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Abstract

The power-to-gas concept is one of the chemical approaches to convert and utilize CO2, and
ultimately prevent their release to the atmosphere, which is linked to global warming leading to
a number of secondary effects on world climate and environment. CO2 is converted to synthetic
natural gas (SNG) via the methanation reaction, using renewable power for H2 generation. SNG
then can be re-used for power generation or stored in the natural gas grid and serve as long-term
chemical energy storage. The methanation reaction is usually heterogeneously catalyzed and
carried out in fixed bed reactors. The process thereby needs to be designed as cost-effective as
possible, since SNG needs to compete with natural gas in the natural gas market, and as efficient
as possible to meet the specifications of natural gas quality.

On catalyst scale, an efficient methanation catalyst should feature a high intrinsic activity to
achieve high CH4 yields at low temperature and low materials usage, but also high stability and
resistance against deactivation processes common at high temperature and elevated pressure in
reaction gas atmosphere to achieve a long catalyst life-time.

In the first part of this thesis, the promoters Mn and Fe are introduced and their effects on a
state-of-the-art, co-precipitated NiAlOx catalyst in the CO2 methanation are investigated. The
methanation experiments are carried out at steady state, a total pressure of 8 bar, and stoichio-
metric feed gas composition. Mn is found to enhance the intrinsic catalytic activity of a co-
precipitated NiAlOx catalyst by increasing the density of medium basic sites necessary for CO2

pre-activation and by modifying the CO2 adsorption strength on these sites. Besides, Mn species
may additionally alter the electronic properties of neighbored Ni sites. At a nNi/nMn ratio of
approximately 5, the low-temperature activity of NiAlOx is significantly improved, leading
to nearly doubled CO2 conversion rates in the kinetic regime while keeping the selectivity to
methane at more than 99.2 % away from thermodynamic equilibrium. Fe doping, in contrast,
strongly improves the apparent thermal stability of the catalyst, proved by an aging treatment
at 500 °C and a total pressure of 8 bar. Aging of NiAOx under these harsh conditions provokes
deactivation mechanisms like particle and oxide phase sintering, resulting in a decrease of metal
surface area, BET surface area, and basic site density. For an aging time of 32 h, the decrease
of catalyst activity in the kinetic regime is reduced to only about 1/3 at an optimized nNi/nFe
ratio of 5.5. Besides, Fe doping is accompanied by an improvement of the intrinsic activity
of NiAlOx. Fe thereby is co-reduced with Ni during the catalyst activation treatment, forming
Ni-Fe alloy particles. This may result in a modification of methanation kinetics by electronic
effects, possibly by ameliorating the C-O dissociation properties.
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Abstract

The beneficial effects of Mn and Fe on the performance of NiAlOx can be combined. By
co-doping Fe and Mn, catalysts with a significantly improved apparent stability and intrinsic
activity can be synthesized. Besides co-doping during co-precipitation, it is shown that the
promoter effects of Mn and Fe on NiAlOx can also be achieved when doping the co-precipitated
NiAlOx catalyst by incipient wetness impregnation. For bi-doped catalysts, thereby the catalyst
performance depends on the doping order. With this toolbox, the activity-stability behavior of
a NiAlOx catalyst can be tailored to specific requirements. The combined effects of Fe and Mn
suggest a bifunctional-type methanation mechanism, where the methanation takes place at the
perimeter of metal particle and oxidic phase.

In the second part of the thesis it is focused on the dynamics of the Fe promoter effect on
NiAlOx under CO2 methanation conditions. Pre- and post-reaction characterization studies on
the catalyst samples show that the enhanced apparent stability of the Fe-doped catalysts can be
related to the in situ segregation of the Ni-Fe alloy particles under aging conditions, coupled
with the oxidation of Fe, possibly forming a wüstite phase in close neighborhood to the active
Ni sites. It is shown that the improved apparent stability is caused by a temporal increase of the
catalytic activity due to this segregation process. The importance of the close proximity of Fe
species to the Ni sites for its promoter effect in NiAlOx catalysts is demonstrated by introducing
Fe species via a surface redox reaction technique.

