. Thus, the
formation and nature of such carbon deposits need to be investigated in more detail under
reaction conditions. Furthermore, it is crucial to unravel whether such depositions may
occur under non-steady state CO2 methanation conditions using model gas compositions
but rather during methanation of CO; containing CHg4 as discussed above. Additionally,
fluctuations in the H> feed from renewable energies may result in a feed consisting of
CO,/CHs4 typical for dry reforming applications, which is known to lead to serious carbon

t [154,155,269,270] A

formation on the catalys suitable tool to study the formation of

carbonaceous species under reaction conditions is operando Raman spectroscopy.!!8>200]

8.5 Monitoring the formation of carbon deposits via
operando Raman spectroscopy

The quantitative results from the experiments in the lab-scale reactor (section 8.4)
showed that carbon depositions might cause significant catalyst deactivation. Based on
these findings the potential formation and the type of carbon deposits was investigated on
the three different catalyst systems (5 wt.% Ni/Al2O3, 5 wt.% NisFe/Al2O3 and
3.4 wt.% NiRho.1/Al203) under various realistic feed gas compositions related to the
methanation of CO; using operando Raman spectroscopy (Figure 49). Since the catalytic
behavior of the three different catalysts was similar in section 8.4 as well as their
structural changes during the operando Raman spectroscopy experiments, only the results

of the Ni catalyst are discussed in this section as an example. If the results between the
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8 Formation of carbonaceous species during dynamic methanation

catalyst systems differ, they will be discussed in the text. The full data sets of the NizFe
and NiRho,| catalyst are provided in the Appendix. The operando Raman spectroscopy

experiments in this chapter were acquired in cooperation with Paul Sprenger (ITCP, KIT).
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Figure 49: Summary of the applied gas mixtures in the lab-scale reactor and in the spectroscopic
microreactor. Reproduced from Mutz et al.*?''! Copyright © 2018 Published by Elsevier B.V.

8.5.1 Probing carbon formation under variegating feed concentrations
(“Phase A”)

Figure 50 shows the operando Raman spectra recorded on the 5 wt.% Ni/Al,Os
catalyst using the spectroscopic fixed-bed microreactor. The Raman spectra were
recorded continuously while various gas mixtures were screened, which are relevant for
methanation applications and may occur, if e.g. renewable energy sources cause
fluctuations in the Hz feed.*® The full data sets of the operando Raman spectroscopy
experiments with the corresponding MS data are given in the Appendix (Figure S
29 - Figure S 32). Note that the temperature in the spectroscopic microreactor was slightly
lower (370 °C) during the operando Raman spectroscopy experiment compared to the
experiment performed in the lab-scale reactor (400 °C) due to the different setup and heat

sources.

First, CO> methanation was performed, which is comparable to “Phase A” applied

in the lab-scale reactor experiments. During this 30 min sequence, no Raman bands from
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8.5 Monitoring the formation of carbon deposits via operando Raman spectroscopy

carbonaceous species could be observed (Figure 50), which should appear between 1000
and 2000 cm™.[%257] Subsequently, 4 % of CHs was added to the initial CO»/H, gas
mixture (GHSV was kept constant) to mimic e.g. a second reactor stage or biogas as
feedstock. As shown by operando Raman spectroscopy on the Ni catalyst (Figure 50) and
also for the other two catalysts (Figure S 29 b) and ¢)), no formation of carbonaceous
species occurred during this period. Therefore, the utilization of a CO2/CH4 = 5/4 mixture
for the methanation of CO; should be possible without major influences concerning

catalyst deactivation or reduced CH4 formation (cf. Figure S 36).

Figure 50: Raman spectra recorded continuously applying various gas mixtures during the methanation
of CO, using the 5 wt.% Ni/Al,O3 catalyst and the spectroscopic fixed-bed microreactor (370 °C, 1 bar,
6000 mLco2 gear! h!). Reproduced from Mutz et al.>''! Copyright © 2018 Published by Elsevier B.V.

Next, the H» flow was decreased, culminating in a complete H> dropout. In this
period a CO2/CH4 = 5/4 mixture was fed to the catalyst. During this period also no carbon
deposition was observed by Raman spectroscopy in contrast to dry reforming over Ni-
based catalysts, where serious carbon disposition has been reported.!'3>27%2"11 This might
be due to the lower temperature applied in the methanation of CO; and, thus, milder

conditions whereby carbon dioxide, for example, well adsorbs on the Ni-surface and
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8 Formation of carbonaceous species during dynamic methanation

prevents methane dissociation. A complete H> dropout during the conventional
methanation (CO2/Hz) was also performed in a separate experiment similar to earlier
operando XAS studies (chapters 5 - 7) considering fluctuations in the H, feed.[38219231]
Also under these conditions no carbon bands were observed by Raman spectroscopy
(Figure S 24). Thus, CO; dissociation did not take place on the catalyst surface in the
absence of H>??*! and, further, emphasizes, that the deactivation from H> interruptions as

studied in the earlier chapters is caused by catalyst oxidation exclusively.

In summary, none of the applied feed compositions resulted in detectable carbon
depositions on any of the Ni-based catalysts until this point (Figure 50, time = 260 min).
Note that these experiments were performed in short-term periods (TOS of 30 — 60 min
each gas atmosphere) at a reaction temperature where high selectivity was achieved by
the catalysts. Further long-term studies (TOS > 2 days) under harsh reaction conditions
should be applied to investigate further the reaction time and the influence of CO on the
formation of carbon deposits. In this study we focused on the application of operando
Raman spectroscopy for studying the influence of CH4 and modulations of the gas

atmospheres on carbon formation.

8.5.2 Forced carbon deposition by methane decomposition (“Phase B”)

Similar to the lab-scale experiment in “Phase B” (section 8.4) 4 % CHa/He was fed
to the reactor. Intensive Raman bands evolved as shown in Figure 50 and Figure 51 (as
well as Figure S 29 b) and c) for NisFe and NiRho.1, respectively), which were referred to
an ideal graphitic (G band, 1574 cm™") and a disordered graphitic lattice (D1 band, 1324
cm™!).1%42721 The assignment of the Raman bands is further explained in the Appendix
(Table S 9, Table S 10 as well as Figure S 25). The evolution of the G and D1 band
intensities as a function of time is plotted in Figure 52. The intensities of the characteristic
G and D1 Raman bands for the Ni catalyst increased steadily over time and no plateau
was reached after 30 min, when treated with CHs/He. A more distinctive rise in the band
intensity was observed for the NiRho catalyst, which reached a plateau after 20 min

(Figure S 32).

104
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Figure 51: Operando Raman spectra recorded for the 5 wt.% Ni/Al>O3, 5 wt.% NisFe/Al,O3 and
3.4 wt.% NiRh.1/Al,O5 catalysts after exposure in a 4 % CH4 / He atmosphere (370 °C, 1 bar,

6000 mLco2 gear h'!, TOS = 30 min) corresponding to Phase B in the lab-scale reactor experiments.
Reproduced from Mutz et al.>''1 Copyright © 2018 Published by Elsevier B.V.
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Figure 52: Intensities of the characteristic G and D1 Raman bands and the corresponding mass
spectrometer data for the reaction cycle monitored in situ over the 5 wt.% Ni/Al,Os catalyst in the
spectroscopic fixed-bed microreactor (370 °C, 1 bar, 6000 mLco2 gea' h™'). The Phases A-E correspond to
the experiments in the lab-scale reactor in section 3.3. The gas modulations were cut out and discussed in
the following section, the full experiment is shown in the Appendix. Reproduced from Mutz et al.”?'!]
Copyright © 2018 Published by Elsevier B.V.
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8 Formation of carbonaceous species during dynamic methanation

Figure 51 shows the normalized Raman spectra of the Ni, NisFe and NiRho
catalysts after CHs exposure (“Phase B”’). The D1/G ratio observed for the Ni (0.15),
NizFe (0.37) and NiRho; (0.1) catalyst indicate a high crystallinity and an ordered
structure of the graphitic carbon species. The narrow band widths of the intense D1 and
G bands found for all catalysts and the absence of other intense D bands (cf. Table S 9),

which are typical for amorphous carbon indicated the presence of graphitic carbon. 236273

The formation of carbon nanofibers can be ruled out since those species result in
Raman spectra with a D1/G ratio of 1-22%27 and in an additional band at
100 — 300 cm™ (radial breathing mode),””>2761 which was not observed in ex sifu
measurements. The low D1/G ratios of the Raman bands obtained in this study were in
agreement with the Raman spectrum of graphite.?’* Other studies showed, that the
carbon whiskers or nanotubes were formed in various CH4 containing mixtures, but these

studies were performed at higher temperatures ( > 500 °C, cf. Refs!137:162163]),

8.5.3 Nature of the carbon deposits under fluctuating conditions

The catalysts were rather resistant towards carbon deposition under various gas
mixtures as shown in the previous section. However, dosing pure methane triggered the
formation of carbonaceous species. In this section, the behavior and reactivity of the
carbon deposits was investigated applying different modulations of the feed gas (between
“Phase B” and “Phase C”). The modulation of CHs < CO> (5 min each atmosphere,
Figure 53) revealed that carbon is removed in the 5 % CO: periods either due to the
Boudouard reaction or due to traces of Oz (not detectable by mass spectrometry), which
might have oxidized the carbon species. The removal of carbon in the presence of CO>
was fast in the first minute and slowed down in the following minutes. This might indicate
different kinds of carbon, the one easily removable and the other hardly removable

carbon. Switching to CH4 atmosphere led again to the formation of carbon deposits.

A similar behavior was observed during the CH4 <= H> modulation (Figure S 34).
Carbon deposits were removed in Hz, especially in the first cycle, but to a fewer extent

than in CO> atmosphere. Also, this effect declined over cycles and was negligible at the
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8.5 Monitoring the formation of carbon deposits via operando Raman spectroscopy

end of the modulation. The modulation of CH4 «<» CO2/H> (methanation conditions) did
not have a significant influence on the Raman bands referred to the carbon species (Figure
S 35). Overall, the D1/G ratio increased during the modulations (Figure 52), indicating
the formation of defects in the graphitic structure or decreasing graphite crystallite sizes
over time.[?°! The band positions did not change during the experiments. Modulations
showed dynamic changes in the structure of the carbon species, which could be detected
in real time by operando Raman spectroscopy. Those changes have to be investigated in
more detail in future studies and might give a deeper insight in the nature and the

reactivity of different carbonaceous species formed during the catalytic reactions.
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Figure 53: Operando Raman spectroscopy during the modulation between CH4 <> CO; using the
5 wt.% Ni/Al,Os catalyst. Conditions: 370 °C, 1 bar, 6000 mLco> gea™' h'!, gas composition ¢f. Table 6,
5 min each atmosphere. Reproduced from Mutz et al.?''! Copyright © 2018 Published by Elsevier B.V.

8.5.4 Reactivation of the catalyst

The carbon covered catalysts were then applied in a second CO; methanation

sequence “Phase C”. As expected, the MS data in Figure 52 showed a less intense MS
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8 Formation of carbonaceous species during dynamic methanation

signal of CH4 (m/z 15) compared to “Phase A” emphasizing the deactivation of the
catalyst. This is in line with the deactivation, observed in lab-scale reactor tests in section
8.4. Within 15 - 20 min reaction time, no significant changes of the Raman bands were
monitored indicating that the CO2/Hz mixture was not suited to remove the carbon
deposits. Consequently, a reactivation step in 50 % Hz/He atmosphere at 500 °C was
applied (“Phase D”). A decline of Raman D1 and G band intensities was observed, firstly,
due to a temperature increase from 370 °C to 510 °C and, secondly, due to the successful
reduction of carbon deposits to CHs, which could be observed in the MS data. The amount
of carbon species on the catalyst decreasing as indicated by a decreasing CH4 formation.
However, the CH4 signal in the MS did not disappear fully after 60 min of reactivation
and the Raman carbon bands were still present. This also indicated different kind or
differently located carbon, which are rather easy to remove as already suggested in section
8.5.3. A reactivation under oxidizing conditions with CO: or O; at elevated temperatures
might have been more efficient.l®>2%°! However, an additional reactivation step in H
would have been necessary afterwards due to a likely oxidation of the active sites, as

discussed in the chapters 5-7.

After the Ho treatment, a third CO2 methanation sequence was performed (‘“Phase
E”). As shown in Figure 52, the MS signals of CH4, CO, H> and CO> (m/z 15, 28, 2 and
44) reached similar levels as the fresh catalyst during “Phase A”. This is in agreement
with the results from the quantitative experiments in the lab-scale reactor (section 8.4).
Obviously, the active sites of the catalysts were again accessible reaching full catalytic
performance. On the other hand, intensive Raman bands corresponding to graphitic
carbon were still present. The Raman bands were less intense compared to those after
methane decomposition in “Phase C”, therefore the carbon species were partly removed

during the reactivation in Hp.

In general, the operando Raman spectroscopy experiments can be correlated with
the catalytic tests in the lab-scale reactor concerning both, the catalytic activity and carbon
formation. Raman spectroscopy was performed ex situ on the catalyst taken from the lab-
scale reactor after “Phase A” and “Phase E” (Figure 54). The ex situ (lab-scale reactor)
as well as the in sifu (spectroscopic microreactor) measurements confirm that no carbon

deposition was formed during the methanation of CO> (“Phase A”).
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Figure 54: Raman spectra of 5 wt.% Ni/Al,O3 after “Phase A” and “Phase E” of both, lab-scale reactor
(ex situ) and the spectroscopic microreactor (in situ). Reproduced from Mutz et al.>'') Copyright © 2018
Published by Elsevier B.V.

By comparing Raman spectra of “Phase E” it became obvious that carbon
depositions remained after reactivation for both experiments. Only the obtained D1/G
band ratio varied depending on the treatment in the lab-scale reactor or spectroscopic
microreactor, which may be due to a higher temperature in the lab-scale reactor because
of the different heating devices and due to the earlier discussed hot spot formation. The
Raman laser may be another source of error for the type of carbon formed during the
different experiments. However, by observing similar carbon formations by ex situ
Raman spectroscopy in combination with a lab-scale reactor treatment and in sifu Raman
spectroscopy, we can rule out a strong influence of the Raman laser itself. Nonetheless,
the residual carbon deposits require further investigation, since full catalytic performance

was achieved despite of their presence.

8.6 Characterization of the residual carbon deposits

Since there were still carbon species present on the catalysts after reactivation in Hz

(“Phase D”) but full catalytic performance was retrieved (“Phase E”), the location of such
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8 Formation of carbonaceous species during dynamic methanation

residual carbon deposits was investigated by HRTEM at 80 kV to avoid knock-on damage

by the electron beam as well as to enhance the contrast of C deposits.

a) b 0
g2 5 wt.% NiFe/Al,O,

3.4 wt.% NiRh, ,/Al,0,

Figure 55: High resolution transmission electron microscopy images of the spent a) 5 wt.% Ni/Al,O3, b)
5 wt.% NiszFe/Al,O3 and ¢) 3.4 wt.% NiRhg 1/Al,Oj3 catalysts taken from the lab-scale reactor (section
8.4). Reproduced from Mutz et al.!*'!l Copyright © 2018 Published by Elsevier B.V.

HRTEM images of the spent samples (Figure 55) taken from the lab-scale reactor
(section 8.4) revealed metal particles with defined structure and clean surfaces, without
any indication of carbon coverage.[>””! However, EELS verified the presence of carbon
species (Figure S 23 in the Appendix), which is in line with the findings by Raman
spectroscopy. The C K-edge is most prominent for the Ni catalyst and less intense for
NizFe and NiRhy.i. These results indicate that the residual carbon might be located on the
support material, whereas the metal particles were free of carbon and fully accessible.
According to the literature, the decomposition of CH4 occurs on the reduced and low
coordinated Ni or Fe sites on the surface followed by the migration of the formed
carbonaceous compounds from the metal to the support.['%%!157278 These carbonaceous
deposits on the support were also reported to be unreactive in H,?’8! which is in line with
the results in the present study. The methanation of CO» takes place at the interface of the
support and the metal particles, as shown by mechanistic studies in the literature.%!!4
Under the described circumstances, graphite covered support as it was present in “Phase
E” had only a minor influence on the methanation of CO», at least for the reaction

conditions and the time-scale applied in this study.
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8.6 Characterization of the residual carbon deposits

Reactivation under reducing conditions led to a removal of carbon species located
on the metal particles, which could be more easily removed. In order to remove the carbon
species located on the AlOs support, an oxidative treatment may be necessary.?®!
Therefore, the spent catalyst samples were treated in 10 % O» / He during a temperature-
programmed oxidation (Figure 56) in combination with thermogravimetry and mass

spectrometry to elucidate the removal of the residual carbon.
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Figure 56: Temperature-programmed oxidation (10 % O,/ He, 5 K min'') in combination with
thermogravimetric analysis and mass spectrometry of the spent 5 wt.% Ni/Al,Os, 5 wt.% NisFe/Al,O3 and

3.4 wt.% NiRhg 1/Al,O3 catalyst samples taken from the lab-reactor experiment in section 8.4.
Reproduced from Mutz et al.*''1 Copyright © 2018 Published by Elsevier B.V.

The MS signal of CO: (m/z 44) showed one peak around 100 °C, which could be
assigned to physisorbed CO», and a second peak around 320 °C referred to carbon
oxidation. The temperatures, at which the peaks occurred, vary slightly between 310 °C
(NizFe) and 330 °C (NiRho.1). Additionally, the weight loss received from TG analysis
showed that the lowest amount of carbon was found on the NisFe catalyst, which is
reported to feature the highest coke resistance in dry reforming applications.!!3%15 The
highest concentration of carbon deposits after reactivation was found on the Ni catalyst,
which is in agreement with the EELS data (Figure S 23). The carbon deposits have been

oxidized and removed quantitatively from all three catalysts during TPO, which is
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8 Formation of carbonaceous species during dynamic methanation

demonstrated by the absence of all carbon bands in ex sifu Raman spectra (Appendix,

Figure S 28).

8.7 Conclusions

Three different Ni-based catalyst systems (5 wt.% Ni/Al>O3, 5 wt.% NizFe/Al,0Os3
and 3.4 wt.% NiRho 1), which featured similar, rather uniform and small metal
nanoparticles around 3 nm as well as a high catalytic activity in the methanation of CO»,
were presented. The best catalytic performance in the mid-temperature range at
300 — 350°C was found by the NizFe catalyst. At 400 °C the Ni catalyst reached the
highest conversion and CH4 yield. The NiRho,; catalyst was less active compared to the

Ni and NisFe systems in the whole temperature range.

Various gas mixtures related to the methanation of CO2 were fed to the catalysts,
while the formation and nature of carbon deposits was monitored by operando Raman
spectroscopy. The experiments showed that gas atmospheres like CO2/H> or CO2/H2/CHa4
for the methanation or in extreme scenarios CO2 or CO2/CH4 were tolerated by the three
Ni-based catalysts and no
carbon  depositions  were
observed. Only in pure CHs
extensive carbon deposition
occurred, which led to

significant catalyst

deactivation for all three
systems blocking the catalytic
Scheme 4: Illustration of the results during the experiments y & y
applying operando Raman spectroscopy. Reproduced from Mutz surface. The conversion of CO»

et al.?'"' Copyright © 2018 Published by Elsevier B.V.

dropped and the selectivity
shifted extensively to CO. The catalytic activity and selectivity could be restored after
reactivation in H» at 500 °C, baring the metal particles from the carbon depositions.
Residual carbon deposits remained on the support material, which did not affect the

catalytic performance significantly and could be removed in O2 at 310 — 330 °C.

112



8.7 Conclusions

The three Ni-based catalyst systems showed similar behavior in carbon formation
and reactivation, with only minor deviations among each other. These findings are
important for industrial methanation applications using CO2/CH4 mixtures from biogas
plants or product gas recycling, since carbon deposition as potential deactivation pathway
at temperatures <400 °C is rather unlikely even under fluctuating conditions and H»
interruptions. The only feed composition, which needs to be avoided, is pure CH4, which
induced carbon deposition. In general, operando Raman spectroscopy was ideally suited
to investigate the formation of carbon deposits and its nature on a working catalyst upon
varying gas atmospheres. This makes it a powerful and valuable method for further and
more detailed studies under reaction conditions and modulations of the reaction gas

atmosphere as well as long-term experiments under harsh reaction conditions including

CO.
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9 Potential and limitations of a NiFe
alloy catalyst’

9.1 Introduction

The synthesis of CH4 from CO; and renewable H within the power-to-gas concept
is a well-known process utilizing Ni-based catalysts.[?81522191 Doping these Ni catalyst
with a second metal can improve both the catalytic performance and the stability of the
catalyst.®!! Recently, NiFe alloy catalysts have been reported to claim a significantly
better catalytic performance in the methanation of CO2711%4 (¢f. section 1.3.1) which
was also indicated by the results in section 8.3. The optimum Ni/Fe ratio in the desired

alloy was found to be around 3 as reported by various studies.!!93-106]

However, long-term stability and performance tests under harsh and industrially
relevant reaction conditions combined with in-depth structural investigations are
necessary to evaluate the potential of the NizFe system in methanation applications. Such
structure-performance relationships require uniformly sized and well-dispersed NizFe
alloy nanoparticles on the support material also allowing to monitor changes and

modifications of the active material after the reaction.

In this chapter advances with respect to the preparation of the catalyst, new insights
into its structural properties and the catalytic potential at elevated pressures are reported.
The NisFe catalyst was prepared via a homogeneous deposition-precipitation method on
an ADlOs support that is suitable to obtain small and well-dispersed metal
nanoparticles.[?7231-23] Compared to the 5 wt.%NisFe catalyst prepared in chapter 8, the
total metal content was increased to form a higher fraction of the desired alloy. This
catalyst and, for comparison, a monometallic Ni reference catalyst were well

characterized using XRD, STEM combined with EDX, HRTEM imaging, H>-TPR and

! The text and figures are taken from Mutz et al.:*'? B. Mutz, M. Belimov, W. Wang, P. Sprenger, M.-A. Serrer, D. Wang,
P. Pfeifer, W. Kleist, J.-D. Grunwaldt, "Potential of an Alumina-Supported NisFe Catalyst in the Methanation of CO,: Impact of
Alloy Formation on Activity and Stability", ACS Catal. 2017, 7, 6802-6814. Reprinted with permission, Copyright © 2017,

American Chemical Society.
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Raman spectroscopy. A combination of these methods was important to prove the
formation of the desired NisFe alloy. The catalytic performance in the methanation of
CO» was screened in a custom made continuous flow laboratory setup equipped with a
tubular packed bed reactor with diluted catalyst in the temperature range of 200 — 450 °C
at 1 and 10 bar. Additionally, long-term stability tests under industrially relevant
conditions were performed in a microchannel packed bed reactor setup (IMVT, KIT) for
the NisFe catalyst in comparison to a commercial Ni-based methanation catalyst to
compare the results and to draw conclusions concerning the potential and the limitations

of the bimetallic NizFe system.

9.2 Catalyst characterization: particle size, alloy formation
and crystal phases

The desired metal loading was chosen based on literature identifying an optimum
of 15—-20 wt.% of the active metal on the support for the methanation of CO2 (e.g.
Refs!0386270) ‘a5 well as for CO methanation.'®! Elemental analysis of the catalyst
samples (Table 11) revealed a total metal loading of about 17 wt.% for both catalysts.
Therefore, a slightly lower total metal content was obtained for the applied preparation
procedure, which means that the metal ions in the solution were not precipitated entirely.
The bimetallic catalyst exhibited the intended molar Ni/Fe ratio of 3, which was the most
suitable composition for CO2-methanation reported in literature.['%:1941061 The specific

surface area of the catalysts was determined as 220 m* g\,

Table 11: Elemental composition of the Ni/Al,O3 and NizFe/Al,Os catalysts. Reproduced from Mutz ez
al.?'?! Copyright © 2017, American Chemical Society.

Catalyst Total metal loading [wt.% ] Ni [wt. %] Fe [wt.%]
Ni/Al203 16.6 16.6 -
NizFe/Al203 17.0 12.9 4.1
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9.2 Catalyst characterization: particle size, alloy formation and crystal phases

The catalyst samples of the Ni and the bimetallic NiszFe catalyst as well as the pure
v-Al203 support were analyzed by XRD to identify the crystalline phases (Figure 57). The
XRD patterns of the catalysts are dominated by the reflections of Al>Os.

Ni,Fe
Ni and/or Fe
Ni,Fe

Ni,Fe
Ni

Ni
Fe

] e

17 wt.% Ni,Fe/ALO,

17 wt.% Ni/ALO,

20 25 30 35 40 45 50 55 60 65 70 75 80
20 [°]
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Figure 57: XRD patterns of the reduced 17 wt.% Ni/Al,Os (black) and bimetallic 17 wt.% NisFe/Al,O3
(red) catalyst samples compared to the pure y-Al,O3 support (grey). Reproduced from Mutz et al.*'?!
Copyright © 2017, American Chemical Society.

The Ni catalyst showed reflections of the Ni(111) plane at 20 =44.5° (ICSD
044767) represented as a shoulder of the reflection from Al,Os3. At a similar 20 value a
reflection of the Fe(110) plane (ICSD 064998) is expected for the iron containing catalyst.
The reflections of Ni(111) and Fe(110) could not be resolved by XRD. The shoulder next
to the Al,O3 reflection appeared to be slightly broader in the case of NisFe catalyst
compared to the monometallic sample. This might be caused by an additional reflection

occurring from the NisFe(111) plane at 20 = 44.2° (ICSD 040334).
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An isolated reflection was observed for the Ni(200) plane at 20 = 51.8°. Using this
reflection with the Scherrer equation, a crystallite size of 5.4 nm was estimated. The
pattern of the bimetallic catalyst revealed a reflection at slightly lower angles, which can
be ascribed to the NizFe(200) plane at 2@ =51.5°. This angular shift based on the
formation of a NisFe alloy and its change in the lattice parameters compared to metallic
Ni has been reported in literature.!37:196.280-2821 The crystallite size of the alloyed catalyst
was calculated as 5.7 nm. No reflections from Fe at 20 = 65.0°, NisFe at 20 =75.8° or
Ni at 20 = 76.4° were observed.

17 wt.% Ni/ALO,
200

Counts: 409
Average: 3.8 + 0.9 nm

Counts

4 6
Particle size [nm]

17 wt.% Ni,Fe/Al,O,
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Figure 58: Representative STEM images and particle size distributions of the 17 wt.% Ni/Al,Os (upper
part) and 17 wt.% NisFe/Al,O3 (lower part) catalysts. Reproduced from Mutz et al.>'* Copyright © 2017,
American Chemical Society.
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The STEM image showed well-dispersed metal particles on the support (Figure 58)
for the NizFe catalyst. Small metal nanoparticles with a narrow size distribution
(dp=3.9+0.9nm) were observed with a dispersion of 24 %. Similar results were
obtained for the Ni catalyst regarding both, the metal particle size (dp = 3.8 + 0.9 nm) and
the dispersion (24 %). The size of the metal particles from the STEM images are in a
similar range as the crystallite sizes estimated from XRD. The particle sizes determined

by STEM also account for smaller particles that may be invisible for XRD.

Upon iron addition the particle size and, thus, the dispersion remained almost the
same (Figure 58). 40 wt.% NiFe-alumina catalysts have been prepared by Hwang et al.!®”)
via a single step sol-gel method, which led to slightly larger particles of about 7.4 nm (but
2-fold metal loading) as determined by XRD. In contrast, larger metal particles of 10 - 12

or 13 - 15 nm depending on the support and loadings were reported in literature for NiFe

[103,281]

catalysts that were prepared by impregnation methods.

Figure 59: Overview STEM image of the 17 wt.% NisFe/Al>O; catalyst and the corresponding elemental
maps obtained from STEM-EDX spectrum imaging on an individual particle marked with the box.
Reproduced from Mutz et al.?'* Copyright © 2017, American Chemical Society.
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Composition maps of single NizFe nanoparticles obtained from a STEM-EDX
spectrum image (Figure 59) revealed that Ni and Fe elements exhibit similar distribution,
indicating the formation of alloy particles. The compositions of the NizFe nanoparticles
quantified by STEM-EDX in different regions are shown in Table 12. The calculated
Ni/Fe ratios are slightly higher than the overall desired Ni/Fe ratio of 3 and revealed slight

local variations.

Table 12: Quantified elemental analysis of the 17 wt.% NisFe/Al:O3; nanoparticles measured at different
regions by STEM-EDX. Reproduced from Mutz et al.?'?! Copyright © 2017, American Chemical
Society.

Ni [at. %] Fe [at. %] Ni/Fe ratio
Region no. 1 75.5 24.5 3.1
Region no. 2 79.7 20.3 39
Region no. 3 80.6 194 4.2
Region no. 4 77.6 22.4 3.5
Region no. 5§ 79.6 20.4 3.9

~

Figure 60: HRTEM image and structure analysis of the 17 wt.% NizFe/Al>Oj3 catalyst by FFT from one
particle. Reproduced from Mutz et al.?'?! Copyright © 2017, American Chemical Society.
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9.2 Catalyst characterization: particle size, alloy formation and crystal phases

The NiszFe nanoparticles were further analyzed using HRTEM (Figure 60) and the
crystal structure was identified by fast Fourier transformation (FFT) from an individual
particle. The lower right part of Figure 60 shows the magnified image of the particle and
the upper right part shows the corresponding FFT, indicating that the catalyst particles
consist of the intended NiszFe alloy and, thus, confirmed the observations from STEM-
EDX spectrum imaging and XRD. Some of the NizFe particles were surrounded by very
small NiO clusters that could not be detected using XRD. This also explains the local
variations in the Ni/Fe ratio quantified by STEM-EDX. The oxidation of the small Ni
particles might have occurred during the TEM sample preparation handled in air.
Monometallic iron or iron oxide particles were not observed in the regions explored by

electron microscopy.

Raman spectroscopy (Figure 61) was performed ex sifu on the calcined samples
before reduction to gather further structural information on the bimetallic NisFe alloy
catalyst. In addition a 5 wt.% Fe/Al>O3 sample and bulk a-Fe>O3 were used as references
to assign the Raman bands. a-Fe2O3 showed characteristic Raman bands at 222, 244, 290,
404, 492, 605, 617 and 1060 cm™.1?%3! These bands were present in the spectrum of the
5 wt.% Fe/Al,O3 sample. Additionally, two main features appeared at 699 and 750 cm’!,
which can both be assigned to FeAl,04.[23%2%] This does not necessarily imply the
presence of bulk FeAl>O4 but Fe-oxide species in contact with Al,O3 as it is expected for

supported nanoparticles.

The bimetallic 17 wt.% NisFe/Al,O3 alloy catalyst showed also these two features
and a weak shoulder at 890 cm™! in addition. However, the bimetallic catalyst did not
show any bands characteristic for Fe,Os. 2832861 Since the presence of FeO gives a distinct
band at 645 cm™ 28328 and supported Fe;Os normally gives a main band around
665 cm! [287] these two iron species are hardly present. The band around 700 cm™! may
also originate from NiFe,Ou4 spinel in this catalyst. The band at 563 cm™ is a Ni-O
stretching mode, which has been shifted to higher wavenumbers due to a higher iron
content, as it has been observed for oxides of bulk NisFe.!?8%2%1 The Raman spectrum of

17 wt.% Ni/Al>03, shows the band at 554 cm™ with a shoulder around 481 cm™ that can
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9 Potential and limitations of a NiFe alloy catalyst

be assigned to Ni-O vibrations, which is in agreement with earlier studies for supported

NiO [290,291]

bulk a-Fe,O,

AMA /\ 5 wt.% Fe/Al,O,

17 wt.% Ni,Fe/ALO,

jA 17 wt.% NilAI203

200 400 600 800 1000 1200
Raman shift [cm™]

Intensity [a.u.]

Figure 61: Raman spectra of the calcined 17 wt.% NisFe/Al,O3 catalyst and monometallic

17 wt.% Ni/Al,0O3 compared to 5 wt.% Fe/Al>O3 and bulk a-Fe;Os. The deconvolution represents in
green: Ni-O, blue: Ajg vibrations of FeAl>Oq, red: a-Fe;Os and orange: shoulder only present for the
bimetallic catalyst. A list of the full deconvolution data is given in the Appendix (Table S 11).
Reproduced from Mutz et al.>'?! Copyright © 2017, American Chemical Society.

In general, it is difficult to conclude, whether broad Raman signals originate from
a superposition of several bands or from a broadening effect due to the small crystallite
size of iron oxide species. Raman spectroscopy cannot prove the formation of an alloy,
since it is only sensitive to metal-oxygen-vibrations and spinels such as NiFe,O4 and
FeAl>O4 give similar main bands. However, the slight change of the broad Fe-O-vibration
band may indicate a different crystal structure compared to pure supported iron oxide and

a strong interaction between Fe** and Ni**already in this “precursor” state.

The reducibility of the NisFe catalyst was investigated by temperature-programmed
reduction with H2 (H2-TPR, Figure 62) and compared to the profile of the monometallic
Ni catalyst. The H> consumption profile of the Ni catalyst revealed one main peak at

573 °C referring to the reduction of NiO to metallic Ni. The shoulder around 750 °C could
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9.2 Catalyst characterization: particle size, alloy formation and crystal phases

be ascribed to smaller NiO particles exhibiting stronger interactions with the support,
which have also been observed in HRTEM images. Other possible species such as
NiAl;O4 that would reduce at higher temperatures (> 800 °C, e.g. Refs®2%]) have not
been detected. The results from TPR confirm the presence of small Ni particles with a
uniform size eliminating the possible formation of larger agglomerates on the catalyst,

which would result in reduction peaks at lower temperatures.

17 wt.% Ni,Fe/ALO,

TCD signal [a.u.]

17 wt.% Ni/ALO,

100 200 300 400 500 600 700 800 900
Temperature [°C]

Figure 62: H,-TPR profiles of the 17 wt.% NisFe/Al,O;3 (top) and the 17 wt.% Ni/Al,O3 (bottom)
catalyst, conditions: 100 mg of sample, 10 % Ha/Ar (50 mL min™') and a ramp rate of 10 K min™.
Reproduced from Mutz et al.*'?! Copyright © 2017, American Chemical Society.

The TPR profile of the NisFe catalyst showed the main peak at 555 °C and an
additional peak at 350 °C. Two reduction peaks have also been reported in other studies
and can be assigned to the reduction of Fe2O3 to Fe3O4 in the ternary NiFe oxide (350 °C)
and to the reduction of Fe3;O4 to Fe and NiO to Ni (555 °C).[87:105:2641 Other studies
involving bimetallic NiFe catalysts with higher metal loading and larger metal particles
on a support with lower specific surface area showed TPR profiles with one single broad
reduction peak. A second reduction peak appeared for catalysts with a higher amount of
Fe.l'9222] Tn our case, the high temperature reduction peak may be sharper due to the
small metal particles compared to literature and, therefore, separated into two peaks. The

main reduction peak of the NisFe catalyst in Figure 62 shifted to slightly lower
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9 Potential and limitations of a NiFe alloy catalyst

temperatures (573 °C to 555 °C), as a consequence of a higher reducibility of the NiszFe

alloy compared to the monometallic Ni catalyst.!87-102!

The combined characterization results from XRD, STEM, Raman spectroscopy and
H>-TPR led to the conclusion that a high amount of the desired NisFe alloy was formed
and small, rather uniformly sized particles are present. In addition, some very small
Ni/NiO particles were identified but no Fe containing single metal particles were
observed. Hence, the supported Ni and NisFe catalysts exhibit similar structural
properties such as total metal content, metal particle size and dispersion, which is optimal
to determine the potential of the NisFe alloy catalyst in the methanation of CO2 and to

gain insight into structure-performance relationships.

9.3 Catalytic performance: screening of temperature and
pressure

Earlier pressure screenings during the methanation of CO2 (Figure S 37 in the
Appendix) between 1 — 20 bar (5 bar steps) revealed that under these conditions 10 bar
seems to be the optimum pressure. Higher pressures did not lead to significant
improvements of the catalytic performance. Based on these preliminary investigations the
catalytic performance of the 17 wt.% Ni/Al2O3 and 17 wt.% Ni3Fe/Al>O3 catalysts was
investigated in the temperature range of 200 - 450 °C during the methanation of CO; at
atmospheric pressure (1 bar) and at elevated pressure (10 bar) using a tubular packed bed
reactor. Figure 63 shows the catalytic data for the NisFe alloy catalyst compared to the
monometallic Ni catalyst. At 200 °C and 1 bar, the conversion of CO» (Figure 63 a)) was
very low for both catalysts (2 — 3 %). The conversion started between 200 - 250 °C and
increased with rising temperature. At 250 — 300 °C, a slightly higher conversion of CO2
was achieved for the NisFe catalyst (21 — 76 %) compared to the monometallic Ni catalyst
(15— 73 %). The best results for both catalysts at atmospheric pressure were realized at
350 °C (NizFe: 82 %; Ni: 85 %). Further increase of the temperature resulted in a decline
of the activity due to the thermodynamic equilibrium,'** converting only 71 % (NisFe)

and 72 % (Ni) of CO2 at 450 °C.
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9.3 Catalytic performance: screening of temperature and pressure

Raising the pressure to 10 bar resulted in a significantly higher conversion of CO>
in the temperature range of 250 — 450 °C. The superior activity of the alloyed catalyst
emerged already at 250 °C, where an exceptional conversion of CO> of 87 % (21 % at
1 bar) was observed, whereas the Ni catalyst reached moderate activity with a conversion
of only 28 % (15 % at 1 bar). For the Ni catalyst, a similar steep increase in activity
occurred at 300 °C at the higher pressure, following the trend observed at atmospheric
pressure. Both catalysts achieved excellent activity at 300 —350 °C, converting

98 — 99 % (Ni) and 95 — 96 % (NisFe) of the CO; fed into the reactor.

a

) 100 —t—y P
X = 98-
£ 80 Bz =y T

o = = o~
Q = - 96
O T
s 60+ (&) 94 4
s : —e—17 wt.% Ni,Fe/ALO, 10 bar »3 g - e
S 4 —a— 17 wWt.% NUALO, b 2 o L —e—17 wt.% Ni,Fe/AL,O, 10 bar
o , £ —=—17 wt.% Ni/ALO, 10 bar
s 56 )05' —0— 17 wt.% Ni,Fe/ALO, 1 bar 2z 90+ o
O s A -0 17 wt.% Ni/ALO, A EaF & —0—17 wt.% Nl-aFe.'AIZO3 1 bar

4o 88 | =o— 17 wt.% Ni/ALO, 1 bar
. 0 T

300 350 400 450

Temperature [°C]

300 350 400 450 200 250

Temperature [°C]

250

Figure 63: a) CO; conversion and b) CHy selectivity of the 17 wt.% Ni/Al,Os (squares, black) and

17 wt.% NisFe/Al,Os (circles, red) catalysts in the methanation of CO; at 1 bar (open symbols) and 10 bar
(filled symbols) (WHSV = 6000 mLcoz g’ h!). Reproduced from Mutz et al.?'?! Copyright © 2017,
American Chemical Society.

The selectivity towards CHy is plotted in Figure 63 b). As the reaction started at
250 °C under atmospheric pressure the NisFe catalyst showed moderate selectivity to CHy
(ca. 96 %). The value reached by the monometallic Ni catalyst was slightly higher (98 %).
CO was formed as the main by-product for both catalysts. The selectivity to CHa
increased with temperature and reached values > 99 % at 300 — 350 °C for both catalysts.
At higher temperatures, the selectivity decreased slightly, which was caused by the
formation of CO due to the endothermic reverse water-gas shift reaction.!>*! At 10 bar,
both catalysts produced CH4 with a selectivity of close to 100 % over the whole
temperature range. Only at 450 °C the selectivity towards CH4 declined slightly due to
the detection of ca. 600 ppm CO in the uGC.
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9 Potential and limitations of a NiFe alloy catalyst

The significantly enhanced low temperature activity over the NizFe alloy catalyst
compared to the monometallic Ni reference especially at elevated pressure (10 bar)
supports results by Hwang et al’® or Ren et al'®. However, in those studies
substantially different reaction conditions, catalyst loadings and support materials were
used, which makes a direct comparison difficult. At higher temperatures, no significant

promoting influence of Fe was observed.

9.4 Long-term performance

The catalytic results in section 9.3 showed that the NisFe alloy catalyst is an
attractive alternative compared to a monometallic Ni catalyst. For a more realistic
performance rating the NisFe catalyst was compared with a commercially available Ni-
based methanation catalyst under industrially oriented reaction conditions with focus on
catalyst stability and avoidance of mass and heat transport limitations using a

microchannel packed bed reactor in cooperation with Michael Belimov (IMVT, KIT).

The extent of the external mass transport limitation was examined using the
Carberry number.*'¥ The inequality was clearly fulfilled with 6-107 < 0.1 at given
experimental conditions. The mass transfer coefficient was taken from Refl??!. The
reaction rate was approximated with the literature kinetics given by Koschany et al.l?!”!
with the apparent reaction order of 0.5. This approximation was also applied for the
evaluation of the internal mass transport limitation, i.e. the Weisz-Prater criterion.!>! On
the average-sized catalyst particle of 250 um, the Weisz-number was calculated to 0.07
and satisfied the suggested limit of 0.08 (360 °C, 6 bar, 9 % CO2, H2/CO2 =4). The
effective diffusion coefficient for CO, was governed by Knudsen regime to be
1.1-10° m? s”! (particle porosity of 0.7 and tortuosity of 3). The extent of the external heat
transfer limitation was evaluated according to Mears.?!*! The heat transfer coefficient
from particle to fluid in the packed bed was calculated to 1488 W m? K'! from Ref***! at
360 °C and a Reynolds particle number of 24 (Pr = 0.7) for the examined reaction mixture

and conditions. The film overheating on the 250 um particle was calculated to 2.7 K
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9.4 Long-term performance

which is slightly above the suggested limit of 2 K, however, was considered as negligible

for the determination of the kinetic parameters.

The long-term stability of the commercial Ni-based methanation catalyst is shown
in Figure 64 a) in terms of CO> conversion as a function of time on stream (TOS). The
corresponding selectivity towards CHy is depicted in Figure 64 b). Starting at 358 °C, the
commercial Ni-based catalyst achieved a CO> conversion of 52 % with selectivity
towards CH4 of 90 %. CO was detected as the only by-product. These conditions were
kept for 47 h TOS steady state operation during which a linear decline in conversion of -
0.12 % h'! was observed. After 47 h the conversion of CO; decreased to 46 %, although

the selectivity towards CH4 remained constant (90 — 91 %).
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Figure 64: a) Conversion of CO and b) selectivity towards CH4 of the commercial Ni-based methanation
catalyst during long-term performance testing at 80500 mLcoa ge.! h™! and 6 bar. Reproduced from Mutz
et al.?'”1 Copyright © 2017, American Chemical Society.

The effectiveness factor is used to describe the percentage of pore utilization of the
catalysts and is estimated to around 90 % according to Ref!?'®!. Thus, the temperature was
decreased to minimize mass transport limitations. At 328 °C 22 % of CO2 was converted
by the catalyst with a calculated effectiveness factor of > 95 % and, therefore, the catalyst
particles in the bed operated near full utilization. The selectivity towards CH4 decreased
slightly to 85 % due to an increasing production of CO. As the formation of CO by the
reverse water-gas shift reaction is generally assumed to happen at higher temperature, this

increased CO production could indicate that the parallel reverse water-gas shift reaction
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9 Potential and limitations of a NiFe alloy catalyst

can improve in importance due to the competition on the same active sites. However, the
selectivity calculation could also be falsified by the overall lower concentration of

products at lower conversion. i.e. leading to a higher experimental error.

The temperature was kept constant at 328 °C for 44 h, in which a further slight
decline of the CO» conversion of -0.09 % h™! was observed following the trend monitored
at 358 °C and resulting in 18 % CO: conversion in the end. Additionally, a declining
selectivity toward CHg4 to 81 % was observed over 44 h TOS at 328 °C. Increasing the
temperature to 358 °C again led to a conversion of 34 %, which is nearly the value that

would have been expected for a linear decrease over time at this temperature.

The conversion of CO; achieved by the NisFe system is shown in Figure 65 a) as a
function of TOS, the corresponding selectivity towards CH4 is depicted in Figure 65 b).
At 358 °C, the NiszFe catalyst achieved a high CO> conversion of 71 %, which was
superior to the conversion reached by the commercial catalyst at the same starting
temperature. In addition, excellent stability was achieved over 45 h, which is of crucial
importance for industrial applications. A linear decline in the conversion of -0.02 % h’!
was observed, which was 6 times slower than for the commercial catalyst. During this
period, the selectivity towards CH4 was high with a constant value of around 98 % making
the bimetallic NizFe system superior to the commercial Ni catalyst (S(CHs) = 91 - 92 %).
The effectiveness factor for this condition was estimated to 70 %. In accordance with the
long-term performance test of the commercial methanation catalyst, the temperature was
then decreased to obtain similar CO> conversions and an effectiveness factor of > 95 %
at about 305 °C (compared to 328 °C for the commercial catalyst). At that temperature,
21 % of CO2 was converted for the first 6 h TOS. The selectivity towards CHy slightly
decreased to 91 % due to the lower temperature, which is also in alignment with the

results from the commercial catalyst.

The initial TOF of the NizFe catalyst on the basis of the yield of CH4 and the catalyst
characterization data is calculated to be 0.26 s™ (305 °C, 6 bar). The received TOF value
locate in typical dimensions for alumina supported Ni catalysts reported in literature,
ranging from 0.041 — 0.097 s [ and 0.1 s 1 up to 0.69 s7! °°1. However, the reaction

rates are difficult to compare due to the unknown effectiveness factors and various
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9.4 Long-term performance

reaction conditions, which were applied in different studies. This is also the case, if

comparing the results of long-term performance tests in the literature.
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Figure 65: a) Conversion of CO; and b) selectivity towards CH,4 of the 17 wt.% NisFe/Al,O3 catalyst
during long-term performance testing at 80500 mLcoz g h™! and 6 bar. Reproduced from Mutz et al.?!?
Copyright © 2017, American Chemical Society.

After 6 h TOS with near constant conversion at 305 °C the conversion of NisFe
dropped significantly during the total 40 h TOS period at 305 °C to only 9 % in the end.
The degradation was ca. 17 times faster than at 358 °C. The deactivation behavior in this
period is less predictable due to a non-linear conversion decline. At the same time, the
selectivity towards CH4 declined distinctly to only 63 % after 40 h TOS due to the rising
production of CO. Both, catalyst deactivation and loss of selectivity were considerably
less pronounced for the commercial system under full pore utilization and lower
temperature conditions compared to the NizFe catalyst. Therefore, the low temperature
leading to a higher CO production ability could probably accelerate the degradation
process due to enhanced probability for soot formation from CO or segregation of the

particles.

Slightly decreasing conversion of CO2 over time has also been reported in literature
and seems to be a common problem for Ni catalysts.[62:648593971 Guch deactivation over
time was attributed to both sintering of the metal particles and small degree of coke
formation,'%>33%3! but also oxidation of Ni during long-term operation might play a

role.[6793219.2311 Sudies on degradation under CO methanation conditions revealed that
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9 Potential and limitations of a NiFe alloy catalyst

asymptotic conversion decline is a common problem!'>!**3! and could be attributed to a
strong deactivation mechanism, e.g., pore mouth blockage by coke.?®! Indeed, in most
cases carbon deposition due to CO decomposition to surface carbon was speculated as

main deactivation route.[!3%-151,153.297,298]

After 40 h TOS at 305 °C the temperature was increased gradually resulting in an
improved conversion and selectivity. However, even at the initial temperature of 358 °C
only 29 % of CO; (compared to 71 % at the beginning) was converted with a selectivity
of 70 % towards CH4 (compared to 98 % in the beginning). Hence, a serious deactivation

of the NizFe catalyst system occurred during the low temperature period.

Comparison of both catalyst systems revealed an enhanced conversion, selectivity
and stability for the NizFe system at 358 °C pointing to a synergetic effect of the Ni and
Fe. The enhanced activity may be explained by parallel contributions of an enhanced CO>
adsorption and activation at the Fe species!®’"1%! and an optimal CO dissociation energy
of the NiFe alloy that has been claimed in DFT studies!!®’? and confirmed
experimentally.371931041 However, the NisFe catalyst was not able to further convert CO
to methane at 305 °C due to a combination of low temperature and consequently increased
CO formation ability. Similar behavior was observed in the screening experiment
(Figure 8) at 250 °C and 1 bar. Increased CO formation was also observed for iron rich
NiFe catalysts.l'®! Furthermore, Fe catalysts are active in the reverse water-gas shift
reaction applied in Fischer-Tropsch processes.!**>3%! Hence, operando spectroscopic
investigations*816416317LISTI9T shoyld be conducted in future require to elucidate the
structure of the NisFe catalyst at work and to evaluate, whether surface segregation of Fe
might play a role in the enhanced CO production. However, this is beyond the scope of
this study and such studies are currently performed on these well-characterized Ni-based

catalysts.

Due to the deactivation that occurs at lower temperatures, the methanation of CO»
with the NisFe catalyst needs to be operated at 358 °C to maintain optimal performance.
Since internal mass transport limitations could only be prevented at different temperatures
(305 °C for NisFe, 328 °C for the commercial catalyst), a more pronounced deactivation

of the commercial catalyst at 305 °C in alignment with the deactivation observed on the
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9.5 Characterization of the catalysts after long-term application

NisFe catalyst due to further increased CO formation also on the pure Ni catalyst could

not be ruled out.

9.5 Characterization of the catalysts after long-term
application

Since both catalyst systems suffered from deactivation in the long-term experiments
they were characterized afterwards to gain information on the deactivation mechanism.
Raman spectroscopy (Figure 66) revealed the deposition of carbon species on both

catalysts.
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Figure 66: Raman spectroscopy performed ex situ on the 17 wt.% NisFe/Al,O3 and the commercial Ni-
based catalyst after the long-term experiment under industrially-oriented conditions. Reproduced from
Mutz et al.'*'?! Copyright © 2017, American Chemical Society.

The Raman bands around 1380 cm™ and 1595 cm™! could be assigned to the D1 and
G bands representing a disordered graphitic structure and an ideal graphitic lattice,
respectively.[#272] The absence of further defect bands as well as the distinct and narrow
shape of the D1 and G bands with full widths at half maximums of around 50 and 70 cm™,

respectively, indicates that the carbon depositions are graphitic rather than amorphous. In
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9 Potential and limitations of a NiFe alloy catalyst

case of the NisFe system, the carbon formation might have occurred during the low
temperature period where CO was formed that causes carbon deposits on Ni-based

catalysts during CO methanation.[!>!:153.2%8!

Even though, Raman microscopic
measurements are barely quantitative, compared to similar measurements on carbon
poisoned Ni-based catalysts in section 8.5 the intensity of the carbon signals is so low

that the actual deposition may be very subtle.

Another reason for the deactivation of the catalysts might be sintering of the metal
particles. Therefore, STEM images of the spent NisFe catalyst after re-reduction were
recorded. The evaluation of the average particle size (Figure 67) showed a slight increase
from 3.9+0.9 nm to 4.6 £ 1.3 nm. Especially particles in the range of 5 —7 nm are
observed to a higher extent on the spent catalyst. The dispersion decreased to 19 % for
the spent catalyst (fresh: 24 %). HRTEM and STEM-EDX evaluation of the spent catalyst
(cf. Appendix Figure S 38 - Figure S 40 and Table S 13) showed that still most of the Ni
and Fe are alloyed with similar Ni/Fe ratios compared to the fresh catalyst. Moreover, the
additional reduction step to recover a full reduction of the used catalyst might have

contributed to re-dispersion effects.[1%8!
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Figure 67: STEM evaluation of the 17 wt.% Ni3;Fe/Al,O3 catalyst in the fresh state (red) and after the
long-term experiment (blue). Reproduced from Mutz et al.!*'?! Copyright © 2017, American Chemical
Society.

132



9.6 Conclusions

The characterization results of the spent NiszFe catalyst the loss of activity in the
present case seemed to be caused by loss of metal particle dispersion combined with some
carbon deposition (cf. discussion with respect to the long-term experiments). In addition,
some oxidation of the active sites might also be at the origin of the deactivation. Carbon
formation, particle sintering and loss of metal dispersion might have occurred at all
temperatures on the commercial catalysts, explaining the slightly diminishing CO>
conversion independent of the temperature. Because of the high performance stability of
the NisFe catalyst, we suggest that carbon deposition for this catalyst occurred only during
the low temperature sequence when more CO was formed and, therefore, the initial
activity could not be retrieved after increasing the temperature again. Slight particle
growth and loss of metal dispersion might be the reason for the minimal loss of activity

during the first 45 h TOS.

9.6 Conclusions

A promising 17 wt.% NisFe alloy catalyst supported on y-Al2O3 was prepared with
high dispersion (24 %) by homogeneous deposition-precipitation method with urea. The
combination of all results obtained from extensive characterization verified that a high
fraction of Ni and Fe formed the intended NisFe alloy as 4 nm particles with narrow size

distribution. Catalytic tests revealed

17 wt.% Ni;Fe/Al,0,

enhanced low temperature activity of

2
NisFe compared to a Ni g“
monometallic reference catalyst, %
which was most prominent at 'é
elevated pressure. Long-term §
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including much higher catalyst load Scheme 5: Long-term performance of the bimetallic NizFe

revealed  significantly  enhanced catalyst as compared to the commercial methanation
catalyst. Reproduced from Mutz et al.'>'?! Copyright ©

activity (71 % conversion of COz) 2017, American Chemical Society.
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and selectivity (> 98 % selectivity towards CHs) of the NizFe alloy compared to a
commercially available Ni-based methanation catalyst at high temperature. Most
remarkably the 17 wt.% NizFe/Al>O3 catalyst was highly stable above 350 °C whereas a
decline of conversion was observed for the commercial catalyst. As the
17 wt.% NisFe/Al>O3 catalyst worked at high efficiency of > 95 %, a turnover frequency
of 0.26 s (305 °C, 6 bar) was achieved. Deactivation of the NisFe system occurred in the
low temperature regime and the selectivity shifted significantly towards CO. Both
catalysts showed some carbon deposition after the long-term treatment, which may
contribute to the deactivation phenomena. In conclusion, an outstanding catalyst with
high performance and stability is obtained when combining Ni and Fe in mid-temperature

(358 °C) methanation of COz for power-to-gas application.
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10 Final conclusions and outlook

In this thesis, the methanation of CO; as exemplary reaction to produce a chemical
energy carrier from CO; and green H» within the power-to-chemicals concept was studied
under dynamic reaction conditions. Fluctuations in the H> feed is one of the scenarios
when utilizing renewable energies from wind and sunlight. The thesis focused on the
investigation of the structural behavior of a tailor-made Ni model catalyst and its
deactivation mechanisms. For the catalytic tests, a continuous flow laboratory setup was
planned and built-up, which was equipped with a stainless steel fixed-bed reactor and
online gas analytics and was designed for catalyst screening and dynamic reaction
conditions in the methanation of CO». The model Ni-based catalyst was further developed

to a promising bimetallic system.

First insights into the structural behavior of a commercial Ni-based catalyst during
a long-term H> dropout in the methanation of technical CO2 as a worst case scenario
revealed a fast bulk oxidation of the active metal and a deactivation in the subsequent
methanation step due to residual NiO. Progressing deactivation was observed over cycles,

but a reactivation protocol in H> at elevated temperatures was developed successfully.

A tailor-made 10 wt.% Ni/Al>O3 catalyst with small and uniformly sized 4 nm Ni
particles was designed to study the structural changes during quickly fluctuating H»
supply in more detail. Short-term H> dropouts of 30s resulted in surface
oxidation/reduction processes of the Ni particles propagating slowly through the catalyst
bed as investigated by time-resolved operando QEXAFS experiments. Therefore, even
short interruptions of the H» feed and, thus, a slight oxidation of Ni cannot be tolerated
by the catalyst. The most reactive Ni sites were oxidized and could not be recovered under
methanation conditions. Ni coordination numbers from EXAFS evaluation also suggested
dynamic shape changes of the Ni particles. These first insights into the structural response
of a model catalyst during dynamically operated methanation of CO, demonstrated the
significance to study and evaluate power-to-chemicals processes on the catalyst scale, the

influence of impurities such as Oz and also in holistic approaches under such conditions.
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10 Final conclusions and outlook

Operational adjustments of the methanation process were developed successfully
to prevent oxidation and, thus, deactivation of the catalyst caused by H» interruptions.
The adjustments included either the integration of a small permanent background flow of
H> through the reactor or the utilization of a CO2/CH4 mixture (e.g. from biogas plants or
product gas recirculation) for the methanation, even if small impurities of O are in the

CO; feed.

In this context, furthermore the deactivation of Ni-based catalysts caused by carbon
deposition was investigated in various reaction mixtures related to fluctuating reaction
conditions as well as the methanation of CO2/CH4 mixtures. Within this study, operando
Raman spectroscopy was successfully applied to investigate the formation and nature of
carbon deposits on the catalyst during operation. Under the applied conditions no carbon
deposition was observed, neither in CO; nor in dry reforming related CO2/CH4
atmosphere. Only in pure CHy, significant deposits of graphitic carbon were formed
leading to a blockage of the catalyst surface and a vast deactivation in the subsequent
methanation step. However, the carbon deposits could be removed by CO; or Hz. The
initial catalytic performance could be fully recovered by reactivation in H at elevated
temperatures, at which the carbon deposits were removed from the metal particles as
revealed by electron microscopy. Combining these results, deactivation of Ni-based
catalysts by oxidation or carbon deposition could be suppressed as long as a small

permanent flow of Hz or a CO2/CH4 mixture was present in the reactor

The Ni-based model catalyst was further developed to a promising bimetallic
17 wt.% NisFe/Al,03; catalyst. The combined results of various characterization
techniques such as XRD, STEM with EDX, HRTEM, H>. TPR and Raman spectroscopy
revealed 4 nm NiszFe alloyed particles with a uniform size distribution and a high metal
dispersion of 24 %. A high TOF of 0.26 s! was achieved in the methanation of CO,
operating with an effectiveness factor of > 95 % (305 °C, 6 bar). The catalyst showed an
impressive stability and outstanding catalytic performance compared to a commercial Ni-
based methanation catalyst for 45h time on stream at 358 °C. Thus, the
17 wt.% NisFe/Al>Os3 catalyst represented a promising alternative system for methanation
applications which was furthermore suitable for structural investigations using operando

spectroscopy due to its defined alloy particles.
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Future investigations of the bimetallic catalyst are necessary to study the nature of
the NizFe particles under reaction conditions. The oxidation state of Fe, the structural
behavior of the alloy and segregation effects need to be explored under steady state as
well as under dynamic reaction conditions at atmospheric and elevated pressures.
Combining operando XAS with XRD, IR or Raman spectroscopy should deliver valuable
information, which could provide insights on the reaction mechanism, the interplay
between the metals of the alloy catalyst and additional effects from surface segregation
(as discussed in section 9.4). Further information about the structure of the Fe species

could be gained by Mdssbauer spectroscopy.

Additional research on the methanation of CO> under dynamic reaction conditions
is required to resolve the influence of different parameters and reaction conditions on the
catalyst. The effect of H> interruptions needs to be studied at lower temperatures and
elevated pressures comparable to conditions realized in industrial applications. Operando
XAS and DRIFTS should be combined for mechanistic studies on the oxidation/reduction
of the catalyst under dynamic reaction conditions. Additionally, computational studies
might help to understand, which Ni sites are oxidized and reduced under the applied
reaction conditions. To investigate and to prove the proposed mechanism of the oxidation
propagating through the catalyst bed, spatially resolved operando EXAFS would provide
important data. Additional information about shape changes of the Ni particles in

reducing and oxidizing atmosphere could be gained by in situ TEM studies.

Next to the spectroscopic studies under dynamic reaction conditions, the behavior
of the reactor as well as product distribution and overheating effects requires detailed
investigation. Additional feed components such as H>O, CO, Oz need to be included for
operando spectroscopic studies to examine their effects on the catalyst as well as on the
process itself. Finally, studies under dynamic reaction conditions need to be transferred
to other processes within the power-to-chemicals concept, such as the Fischer-Tropsch
reactions or methanol synthesis. Other reactions where fast changes in temperature,

pressure or catalyst load are expected is e.g. exhaust gas catalysis.

The first insights into the carbon formation via operando Raman spectroscopy form

the basis for further parameter variations or additional gases as discussed for further
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10 Final conclusions and outlook

operando XAS studies. CO and H>O as well as harsh reaction conditions have influence
on the formation of carbon deposits as shown during the long-term tests and should be
studied within operando Raman experiments. Besides, the formation of Ni-carbides
should be investigated under such reaction conditions. Alternatively, in situ X-ray

photoelectron spectroscopy could be used to investigate surface carbon species.

Dopants, such as MgO or ZrO», could further improve the stability and performance
of the NisFe/Al>Os3 catalyst. Ni or NisFe catalysts doped with small amounts of Ru might
also present promising catalyst systems exhibiting better reducibility and performance at
lower temperatures. Ni-based catalysts with enhanced reducibility are also very
interesting for studies under dynamic reaction conditions, where a full reduction in the
methanation atmosphere would be possible. In the case of fully reversible dynamic
changes of the catalysts, modulation excitation spectroscopy could be applied to gain
information of active species in the methanation reaction. In contrast to complete Hz
dropouts, slight changes of the reduction potential of the reaction mixture might lead to
small changes in context with strong metal-support interaction. Computational studies
considering the direct hydrogenation of CO> (cf section 1.3.2) might result in a volcano
plot different from the one obtained for the CO dissociation and, thus, might uncover new

promising alloys with enhanced catalytic performance.
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Supporting information for the operando XAS experiments

Methanation of CO:2 — blank test

—B- Conversion (CO,) with cat [%)]
10 | —@- Yield (CH,) with cat [%]

oz * —4&- Yield (CO) with cat [%]

X ) —— Blank conversion (CO,) [%]
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Figure S 1: Blank test for the methanation of CO, with Al,Oj3 (catalyst support, high surface area, 1/8”
pellets, Alfa Aesar) at T =200 — 500 °C performed in a stainless steel microreactor (H»/CO, = 4,

40 % N,, GHSV = 15000 h'!). Dashed line is conversion and yield of the commercial catalyst shown in
Figure 18 for comparison. The inert material was crushed and calcined at 600 °C (4 h, 5 K min™).
Reproduced from Mutz et al.*'*! Copyright © 2015, with permission from Elsevier.

The blank test in Figure S 1 showed CO formation above 450 °C to a maximum of
2 %; also 1 % CHa4 was formed. At 400 °C and below, no CO> conversion of the reactor

wall or the inert material was observed.
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MS data during hydrogen dropout

{ H,+CO, CO; H,+ CO,
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Figure S 2: MS data section monitoring the trend of the reaction gases while switching from H, + CO; to
the less reducing atmosphere (step 2-4 according to Figure 21). Note that the mass spectrometer was not
calibrated. Reproduced from Mutz et al.>!*! Copyright © 2015, with permission from Elsevier.

Xvi



Supporting information for the operando XAS experiments

XAS evaluation

Supplementary data on the evaluation of the XAS spectra discussed in chapter 5 is

shown in Figure S 3, Figure S 4 and Table S 1.

Energy [eV]

c
.g —— pre-reduced catalyst 8 b — step 3 after Hy dropout
% 1,6 a ) —— linear combination fitting *g_ 1,64 ) f\ —— linear combination fitting
S — fit residual = |\ —fitresidual
) —— bulk N_IO o o / —— bulk NiO
£ 12y \ —— metaliic Ni foi 2 1,24 —— metallic Ni foil
(]
¥ ¥
0,8 = 0,81

2o 2
o) NiO 35% il ; 9
Sos- NI 65% 8 041 NI 5%

% =
g R-factor 3 x10 g R-factor 5 x10™*
—
g 0,94 ¥ Y T |6 0,01 T T T

8320 8340 8360 8380 8400 Z 8320 8340 8360 8380 8400

Energy [eV]

Figure S 3: XANES spectra of the pre-reduced catalyst (a) and the catalyst under less reducing
atmosphere (b) (measured in situ according to Figure 21, step 3) each in black, metallic Ni (green) and
NiO (purple) references. Additionally, the result of the linear combination fitting (red) and the fit residual
(blue) is shown. The linear combination of the pre-reduced catalyst revealed 35 % of an oxidic Ni phase,

the catalyst after H, dropout revealed 65 % NiO. Reproduced from Mutz et al.*'! Copyright © 20135,

with permission from Elsevier.
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Figure S 4: Corrected coordination numbers and bond lengths from the EXAFS in Table S 1. Reproduced

from Mutz et al.””'”! Copyright © 2015, with permission from El

sevier.
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Table S 1: Local structural parameters of Ni extracted from the EXAFS spectra at the Ni K-edge of
various samples presented in the study (with Ni So?= 0.88, NiO So?= 0.91). Reproduced from Mutz et
al.?*! Copyright © 2015, with permission from Elsevier.

Sample Atom | N rA) ¢ 2x10°(A?) E0 P (%)
Ni foil N 12f 2.49% 6.5+0.7° 2.9+ 0.7° 2.5
Ni 6f 3.52% 10.0+2.92
Ni 24f 4.31% 8.1+1.1°
NiO (o) 6f 2.07°2 6.8+0.9° 2.6+ 0.6° 13
Ni 12f 2.96 £ 0.012 7.8+0.32
Pellet calcined 0] 6f 2.07°% 8.1+0.3° 1.0
Ni 12f 2.96% 8.1+0.3? 1.0
Pellet Pre- | O 2.0+0.22 2.08+0.032 7.6+3.2° 6.1+ 1.5° 2.0
reduced
Ni 4.0+0.5° [6.2 * | 2.48% 6.5+1.32
0.8]
Ni 5.9+0.42 2.96+ 0.03° 10.0+ 1.6°
Ni 3.5#1.22[5.4+1.9] | 3.51% 9.9+ 5.0°
Ni 11.4+1.73[17.7 + | 4.30% 8.3+1.7°
2.6]
Reduced 500 °C Ni 8.3+1.0** 2.49% 12.5+0.42 7.2+ 1.1° 1.9
Ni 4.2+1.0** 3.49+ 0.032 17.9+4.4°
Ni 19.346.5** 4.35+0.02°2 18.6 £1.92
Reduced RT Ni 8.3+1.0° 2.49% 6.5+0.12 6.9+ 1.1° 2.3
Ni 4.2+0.5°" 3.49+ 0.032 10.1+3.4°
Ni 19.3+6.52 4.34+0.012 9.6+2.8°
Methanation | Ni 7.7£1.0° 2.49% 11.9+1.3° 6.7+ 1.1° 1.8
Ni 3.9+0.5%" 3.48+0.032 18.0+4.5°
Ni 15.4+2.0% 4.35+0.02°2 159+2.12
CO2 (0] 4.5%0.7° 2.06+ 0.02%* 11.8+3.1° 0.5+1.82 0.4
Ni 1.5+0.6°[5.0 £ 2.0] | 2.54+0.03? 11.9+1.3%
Ni 8.9+2.0° 2.97+0.02° 14.5+2.22
Methanation Il Ni 7.0+1.12[8.0 £1.3] | 2.50% 11.5+1.4° 7.6+ 1.4° 2.1
Ni 3.5+0.6%'[4.2 + | 3.49%£0.03? 17.3+5.6°
0.7]
Ni 9.545.5%[11.4 + | 4.35+0.02? 11.6+5.4°
6.6]

§ = fitted uncertainty lower 0.01 A, a = fitted and f = fixed. T fitted with constraint Ni_2 = (Ni_1/2). &
fitted with constraint Ni_3 = (Ni_1*2). ¥ values fixed to be equal to the fitted at room temperature after
cooling. w fixed using the same value for Methanation I. Structural parameters: N = number of
neighboring atoms, r = distance, o? = mean square deviation of interatomic distances, p = misfiting
between the experimental data and the theory.

Further information on linear combination and principal

component analysis

The XANES spectra recorded during the experiment in chapter 5 were submitted to
principal component analysis (PCA). The total number of components is equal to the

number of spectra recorded. However to reproduce the experimental data one does not
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Supporting information for the operando XAS experiments

need all spectra, but only the principal components. Thus PCA is a tool that uncovers how

many different components exist during the chemical transformation.2%1-302!

=) PC5
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£ PC3
{ e
o O PC2
{ o
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o
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8320 8340 8360 8380 8400 8420
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Figure S 5: Five principal components of the spectra recorded during the experiment weighted by their
respective eigenvalues. Reproduced from Mutz et al.*'¥) Copyright © 2015, with permission from
Elsevier.

Table S 2: Variance and cumulative variance of the five principal components of the spectra recorded
during the experiment. Reproduced from Mutz et al.*'"! Copyright © 2015, with permission from
Elsevier.

Component Variance Cumulative Variance
PC1 0.923 0.923
PC2 0.056 0.979
PC3 0.003 0.983
PC4 0.002 0.985
PCS5 0.001 0.987

Figure S 5 and Table S 2 show the relative importance of each of the first five
components. In total, 47 spectra were recorded during the experiment; the sum of the
cumulative variance of these 47 spectra is equal to 1.0. Nevertheless to achieve
cumulative variance of almost 0.99 one needs only the first five principal components.

The remaining components do not contribute the spectral features but rather to the
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experimental noise. The PCA shows that the first two components are most important and
a cumulative variance of 0.98 is achieved. Further components showed no significant

improvement.

The experimental data recorded during the experiment was reconstructed using
two, three and four principal components. Although two components fairly reproduce the
data, the addition of a third component may slightly improve the quality of the fit. On the

other hand a detailed analysis using linear combinations was performed (Figure S2).

To check the suitability of NiCOs3; and Ni carbides as reference compounds, the
target transformation analysis (conducted with SixPack software of the IFEFFIT
package!®®) was used. The target transformation analysis is an operation that seeks
whether a “candidate reference compound” is present in the mixture. Using a selected
number of components (in the present case two, three and four) this procedure aims to
reconstruct the candidate and therefore one can identify unknown components formed

during the chemical reaction.

Considering the formation of carbonate species the target transformation was
conducted on NiCOs reference compound recorded previously ex situ at the ANKA
beamline (section 5.4). The results showed that not even four principal compounds can
in any way reproduce the NiCOs3, and therefore one can state that NiCO3 is not formed

during the reaction.

Ni carbides are not stable under air and therefore they are hardly found as
reference compounds for spectroscopic measurements. In order to verify the possible
presence of Ni carbides in the sample, we have simulated the Ni-K XANES spectra for
some NiC and Ni3C species. Considering the present catalyst in which the Ni metallic
were nanoparticles, one can assume that only a small amount of Ni carbide species could
be formed. Afterwards again a target transformation was performed on the simulated
spectra to check whether they could be considered as a component of the mixture or not.
Note that this approach with calculated data has been for example successfully used in

ref 13031,
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The spectra were simulated using the Feff 9.0 code.***! The first step consisted in
preparing the atomic coordinates input files of clusters with different dimensions which
was done using the atoms code.’%! The cell dimensions of the unit cell, the atomic
positions and group symmetry of NiC and NizC were taken from the ISCD database

references,1304-306.307] respectively.

Figure S 6 presents the NiC a) simulated spectra for a molecular hexacoordinated
NiC, a NiC 3 A cluster (containing two coordination shells) and for NiC 8 A larger
clusters considering several outer shells. Figure S 6 b) shows the calculated spectra for
NisC 4 A and 8 A clusters which is similar to ref.?*!. Besides the chemical nature and
coordinates of neighboring atoms, the XANES spectra shape is highly dependent on the
cluster size since the photoelectron mean-free path is the range of tens of angstroms in

low kinetic energy regime.

() ()

[e)) A ()]

T 20l (@) —— NiC, molecule 3 (b)

¥ ——NiC 3 A cluster AT

Z 5159 —— NiC 8 A cluster <5

O o B

ﬂ‘) — ﬁ —

= C == .

S 6 107 © O —— Ni,C 4 A cluster
EQ EROS gl

5 6 S 5 — Ni,C 8 A cluster
=25 5 2

3 ® B ©

T 00 ; . , ; S 00 . . ; ;

3 8320 8340 8360 8380 8400 8420 3 8320 8340 8360 8380 8400 8420
S Energy [eV] 5 Energy [eV]

Figure S 6: a) Calculated XANES spectra for NiC6 and NiC clusters of 3 A and 8 A, b) calculated
XANES spectra for NizC clusters of 4 A and 8 A .The spectral features are highly dependent on the
cluster size. Reproduced from Mutz et al.>'"! Copyright © 2015, with permission from Elsevier.

Next again a target transformation based on the simulated spectra using two, three
and four principal components was performed. The results revealed that the spectra
recorded during the methanation experiment cannot be used to reconstruct neither the
calculated NiC nor Ni3C spectra, therefore these species are not suitable references for
the linear combination analysis and they are probably not be present in the mixture as also

suggested by earlier discussion in literature.
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Details on QEXAFS data evaluation

To evaluate the Ni oxidation state during the experiment a linear combination of
reference spectra was conducted to the respective sample spectra. In Figure S 7 XANES
spectra of the catalyst are presented along data obtained on reference samples: Ni-Foil
with an oxidation state of zero and NiO with nickel in the oxidation state of +2. The
pronounced feature around 8350 eV is called white-line and its extent strongly depends
on the Ni oxidation state. The depicted sample spectra show the catalyst with Ni in the
highest and lowest oxidation state. Since the operando XAS experiment was performed
at 400 °C, the catalyst sample oxidized in situ in 5 %0O: and the corresponding XANES
spectra at 400 °C was used as oxidized reference during the LCF analysis. As reduced
reference the XANES spectrum acquired at 400 °C of the reduced catalyst was chosen.
As shown in Figure S 7 and also the EXAFS fitting data (Table S 3 and Table S 4) the Ni
component did not fully reduce due to the nature of the very small nanoparticles present
in the catalyst and the intimate contact with the support (see also TPR-profile). Note

furthermore, that the XAS spectrum is also dependent on the Ni particle size.

Sample spectra
oxidized at 400 °C
reduced catalyst at 400 °C

3

S,

c

S

=

a

P

o]

@

a

@

B Reference spectra
N —— Ni Fail
s | Jf NiO

E

=

<]

£

0.0

- : I 1 l T I T l ] I L)
8330 8340 8350 8360 8370 8380 8390

E [eV]

Figure S 7: Reference XANES spectra and selected spectra for linear combination analysis. Reproduced
from Mutz et al.”??*! under the terms and conditions of CC BY 4.0 license
(http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

XXil


http://creativecommons.org/licenses/by/4.0/

Details on QEXAFS data evaluation

Reduced catalyst in He

Figure S 8 shows the XANES and the FT EXAFS spectra of the reduced catalyst

(at 500 °C in 50 % H>/He) in hydrogen atmosphere at room temperature and after heating

again to 400 °C, and after the feed was switched to He. The Ni component was found

stable in He atmosphere.
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Figure S 8: XANES and FT EXAFS spectra of the reduced catalyst in Ho/He at room temperature (RT)
and at 400 °C and in He atmosphere at 400 °C. Reproduced from Mutz et al.?**! under the terms and
conditions of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.
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Results of EXAFS fitting analysis

Table S 3: Structural parameters of the local Ni atomic environment extracted from EXAFS spectra at the
Ni K-edge of various samples measured at room temperature. Spectra of Ni foil and NiO references
(measured as pellets) were used to obtain experimental amplitude reduction factors (Ni S¢*> = 0.91, NiO
So? = 0.92). Furthermore, the results for the calcined catalyst and after reduction at 500 °C are presented.
The experimental and simulated EXAFS data are shown in Figure S 12 and Figure S 13 together with the
fitting ranges. Reproduced from Mutz et al.!***! under the terms and conditions of CC BY 4.0 license
(http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

Sample Atom N R (A o2 ¥1073 AEy (eV) p (%)
(Condition) (A?)
Ni foil Ni 12f 2.49 6.5+0.3 7.2+£0.5 0.14
k-range: 3-13 .
R-range: 1-5 Ni 6f 3.52 8.8+£0.6
Ni™= 25; N*'=6 ,
Ni 24f 4.31 8.8+£0.6
Ni 12f 497 8.8 £0.6
NiO (0] 6f 2.08 72+£2.1 -29+0.6 0.48
k-range: 3-13 .
R-range: 1-3 Ni 12f 2.97 8.0+£0.9
Nim= 12; N*%'=5

Sample at room temperature

A: calcined pellet o 5.0+£0.2 2.04 £0.01 55+21 -4.6+0.7 0.19
k- :3-12
R-rrz:fgiz 1-3.0 Ni 5104 297 +£0.01 10.5+£4.3
Nind= 11; N¥"=5
B: reduced o 25+02 2.03+0.01 55+%21 82+1.6 0.15
k-range:3-11 .
R-range:1-2.8 Ni 37+03 2.49 £0.01 8.1+0.1
Nind= 9; N¥r=7 )
Ni 1.9+0.7 2.97 £0.03 10.5£4.3

f = value kept fixed during fitting procedure, a = fitted uncertainty 0.01 or lower, N = number of neighboring atoms,
R = distance, 6> = mean square deviation of interatomic distance, p = misfit between experimental data and theory

according to Reff???!,
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Details on QEXAFS data evaluation

Table S 4: Structural parameters of the local Ni atomic environment extracted from EXAFS spectra at the
Ni K-edge of various samples measured at room temperature and at 500 °C before and after the presented
experiments. They represent the most oxidizing and reducing states during the experiment. The

experimental and simulated EXAFS data is shown in Figure S 14 together with the fitting ranges.
Reproduced from Mutz et al.?*> under the terms and conditions of CC BY 4.0 license
(http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

Sample (Condition) Atom  N? R (AP 62 103 (A% Eo(eV) p (%)
Before 30 s Hz dropouts

RT (0] 20+02 2.05+0.01 5.5f 10.5+1.0 0.21
k-range: 3-10

R-range: 1.3-2.8 Ni 4.7+0.6 2.51 £0.01 8.1+0.1

Nind= 6; Nr= 4

500 °C (0] 2.0+0.2 2.03 £0.01 15033 77+1.0 0.27
k-range:3-8.5

R-range:1.2-2.8 Ni 4.7+0.6 2.48 £0.01 132 +1.5

Nind= 5, NYr= 4

After 30 s H: dropouts

500 °C (0] 2.0+0.3! 2.04 £0.02 150+3.3 7.7+19 0.12
k-range:3-8.5

R-range:1.2-2.8 Ni 49+0.3 2.49 +0.01 132+1.5

Nind= 5; Nor= 4

Before 300 s Hz dropouts (after 4 total 30 s modulation experiments)

500 °C (0] 1.5+£02 2.03 £0.01 15033 7.8+1.3 0.04
k-range:3-8.5

R-range:1.2-2.8 Ni 54+0.2 2.49 +£0.01 13.2+1.5%

Nind= 5, NYr= 4

After 300 s H> dropouts

RT (0] 1.5+0.3 2.03 £0.02 5.5f 85+1.8 0.40
k-range: 3-10

R-range: 1.3-2.8 Ni 57+1.0 2.49 +0.01 8.1+0.1

Nind= 6; NY'= 4

500 °C (0] 1.5+£0.3 2.03 £0.01 150+£3.3 7.8+£0.8 0.18
k-range:3-8.5

R-range:1.2-2.8 Ni 57+1.0 2.48 £0.01 132+1.5

Nind= 5, NY'= 4

N = number of neighboring atoms, R = distance, 6> = mean square deviation of interatomic distance, p = misfit between

experimental data and theory, a=number of neighboring atoms constrained to be the same after each treatment at room

temperature and 500 °C, f = value kept fixed during fitting procedure, b = fitted uncertainty 0.01 or lower, ¢ = mean-

square deviation constrained to be the same for respective temperature.
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Table S 5: Structural parameters of the local Ni atomic environment extracted from EXAFS spectra at the
Ni K-edge of various samples measured at 400 °C. They represent the most oxidizing and reducing states
during the experiment. The experimental and simulated EXAFS data is shown in Figure S 15 together
with the fitting ranges. Reproduced from Mutz et al.??3! under the terms and conditions of CC BY 4.0
license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

Sample (Condition) Atom N R (A)? 62103 (A2 Ko (eV) p (%)
Oxidized in Oz (0] 41+£03 2.05£0.02 8.3f 9.8+1.3 0.30
k-range: 3-8.5 .

R-range: 1.1-3.2 Ni 7.6+0.8 2.97 £0.01 11.8f

Nind— 7. Nvr=5

After reaction (30 s O 22+0.2 2.02 £0.03 8.3f 7.5+27 0.16
modulation) at 400 °C . £

in COx/Ha Ni 24+0.6 2.48 £0.02 114+12

k-range: 3-9 Ni 3.0+£0.8 2.94 +£0.03 11.8+2.11

R-range: 1.2-2.9

Nind— 6: Nvr=5

After reaction (300 s O 3.0+0.2 2.04 +0.03 8.3f 8425 0.18
modulation) at 400 °C . £

in CO»/Ha Ni 1.9 £0.8 2.48+0.02 114+£1.2

k-range: 3-9 Ni 4.8+09 2.97 £0.03 11.8+2.11

R-range: 1.2-2.9

Nind— 6; NYr=5

f = value kept fixed during fitting procedure, a = fitted uncertainty 0.01 or lower, N = number of neighboring atoms,

R = distance, 6> = mean square deviation of interatomic distance, p = misfit between experimental data and theory.

Table S 6: Structural parameters of the local Ni atomic environment extracted from EXAFS spectra at the
Ni K-edge of various samples measured at 400 °C during fluctuating methanation conditions during 30 s
H> dropouts. The EXAFS data is extracted from the data set presented in Figure 34 a). They represent the
most oxidizing and reducing states during the experiment. The data was Fourier transformed in the k-
range 3-9 A" and fitted within the R-range 1-3.2 A. This resulted in 9 independent variables while 7
variables were fitted. The evaluated Ni and O coordination numbers are plotted in Figure 34 b). The
experimental and simulated EXAFS data is shown in Figure S 16. Reproduced from Mutz et al.?** under
the terms and conditions of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright
©2017.

Sample Atom N R (A)® 62 ¥10% (A%)  Ey (eV) p (%)
(Condition)

Meth-6 o 1.6 +£0.2 2.03+0.2 8.3 9.0£1.5 0.27
kerange: 3-9 Ni 44+03  2490.1 11.8f

R-range: 1.2-3.2

Nind= 6; N*'=5

Dropout-7 O 2402 2.02 £0.03 8.3f 7.6+29 0.25
k-range: 3-9 Ni 20+£06 2.48 £0.02 114f

R-range: 1.2-3.2

Ni= 6; N'=5 Ni 34409 2.96 +0.03 11.8°

Meth-7 O 1.8+0.2 20102 8.3f 64+22 0.23
k-range: 3-9 Ni 32+04 248 £0.1 11.4f

R-range: 1.2-3.2

Nid= 6; N*'=5 Ni 1.9+0.6 295+0.3 11.8°
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Details on QEXAFS data evaluation

Dropout -8

k-range: 3-9
R-range: 1.2-3.2
Nind= 6: NVr=5

Meth -8
k-range: 3-9

R-range: 1.2-3.2
Nind= 6: NVer=5

Dropout -9

k-range: 3-9
R-range: 1.2-3.2
Nind= 6: NVr=5

Meth -9
k-range: 3-9
R-range: 1.2-3.2
Nind= 6; Nr=5
Dropout -10
k-range: 3-9
R-range: 1.2-3.2
Nind= 6; Nr=5
Meth -10
k-range: 3-9
R-range: 1.2-3.2
Nind= 6; N"r=5
Dropout -11
k-range: 3-9
R-range: 1.2-3.2
Nind= 6; N"'=5
Meth -11
k-range: 3-9
R-range: 1.2-3.2
Nind= 6; N"'=5
Dropout -12
k-range: 3-9
R-range: 1.2-3.2
Nind= 6; N"'=5
Meth -12

k-range: 3-9
R-range: 1.2-3.2
Nind= 6. N'or=5

Dropout -13
k-range: 3-9
R-range: 1.2-3.2
Nind= 6: NVr=5
Meth -13
k-range: 3-9
R-range: 1.2-3.2
Nind= 6: NVr=5
Dropout -14
k-range: 3-9

R-range: 1.2-3.2
Nind= 6: NVr=5

30+£02
1.3+06
4407
2220
23+06
3.1+£09

34402
1.0+0.7
49+0.38
2602
1.9+£05
3.6+0.7
35+£02
0.9+0.7
5.1+0.8
2.8+02
1.5+06
4.1+0.8
3.6+02
0.9+0.7
52+0.8
3.0+£02
1.5+06
44+0.38
3.6+02
0.8+0.7
54+0.38
3.1+£02
1.4+07
44+09
3.7+02
0.8+0.8
53+09
32402
1.3+0.7
45+0.8
37+02
0.8+0.7
53+0.8

2.04 £0.02
2.48 £0.03
2.97+0.03
2.02+0.03
248 £0.01
2.96 £0.03

2.04 £0.02
2.48 £0.03
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Meth -14 o 32+0.2 2.04 £0.02 8.3f 8.8+1.8 0.10
k-range: 3-9 Ni 1.1£06 2.47 +£0.02 11.4f
R-range: 1.2-3.2 )
Nin= 6; N"'=5 Ni 4.8 +0.7 2.97 £0.02 11.8f

a = fitted uncertainty 0.01 or lower, f = fixed during fit, N = number of neighboring atoms, R = distance, 6> = mean

square deviation of interatomic distance, p = misfit between experimental data and theory.
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Figure S 9: Full length of the experiment including 30 s modulation of methanation of CO, (Ho/CO; = 4)
and CO; at constant WHSV of 12000 mLco2 gear! ! and GHSV of 71700 h'!. The figure shows the valve
signal in the upper part (black), the CHy4 signal of the MS (m/z 15) in the middle part (green) and the
fraction of reduced (blue) and oxidized (red) Ni from LCF of the XANES spectra according to the
references in Figure S 7. Reproduced from Mutz et al.'??*! under the terms and conditions of CC BY 4.0
license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.
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Figure S 10: Zoom of first 6 min of the 30 s modulation of Figure S 9. Reproduced from Mutz et al.l*?)
under the terms and conditions of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/),
Copyright © 2017.
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Figure S 11: Zoom of the first 14 min of the 300 s modulation of methanation of CO, (Ho/CO; = 4) and
CO: at constant WHSV of 12000 mLco2 gea™! h™! and GHSV of 71700 h!. The figure shows the valve
signal in the upper part (black), the CHj4 signal of the MS (m/z 15) in the middle part (green) and the
fraction of reduced (blue) and oxidized (red) Ni from LCF of the XANES spectra according to the
references in Figure S 7. Reproduced from Mutz et al.!?**! under the terms and conditions of CC BY 4.0
license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.
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12 Appendix

Based on Figure S 11 the amount of O, present in the experiment was estimated.
We assume that the oxidation of Ni starts at the reactor inlet and the oxidation front
propagates through the catalyst bed. XAS spectra were recorded in the middle of the
catalyst bed. Therefore, half of the catalyst was oxidized to approximately 75 % 95 s after
the gas switch, as the fast increase in oxidation monitored by XAS declines. 3 umol Ni
was oxidized as the oxidation front reached the middle of the catalyst bed, necessitating

an amount of 1.5 pmol Oz which is approximately 1000 ppm O; of the 20 mL min! total

gas flow.

Table S 5: Structural parameters of the local Ni atomic environment extracted from EXAFS spectra at the
Ni K-edge of various samples measured at 400 °C during fluctuating methanation conditions during 300 s
H> dropouts. The EXAFS data is extracted from the data set presented in Figure 37 a). They represent the
most oxidizing and reducing states during the experiment. The data was Fourier transformed in the k-

range 3-9 A" and fitted within the R-range 1-3.2 A. This resulted in 9 independent variables while 7
variables were fitted. The evaluated Ni and O coordination numbers are plotted in Figure 37 b). The
experimental and simulated EXAFS data is shown in Figure S 17 together with the fitting ranges.

Reproduced from Mutz et al.***! under the terms and conditions of CC BY 4.0 license

(http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

XXX

Sample (Condition)  Atom N RA) 62 %103 (A2  Eo(eV) p (%)
Meth -0 (0] 1.1£0.2 2.03 £0.01 83+1.5° 84+2.0 0.22
k-range: 3-9 Ni 5.1+£0.3 2.49 £0.03 11.4£12°

R-range: 1.2-3.2

Nind= 6; N¥r=5

Meth -1 (0] 24+0.2 2.03 £0.03 83x1.5" 7.9+25 0.27
k-range: 3-9 Ni 2.7+0.6 2.48 £0.02 11.4£12°

R-range: 1.2-3.2

Nin= 6; N"'=5 Ni 3.8+0.8 2.96 £0.03 11.8+£2.1°

Meth -2 (0] 2.7+0.2 2.03 £0.02 83x15" 8.5+2.0 0.11
k-range: 3-9 Ni 23+0.6 2.48 £0.01 11.4+1.2°

R-range: 1.2-3.2

Nind= 6; N"=5 Ni 42+0.7 2.96 +£0.02 11.8+2.1°

Meth -3 (0] 29+0.2 2.04 £0.03 83x15" 8.9+23 0.16
k-range: 3-9 Ni 2.0+£0.7 2.48 +0.02 11.4+1.2°

R-range: 1.2-3.2

NiM= 6; N¥'=5 Ni 4.6+09 2.96 £0.03 11.8£2.1°

Meth -4 (0] 3.0+£0.2 2.04 £0.03 83+15°" 9.0+£22 0.14
k-range: 3-9 Ni 2.0+£0.7 2.48 +0.02 11.4+1.2°

R-range: 1.2-3.2

Nin= 6; N¥'=5 Ni 49+0.8 297 £0.02 11.8£2.1°

Meth -5 (0] 3.0+£0.2 2.04 £0.01 83+15°" 8.7+23 0.14
k-range: 3-9 Ni 1.7+£0.7 2.48 +£0.01 11.4+1.2°

R-range: 1.2-3.2

Nin= 6; N¥'=5 Ni 5.1+£09 2.97 £0.01 11.8+2.1°
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Details on QEXAFS data evaluation

Meth -6 o 3.1+02 2.04+0.03 83+15° 9.0+£22 0.14
k-range: 3-9 Ni 1.8 £0.7 2.48 £0.02 114+1.2°

R-range: 1.2-3.2

Ni= 6; NY'=5 Ni 5.0+£0.8 2.97 £0.02 11.8£2.1°

Meth -7 o 3.1+£0.2 2.04 £0.03 83+15° 9.3+23 0.16
k-range: 3-9 Ni 1.8 £0.7 2.48 £0.02 114+1.2°

R-range: 1.2-3.2

Ni= 6; NY'=5 Ni 5.0+£09 2.97 £0.03 11.8£2.1°

Meth -8 o 3.1+0.2 2.05 £0.03 83+15° 9.0+£22 0.13
k-range: 3-9 Ni 1.6 £0.7 2.48 £0.02 114+1.2°

R-range: 1.2-3.2

Ni= 6; NY'=5 Ni 53+09 2.97 £0.02 11.8£2.1°

Dropout -1-8 o 4.0+£02 2.05£0.01 8.3f 9.9+09 0.27
k-range: 3-9 Ni 7.6+0.5 2.96 +0.01 11.8f

R-range: 1.2-3.2

Nind= 6; N"'=5

b =mean-square deviation evaluated simultaneously spectra Red 0-8, f = fixed during fit, extracted from fit of Meth 0-

8 during 300 s switches, N = number of neighboring atoms, R = distance, 6> = mean square deviation of interatomic

distance, p = misfit between experimental data and theory according to Ref??2],
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Figure S 12: Experimental and simulated EXAFS data of reference data (Ni-Foil and NiO). From left to
right: extracted EXAFS data in k-space with k-range used for data fitting; FT EXAFS data and respective
components of the simulated data (magnitude of FT); magnitude and imaginary part of FT EXAFS data
with R-range used for data fitting, real part of back FT data (R-range: 1-3.2 A). Reproduced from Mutz et

al.??1 under the terms and conditions of CC BY 4.0 license

(http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.
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Figure S 13: Experimental and simulated EXAFS data of 10 wt.% Ni/Al,O3 catalyst at room temperature.
From left to right: extracted EXAFS data in k-space with k-range used for data fitting; FT EXAFS data
and respective components of the simulated data (magnitude of FT); magnitude and imaginary part of FT
EXAFS data with R-range used for data fitting, real part of back FT data (R-range: 1-3.2 A). Reproduced
from Mutz et al.?*)! under the terms and conditions of CC BY 4.0 license
(http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.

Before 30 s

Before 30 s

® i
- . B I A
= = % I = Jalaaix
2 3 g 7 S ML .\ ——
2 : : TV
=] \ /
= 2 - experiment experiment 24 iment
° Ko mocel o
—r w‘ridnw T T T T T — W‘“"OV‘; T T T T T T T T
R S S o i : s h HEE I
KA RIA KA
o
[—3
S q 1 2
N A
= \
s g ” AL A
2 F0 So N /\j [\
3 T
= - g I/
° VIRV,
v
% 1 - experiment enperiment B I
= el model B
c —r 'Wiﬂﬂ"' T T T T T — W‘“ﬂov‘; T T T T T T T T
A e 8o om oo o . 2 s H HEE A
KA RIA] KAl

XXX11


http://creativecommons.org/licenses/by/4.0/

Details on QEXAFS data evaluation
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Figure S 14: Experimental and simulated EXAFS data of 10 wt.% Ni/Al,O3 catalyst at room temperature.
From left to right: extracted EXAFS data in k-space with k-range (see Table S 4, k-weight=2) used for
data fitting; FT EXAFS data and respective components of the simulated data (magnitude of FT);
magnitude and imaginary part of FT EXAFS data with R-range used for data fitting, real part of back FT
data (see Table S 4). Reproduced from Mutz et al.?** under the terms and conditions of CC BY 4.0
license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.
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Figure S 15: Experimental and simulated EXAFS data of 10 wt.% Ni/Al,O3 catalyst at 400 °C. From left
to right: extracted EXAFS data in k-space with k-range used for data fitting (see Table S 5, k-weight=2);
FT EXAFS data and respective components of the simulated data (magnitude of FT); magnitude and
imaginary part of FT EXAFS data with R-range used for data fitting, real part of back FT data (see Table
S 5). Reproduced from Mutz et al.'??3 under the terms and conditions of CC BY 4.0 license
(http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.
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Details on QEXAFS data evaluation
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Figure S 16: Experimental and simulated EXAFS data of Ni/Al,O; catalyst during methanation with 30 s
H; dropouts. From left to right: extracted EXAFS data in k-space with k-range used for data fitting (3-9
A, k-weight = 2); FT EXAFS data and respective components of the simulated data (magnitude of FT);
magnitude and imaginary part of FT EXAFS data with R-range used for data fitting (see Table S 6), real
part of back FT data (R-range: 1-3.2 A). Reproduced from Mutz ez al.'??* under the terms and conditions
of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.
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Figure S 17: Experimental and simulated EXAFS data of 10 wt.% Ni/Al;O3 catalyst during methanation
with 300 s H; drop outs. From left to right: extracted EXAFS data in k-space with k-range used for data
fitting (2-9 A", k-weight =2); FT EXAFS data and respective components of the simulated data
(magnitude of FT); magnitude and imaginary part of FT EXAFS data with R-range used for data fitting
(see Table S 5) (1.2-2.9 A), real part of back FT data (R-range: 1.2-3.2 A). Reproduced from Mutz et
al.??1 under the terms and conditions of CC BY 4.0 license
(http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.
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Mass spectrometry data recorded during the QEXAFS

experiments
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Figure S 18: MS data recorded during 30 s H dropouts. Reproduced from Mutz et al.?** under the terms
and conditions of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.
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Figure S 19: MS data recorded during 300 s H» dropouts. Reproduced from Mutz et al.?*! under the
terms and conditions of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright ©
2017.
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Additional H> modulation experiments

60 s H> dropout modulation experiment in the absence of O using short and thin

stainless steel tubing and a CO2 (99.998 %) bottle directly placed next to the mass flow

controllers (Figure S 20). The experiment showed a CH4 signal in the MS on a stable level

and no catalyst deactivation.
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Figure S 20: Methanation of CO» during dynamic operation switching every 60 s between methanation
conditions (Ho/CO; = 4) and CO, at constant WHSV of 12000 mLco2 gear! h™' and GHSV of 71700 h!
using the 10 wt.% Ni/Al,Oj3 catalyst in an O, free experiment (quartz glass capillary). The figure shows
the MS signals of H,, CO,, CHy and O,. Reproduced from Mutz et al.'?*3 under the terms and conditions
of CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/), Copyright © 2017.
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Additional catalyst characterization - X-ray diffraction

VA / \ / \ 3.4 wt.% NiRh, /Al O, reduced
a"UVA / \_ 3.4 wt% NiRh, /A0, calcined
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Figure S 21: XRD patterns of the Al,O3 support (calcined at 600 °C), and the 5 wt.% Ni/Al>O3,

5 wt.% NizFe/Al,O3; and NiRhg 1/Al,O5 catalysts in the calcined (4 h at 500 °C, 5 K min™!) and reduced
(2 h, at 500 °C, 5 K min™') states. Reproduced from Mutz et al.”'!! Copyright © 2018 Published by
Elsevier B.V.

The X-ray diffraction (XRD) patterns of the 5 wt.% Ni/Al,O3, 5 wt.% NizFe/Al,Os3
and 3.4 wt.% NiRho.1/Al2Oscatalysts (Figure S 21) were all dominated by the reflections
of the Al,Os3 support at 32.0°, 37.2°, 39.4°, 46.1°, 60.9° and 66.8°. Reflections for NiO at
67.7°, 43.4° 63.0°, 75.6° and 79.6° (ICSD 024014) or metallic Ni at 44.5°, 51.8° and
76.4° (ICSD 044767) were not observed for any of the catalysts. For the NizFe catalyst
we did not observe additional reflection, which would appear for Fe>O3 (ICSD: 201101)
would appear at 24.3°,33.5°,35.9°,41.2°,49.9°, 54.6°, 62.9° and 64.5°, for Fe304 (ICSD:
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027898) at 30.1°, 47.2° and 62.6°, for FeO (ICSD 082233) at 35.9°, 41.7°, 60.5°, 72.4°
and 76.2°, for NiFe2O4 (ICSD: 076179) at 30.3°, 35.7°, 43.4°, 57.4°, 57.4°, 63.0°, for Fe
(ICSD 064998) at 44.7° and 65.0° and for NizFe (ICSD 040334) at 44.2°, 51.5°, 75.9°.

The NiRho.1 catalyst where additional reflections would appear for RhoO3 (ICDS
014264) at 23.4°, 32.8°, 35.0°, 39.0°, 48.7°, 53.4°, 61.3° and 62.7°, for NiRh,04 (ICDS
023487) at 29.7°, 34.5°, 35.5°, 36.8°, 41.6°, 43.3°, 55.2°, 57.1°, 61.6° and 62.8° and for
Rh (ICSD 064991) at 41.1°, 47.8°, 69.9° and 84.4° were not observed.

Most of the reflections were superimposed by the signals of the support material,
others were not resolved by XRD due to the small crystallites of the metal particles or X-

ray amorphous phases.

xliv



Supplementary data on operando Raman spectroscopy

Additional catalyst characterization - Electron microscopy

Table S 7 and Table S 8 show the quantified composition information from STEM-

EDX measurements acquired in 300 nm x 400 nm areas of NizFe and NiRho.i catalysts.

The results provide the distribution of both metals, Ni and Fe or Ni and Rh, respectively.

The catalysts exhibit variations in both Ni/Fe and Ni/Rh ratios and indicate the

segregation in both catalysts. The segregation effect is more pronounced for the NiRho.1

catalyst.

Table S 7: Analysis of the composition in selected regions of the 5 wt.% NizFe/Al,O3 catalyst using
STEM-EDX. Reproduced from Mutz et al.*'! Copyright © 2018 Published by Elsevier B.V.

EDX Ni [at. %] Fe [at. %] Ni/Fe
Region 1 66.6 334 2.0
Region 2 70.0 30.0 23
Region 3 65.5 34.5 1.9
Region 4 74.6 254 2.9
Region 5 81.7 18.3 4.5
Region 6 91.1 8.9 10.2

Table S 8: Analysis of the composition in selected regions of the 3.4 wt.% NiRhy 1/Al,O3 catalyst
measured using STEM-EDX. Reproduced from Mutz et al.>'!] Copyright © 2018 Published by Elsevier

B.V.

EDX scans Ni [at. %] Rh [at. %] Ni/Rh
Region 1 97.2 2.8 34.7
Region 2 93.6 6.4 14.6
Region 3 92.9 7.1 13.1
Region 4 92.5 7.5 12.3
Region 5 87.0 13.0 7.5
Region 6 96.8 3.2 30.2
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Figure S 22 shows typical STEM-EELS spectrum imaging of the NizFe catalyst.
The results show that the metal nanoparticles are bimetallic NiFe particles but also

monometallic Ni particles were found.
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Figure S 22: Two typical STEM-EELS spectrum imaging in the area marked with box of the 5 wt.%
NisFe/Al,Os catalyst. Reproduced from Mutz et al.*!''! Copyright © 2018 Published by Elsevier B.V.
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Figure S 23: Electron energy loss spectroscopy (EELS) of the spent catalysts a) 5 wt.% Ni/Al,O3,
b)5 wt.% NisFe/Al,O3 and ¢) 3.4 wt.% NiRhy ;/Al,O3 after Phase E taken from the lab-scale reactor.
Reproduced from Mutz et al.?'"! Copyright © 2018 Published by Elsevier B.V.

The results obtained from EELS (Figure S 23) show that carbon was present on the

catalyst, which fits to the results from operando Raman spectroscopy. The C K-edge is
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most prominent for the Ni catalyst and less for the NizFe and NiRho i catalysts. Figure S
23 c) is the most intense EELS signal found for the NiRho catalyst, other areas show

almost no carbon.

Raman spectroscopy

This section contains additional and supporting data from ex situ and operando
Raman spectroscopy. Figure S 24 shows the Raman spectra of the catalysts in CO>
atmosphere. No Raman bands related to carbon species (Table S 9) could be detected.
The band at 1400 cm™! in the Raman spectrum of the 5 wt.% NisFe/Al,O5 catalyst is

ascribed to the overtone of the band referred to FeAl,O4 spinel at 700 cm'!.[284.285]

3.4 wt.% NiRh, /ALO,

5 wt.% Ni Fe/Al,O,
n 5 wt.% Ni/ALO,

1200 1300 1400 1500 1600 1700 1800

Intensity [a.u.]

Raman shift [cm™]

Figure S 24: Raman spectra of the 5 wt.% Ni/Al,O3, 5 wt.% NizFe/Al,O3 and 3.4 wt.% NiRh 1/Al>O;3
catalysts in CO, atmosphere after H, dropout during the methanation of CO». Reproduced from Mutz et
al.>'1 Copyright © 2018 Published by Elsevier B.V.
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Raman bands corresponding to carbonaceous species according to Sadezky et

al.™* are listed in Table S 9.

Table S 9: Summary of carbon related Raman bands and the corresponding interpretation. Reproduced
from Mutz et al.?'! Copyright © 2018 Published by Elsevier B.V.

Band Position (Refl?>!) [em!]  Assignment

G 1571-1598 Ideal graphitic lattice

D1 1343-1358 Disordered graphitic lattice; graphitic lattice
vibration mode with Ag symmetry

D2 1599-1624 Graphitic lattice mode with Ezg symmetry

D3 1489-1530 Amorphous carbon fraction of soot (e.g. organic
molecules, fragments or functional groups)

D4 1127-1208 Disordered graphitic lattice

D2 and D4 were excluded from fitting since preliminary tests suggested, that their

contribution is just random and not a result of actual coke formation or their change is

due to changes in neighboring curves. The curve parameters used for the evaluation of

the Raman bands are listed in Table S 10:

Table S 10: Fitting parameters applied for the deconvolution of the Raman bands. Reproduced from
Mutz et al.*'!1 Copyright © 2018 Published by Elsevier B.V.

Band Position [cm™] FWHM [cm] Shape

G 1565-1585 20-200 Lorentzian
D1 1310-1360 20-300 Lorentzian
D3 1480-1550 40-600 Gaussian
P1 1554-1557 1-8 Lorentzian
P2 1690-1730 10-200 Gaussian

P1 represents the band of molecular oxygen due to air between the fiber optic and

the spectroscopic fixed-bed microreactor. The peak was also reported in the study of
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Sattler et al.?!, The band P2 cannot be assigned to any carbon band and may be an

artefact due to baseline subtraction.

The curve fitting using the parameters in Table S 10 is visualized in Figure S 25,

exemplary for the 5 wt.% Ni/Al>O3 catalyst after Phase B (CH4 decomposition).

— 5 wt.% Ni/ALO, after Phase B
G band
D1 band
D3 band
Oxygen band
Artefact

Intensity [a.u.]

1000 1200 1400 1600 1800 2000
Raman shift [cm™]

Figure S 25: Assignment of Raman bands exemplary for the Raman spectrum of the 5 wt.% Ni/Al,O;
catalyst (similar to Figure 51) in Phase B (CH4 decomposition). Reproduced from Mutz et al.?'!!
Copyright © 2018 Published by Elsevier B.V.
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Figure S 26 shows further Raman data recorded during a) Phase C (coked catalysts
in CO2/Hz atmosphere for the methanation reaction) and b) Phase E (catalysts after

reactivation in Hz in CO2/H» atmosphere for the methanation reaction).

a) b)
D1 G D1 G
Phase (C) | —— 5wl% NiALD, Phase (E) | ——5wt% NiALD,
—— 5wL% NiFelAl,O, —— 5 wt.% Ni Fe/ALO,
_ | —— 3.4 wL% NiRn, /AL, | —— 3.4 wts NiRn, /41,0,
5 - =
8, ©
2z -
i =
w
g 5
£ =
T T - T T T T T T - T T
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
Raman shift [cm™] Raman shift [cm™]

Figure S 26: Operando Raman spectra normalized on the G band intensity and the corresponding D1/G
ratio; a) the coked catalysts during methanation in Phase C, and b) the reactivated catalysts during
methanation in Phase E. Reproduced from Mutz et al.?'!! Copyright © 2018 Published by Elsevier B.V.

Phase E

T |
Ex situ (Microscope) <
21°C —— 3.4 wt.% NiRhg ,/Al,O,

—— 5 wt.% Ni,Fe/AlLO,
—— 5 wt.% Ni/Al,0,

Intensity [a.u.]

In situ (Fibre optic)
370°C

1000 1200 1400 1600 1800 2000

Raman shift [cm™]

Figure S 27: Raman spectra of carbon deposits of the three catalysts 5 wt.% Ni/Al,03, 5 wt.%
NisFe/Al,O3 and 3.4 wt.% NiRhg.1/Al,03 after CH4 treatment and H» reduction (Phase E). Reproduced
from Mutz et al.?'! Copyright © 2018 Published by Elsevier B.V.
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5 wt.% NiRh/ALO,

5 wt.% NiFe/ALO,

Intensity [a.u.]

5 wt.% Ni/ALO,
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Raman shift [cm™]

Figure S 28: Raman spectra of the 5 wt.% Ni/Al>O3, 5 wt.% NizFe/Al,03 and 3.4 wt.% NiRho 1/Al;O;3
after TPO-TG experiments recorded ex situ. The parameters were similar as for the other experiments
(532 nm Laser with 100 mW, 0.1 % Laser power, 5 min acquisition time, 3 acquisitions per point and 7
different points per spectrum). Here, no baseline subtraction was performed. Reproduced from Mutz et
al.®'" Copyright © 2018 Published by Elsevier B.V.

The absence of carbon bands in Figure S 28 supports the successful oxidation of all

carbon deposits during TPO-TG.
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b)

c)

5 wt.% Ni/Al203

P S
7o
//)7,}) Y

Figure S 29: 3D plots of the entire operando Raman spectroscopy experiments for a) 5 wt.% Ni/Al>O3, b)
5 wt.% NizFe/Al>O3 and c) 3.4 wt.% NiRho 1/Al,Os. Reproduced from Mutz et al.”'!l Copyright © 2018
Published by Elsevier B.V.
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Figure S 30: Entire operando Raman spectroscopy experiment for the 5 wt.% Ni/Al,O3 catalyst (370 °C,
1 bar, 6000 mLco2 gear’! h™!). The upper part of the figure shows the G (black) and D1 (orange) band
intensities from Raman spectroscopy, as well as the D1/G ratio (green). The lower part of the figure
shows the corresponding mass spectrometry data of H, (grey), CO- (red), CO (green) and CH4 (blue).
Reproduced from Mutz et al.>'"1 Copyright © 2018 Published by Elsevier B.V.

liv



Supplementary data on operando Raman spectroscopy

<t
T < o™ ©
5855 § : -
W8 o g8 T = 2 S
Bwt%  f% 3¢ > 3« B
- o 2 [ =AY - o~ ) <= £
[T <1'= <t = -
Ni;Fe/Al,O, g8 g3 5§ § = ¢ &€ = g
T T T T T T T 1 0
12000 |- |—— G band intensity Modulations
- D1 band intensity
10000 | 10.8
S 8000 - o
.%‘ 410.6 E
_-oz)' 6000 @_
£ 4000} 194 &
=
2000 + 40.2
0 -
1 1 1 1 —— 1 1 1 OO
1E-95 M* ——— l ’r -I ‘r-— -
M- H et e
_ 1E-10] (W T T —
<
g 1E14 i W L m
3
s 1E-12; —H,(mz2) I
- ——CO, (m/z 44) l
1E-134 —— CO (m/z 28) t
e \t"‘
—— CH, (miz 15) \ by
1E-14 T T T T T T T
0 50 100 150 200 250 300 350 400
Time [min]

Figure S 31: Entire operando Raman spectroscopy experiment for the 5 wt.% NizFe/Al,O3 catalyst

(370 °C, 1 bar, 6000 mLco2 gea! h!). The upper part of the figure shows the G (black) and D1 (orange)
band intensities from Raman spectroscopy, as well as the D1/G ratio (green). The lower part of the figure
shows the corresponding mass spectrometry data of H, (grey), CO- (red), CO (green) and CH4 (blue).
Reproduced from Mutz et al.*''1 Copyright © 2018 Published by Elsevier B.V.
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Figure S 32: Entire operando Raman spectroscopy experiment for the 3.4 wt.% NiRhg i/Al>Oj3 catalyst
(370 °C, 1 bar, 6000 mLcoz gea' h!). The upper part of the figure shows the G (black) and D1 (orange)
band intensities from Raman spectroscopy, as well as the D1/G ratio (green). The lower part of the figure
shows the corresponding mass spectrometry data of H, (grey), CO: (red), CO (green) and CHy (blue).
Reproduced from Mutz et al.?''! Copyright © 2018 Published by Elsevier B.V.
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300 s modulation of 4 % CH4 <~ 5 % CO:
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Figure S 33: Intensity of the G and D1 band in operando Raman spectroscopy correlated with the MS
signals during 300 s modulation of 4 % CH4 — 5 % CO,. The upper part of the figures show the G (black)
and D1 (orange) band intensities from Raman spectroscopy, as well as the D1/G ratio (green). The lower
part of the figures show the corresponding mass spectrometry data of H» (grey), CO, (red), CO (green)
and CHs (blue). Reproduced from Mutz et al.>''! Copyright © 2018 Published by Elsevier B.V.

Various gas modulations were conducted to study the behavior and reactivity of the
carbon deposits on the catalyst systems. First, 300 s modulation of 5 % CO; <> 4 % CH4
were performed on the carbon poisoned catalyst. A zoom of this period is shown in Figure
S 33. The intensity of the Raman bands G and D1 decreased in CO: for all catalysts
according to the Boudouard equilibrium (reaction (5) in section 1.3.4.4) indicated by the
CO peak from MS in the beginning of the CO» period. Furthermore, oxidation of the
carbon species by traces of Oz, not resolved by MS might be possible. Easily accessible
carbon species were removed in CO2, immediately after switching the gas atmosphere.
This effect is most distinct on the monometallic Ni catalyst, where both Raman bands

deceased significantly and simultaneously (no changes in the D1/G ratio as result of the
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switching atmospheres). Carbon poisoned NiszFe catalyst exposed to CO> first showed a
reduction of the Raman band intensities immediately after the switch of the gas
atmospheres, but after 3 min the band intensities increased again. The same behavior was
observed then during the following CH4 period: First, the Raman band intensities
decreased and then increased again. An increase of the total band intensities during the
CO> periods was observed over cycles. The amount of graphitic carbon with defects,
indicated by the D1/G ratio, increased during the CO; period, and decreased again in CHa.
Based on these observations, different carbon species seemed to form on the NisFe
catalyst. First, the common surface carbon was formed by the decomposition of CHa, as
observed for the Ni catalyst. During the CO; period, carbon species were oxidized,
forming CO. After 3 min, most of the easily accessible carbon was removed, but still CO
is formed from the oxidation of Fe to FeOx by CO2!'38!, which then interacted with carbon-
free metal sites forming disordered carbon from CO disproportion. A further contribution
to the carbon formation might stem from the higher ability of CO dissociation of Fe
species compared to Ni.[!%101 Similar observations regarding the G1 band were made

for the NiRho 1 catalyst but less pronounced.

The modulation between CH4 and CO; atmospheres showed dynamic changes of
the deposited carbon species on all catalysts. Regarding the CO, «» CHs modulation
experiments entirely, the effect of carbon removal in CO; declined over cycles (or the
carbon formation from CH4 dominated the effect of carbon removal from CO2) which

was indicated by the net increase of the Raman bands for each cycle for all catalysts.
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300 s modulation of 4 % CH4 < 20 % H:
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Figure S 34: Intensity of the G and D1 band in operando Raman spectroscopy correlated with the MS
signals during the 300 s modulation of 4 % CH4 < 20 % H, (370 °C, 1 bar). The upper part of the figures
show the G (black) and D1 (orange) band intensities from Raman spectroscopy, as well as the D1/G ratio
(green). The lower part of the figures show the corresponding mass spectrometry data of H, (grey), CO»
(red), CO (green) and CH4 (blue). Reproduced from Mutz et al.>'!! Copyright © 2018 Published by
Elsevier B.V.

The influence of H> on the carbon species of the poisoned catalysts was studied
during 300 s modulation of 20 % Hz <> 4 % CHa4. The carbon species were reduced in Hz
on all catalysts forming CHa4, indicated by a higher and more slowly declining MS signal
of CH4 compared to the previous CO; periods (Figure S 34), where no CH4 is formed.
The intensity of the Raman bands decreased more slowly and to a lower extent during H»
exposure of the poisoned catalysts compared to the periods with CO». Oxidation of the
carbon species in CO; atmosphere was more efficient than the reduction in Hz. The metal
surface was covered with carbon resulting in a low amount of free active sites to dissociate

molecular H» to hydrogenate surface carbon stepwise to CHa.
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It has to be noted that the changes in the band intensities were small, especially
during the 2" and 3" cycle. If also temperature effects are taken into account, these small
changes in Raman band intensities cannot be ascribed to carbon reduction/formation

exclusively.

Sattler et al.>®! observed an increased D1/G ratio on carbon poisoned Pt-based
catalysts in H> atmosphere. This effect can be observed for the NisFe catalyst during the
first H> atmosphere, indicating a higher amount of defects in the graphitic structure, which
can be further interpreted as decreased graphite crystallites. H> did not influence the D1/G
ratio of the Raman bands for the Ni and NiRho.; catalysts.

300 s modulation of 4 % CH4 < 20 % H2 + 5 % CO:
5 wt.% Ni/Al:O3 5 wt.% NisFe/ALb O3 3.4 wt.% NiRho.1/A1,O3
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Figure S 35: Intensity of the G and D1 band in operando Raman spectroscopy correlated with the MS
signals during the 300 s modulation of 4 % CH4 <> 20 % Hz + 5 % CO, (370 °C, 1 bar). The upper part of
the figures show the G (black) and D1 (orange) band intensities from Raman spectroscopy, as well as the
D1/G ratio (green). The lower part of the figures show the corresponding mass spectrometry data of H,
(grey), CO; (red), CO (green) and CHs4 (blue). Reproduced from Mutz et al.*'] Copyright © 2018
Published by Elsevier B.V.

Ix



Supplementary data on operando Raman spectroscopy

Methanation atmosphere (H2/CO2 = 4) showed marginal changes of the Raman
band intensities of the carbon species. 15-20 min of steady state methanation showed no

changes of the band intensities.

Overall, the D1/G ratio increased during the modulations for Ni and especially
NizFe, which means that more and more defects in the ideal graphitic lattice are formed

over time. The ratio remained constant for NiRhg.; due to the dominant G band.

Catalytic performance
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Conversion of CO,

5 wt.% Ni/AL,O,

B 5 wt.% NijFelAlLO,
B 3.4 wt.% NiRh, ,/A1,0,

CO, conversion and selectivity [%]

Figure S 36: Conversion of CO» and selectivity towards CHy of the Ni, Ni3;Fe and NiRhy,; catalysts
during methanation of CO; using model gas composition (“Phase A”) and methanation including 4 %
CHy, in the feed (400 °C. 1 bar, 6000 mLco2 gcar ' h™!). Reproduced from Mutz et al.?'!l Copyright © 2018
Published by Elsevier B.V.

Figure S 36 shows the results for the conversion of CO: and the selectivity towards
CHys for the Ni, NizFe and NiRho.1 catalysts during methanation of CO2 using model gas
composition (5% COz + 20 % H»> / N2, (Phase A in Figure 4 of the manuscript)) and the
methanation of CO; containing CH4 in the feed (5 % CO2 + 20 % Hz + 4 % CHa / N»).
The catalysts showed similar activity. The decline might be negligible and within the

€rror.
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Additional data concerning the NiFe catalyst

Pressure screening

Pressure screenings during the methanation of CO2 were performed using the
5 wt.% Ni/Al;O5 catalyst from section 8.3. The catalytic performance was monitored in
the temperature range of 200- 450 °C at pressures between 1 —20 bar in 5 bar steps
(Figure S 37).

5 wt.% Ni/ALO,

100 100 - > 1
®
— —_ ® L
T 801 SR -
— = w
(@)
O 60 O 961
‘S L \ ]
>
S 40+ S g4l . —e- 20 bar
n =1
<4 3] -v- 15 bar
g % -A- 10 bar
S 20 o 92 —e- 5bar
o -m- 1 bar
0 20

200 250 300 350 400 450 200 250 300 350 400 450
Temperature [°C] Temperature [°C]

Figure S 37: a) Conversion of CO; and b) selectivity to CH4 during the pressure screening between
1 — 20 bar using the 5 wt.% Ni/Al,O3 catalyst (WHSV = 3000 mlcoz g h!, GHSV = 6700 h'h).
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Curve fitting parameters in Raman spectroscopy

Table S 11: List of curve fitting parameters for the Raman spectra in Figure 61. Reproduced from Mutz

et al.'>'?! Copyright © 2017, American Chemical Society.

Sample Position [cm!] Area FWHM [cm’!] % Gaussian
221.6 304436 13.2 0.0
243.5 9471 7.7 100.0
270.7 71817 25.6 100.0
289.5 292891 18.1 57.2
Bulk a-Fe203 403.7 101240 23.7 78.3
492.1 34402 28.6 48.4
604.4 112998 29.5 0.0
803.7 42637 71.6 89.9
1059.1 67342 75.5 81.2
227.7 54253 13.0 100.0
247.3 29992 19.8 100.0
297.6 125780 19.5 48.1
340.6 229803 93.0 100.0
S wt. % 415.0 155124 23.9 0.0
Fe/Al203 509.5 13460 19.3 100.0
617.1 14364 14.8 100.0
699.9 1427580 111.7 100.0
750.2 855433 144.0 100.0
1081.2 132707 83.5 100.0
368.2 159898 126.4 100.0
562.9 1124830 167.2 100.0
17 wt.%
NisFe/ALO: 695.5 562358 92.6 89.8
753.6 953062 137.8 100.0
890.6 60264 83.1 100.0
17 wt. % 554.1 78797 84.5 55.8
Ni/Al2O3 481.1 69010 201.5 100.0

Ixiii



12 Appendix

Table S 12: List of curve fitting parameters for the Raman spectra of the spent catalysts after long-term
performance tests. Reproduced from Mutz et al.?'?' Copyright © 2017, American Chemical Society.

Spent sample  Position [cm™] Area FWHM [cm] Shape

Commercial 1380 39989 71 Lorentzian
catalyst 1598 85760 64 Lorentzian
17 wt. % 1384 29720 53 Lorentzian
NiszFe/Al2O3 1596 168618 69 Lorentzian

Electron microscopy of the spent catalyst

Figure S 38: STEM image of the 17 wt.% NisFe/Al,O; catalyst after the long-term performance test and
a reduction treatment (50 % Hy/N», 500 °C, 2 h). Reproduced from Mutz et al.””'?! Copyright © 2017,
American Chemical Society.

Figure S 39: STEM image and the corresponding elemental maps obtained from STEM-EDX spectrum
imaging on an individual particle marked with the box taken on the 17 wt.% NizFe/Al>Os catalyst after
the long-term performance test and a reduction treatment (50 % H2/N,, 500 °C, 2 h). Reproduced from
Mutz et al.*'?! Copyright © 2017, American Chemical Society.
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Additional data concerning the NiFe catalyst

Table S 13: Quantified elemental analysis of the Niz;Fe nanoparticles on the spent catalyst after the long-
term performance experiment measured at different regions by STEM-EDX. Reproduced from Mutz et
al.?'2 Copyright © 2017, American Chemical Society.

Ni [at. %] Fe [at. %] Ni/Fe ratio
Region no. 1 79.7 20.3 3.9
Region no. 2 79.3 20.7 3.8
Region no. 3 76.3 23.7 3.2
Region no. 4 80.3 19.7 4.1
Region no. 5 75.7 24.3 3.1

Figure S 40: HRTEM image and structure analysis by FFT of the spent 17 wt.% NisFe/Al,O3 catalyst
after long-term performance test and reductive treatment (50 % H2/N, 500 °C, 2 h). Reproduced from
Mutz et al.*'*! Copyright © 2017, American Chemical Society.
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List of abbreviations

Abbreviation Name

uGC Micro gas chromatograph

a.u. Arbitrary unit

ANKA Angstromquelle Karlsruhe (synchrotron KIT)

BET Brunauer-Emmet-Teller

BPR Back pressure regulator

CCS CO; capture and storage

Cv Check valve

DFT Density functional theory

DRIFTS Diffuse reflectance infrared Fourier transform
spectroscopy

EDX Energy dispersive X-ray spectroscopy

EXAFS Extended X-ray absorption fine structure

FFT Fast Fourier transformation

FT Fourier transform

FWHM Full width at half maximum

GHSV Gas hourly space velocity

HAADF High angle annular dark-field

HRTEM High resolution transmission electron microscopy

ICP-OES Optical emission spectroscopy with inductively coupled
plasma

IKFT Institute of Catalysis Research and Technology

IL-TEM Identical location transmission electron microscopy

IMVT Institute for Micro Process Engineering

INT Institute of Nanotechnology

IR Infrared

ITCP Institute for Chemical Technology and Polymer
Chemistry

IWES Institute for Wind Energy and Energy System
Technology
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List of abbreviations

KIT
LCA
MFC
MS
P&ID
PCA
PR

PSI
PtG
QEXAFS
RE

RV
RWGS
SLS
SNG
STEM
TCD
TEM
TOF
TOS
TPD
TPO
TPR
WHSV
wt.%
XANES
XAS
XRD
ZSW

Karlsruhe Institute of Technology

Linear combination analysis

Mass flow controller

Mass spectrometer

Piping and instrumentation diagram

Principal component analysis

Pressure reducer

Paul Scherrer Institute

Power-to-gas

Quick extended X-ray absorption fine structure
Renewable energy

Relief valve

Reverse water gas shift

Swiss Light Source (synchrotron Villigen, PSI)
Synthetic / substitute natural gas

Scanning transmission electron microscopy
Thermal conductivity detector

Transmission electron microscopy

Turnover frequency

Time on stream

Temperature-programmed desorption
Temperature-programmed oxidation
Temperature-programmed reduction

Weight hourly space velocity

Weight percent

X-ray absorption near edge structure

X-ray absorption spectroscopy

X-ray diffraction

Centre for Solar Energy and Hydrogen Research
Baden-Wiirttemberg
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