The third part deals with the development of an intrinsic, thermodynamically consistent kinetic
model for the co-methanation of CO and CO2 over NiAlOx. Kinetic models are indispensable
for reactor modeling, especially important for the highly exothermal methanation reactions with
respect to safety issues, and may further give insights into possible reaction mechanisms and rel-
evant kinetic parameters. Unlike approaches available in literature, the kinetic model derived in
this thesis describes the methanation reactions of CO and CO2 over one shared rate-determining
step by implementing competitive CO and CO2 adsorption. More than 1700 responses for CH4,
CO2, and CO based on kinetic data on COx methanation, water-gas shift reaction, and steam
reforming gathered under a wide range of industrial-type operating conditions were used for
model discrimination and parameter estimation. In accordance with steady-state D2 isotope ex-
periments, model discrimination suggests that the dissociation of a hydrogenated COHy surface
complex is the kinetically relevant step in COx methanation, assuming a hydrogen-assisted CO2

adsorption mechanism. The best fit was obtained for a discrete value of y = 2. The estimated
parameters in the derived model give a good average on co-methanation kinetics. They are
thermodynamically consistent, statistically relevant, and physically meaningful.
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1 Introduction

1.1 Motivation

Global warming, caused by the rising CO2 levels in the atmosphere, originating from extensive
utilization and exploitation of fossil energy carriers over the last decades, has led to strong
interest in politics and society for the development of sustainable and green power generation
methods. To the year 2020, a world temperature increase of about 1.1 K, based on land and
ocean data, has been calculated compared to the average of the years from 1951 to 1980,
illustrated in Figure 1.1 [1, 2]. This is related to a number of direct and indirect consequences
on nature and environment. World temperature rise leads to pole melting, the melting of glaciers
and ice caps as well as thermal expansion of the oceans, causing rising sea levels [3]. The effects
of climate change, e.g. the acidification of the sea by rising CO2 levels [4], are expected to have
extensive impact on marine life [5, 6]. Weather phenomena like cyclones, thunderstorms, and
intense rainfall leading to floodings [7] may become more severe and more common. At the
same time, drought periods may get longer and hotter, resulting in a decline of natural fresh
water resources and changing ecosystems [8, 9].
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Figure 1.1: Average year temperature anomaly with respect to 1951 to 1980, based on land
and ocean data. Blue error band marks the 95 % confidence interval, data taken from [1],
uncertainty according to [2].
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1 Introduction

To contain global warming in order to limit the global temperature increase and the resulting
consequences on nature and mankind, the European Union aims to reach climate-neutrality by
the year 2050, which shall be achieved by the reduction of greenhouse gas emissions by 80 to
95 % [10]. As reference for the climate goals, the year 1990 is defined. To the year 2030, the
following climate goals have been declared [11]:

• reduction of greenhouse gas emissions by at least 40 %

• expansion of the renewable energy share in the energy mix to at least 32 %

• increase of energy efficiency by minimum 32.5 %.

In a more stringent approach, Germany committed to reducing greenhouse gas emissions by
at least 55 % to the year 2030 [12]. This includes a fast transition from conventional fossil-
based power sources to renewable energy. One of the main challenges, however, are the regional
and temporal dependencies of renewable power generation, such as wind and solar power. In
Germany, climatic conditions, geography, and economy lead to a special situation. Congested
areas and energy-consuming industry, majorly located in mid-Germany, require high power
demand throughout the year. However, areas with highest potential for wind power generation
are located offshore in northern Germany, areas most suitable for solar power generation in the
south and southwest of Germany. This situation is further complicated by seasonal fluctuations
in the power output of renewables, where peaks arise in windy autumns and sunny summers,
respectively. To implement a high share of renewable energy in the energy mix, the fluctuations
need to be buffered. Therefore, efficient power storage and distribution systems need to be
developed.

Among others, critical parameters for suitable energy storage systems are capacity and storage
time in combination with minimum storage losses (conversion and re-conversion efficiency). In
increasing order in terms of capacity and storage time, one can distinguish between [13]

• electrical (e.g. capacitors)

• electrochemical (e.g. batteries)

• mechanical (e.g. compressed air storage systems)

• thermal (e.g. sensitive heat storage, latent heat storage)

• chemical (e.g. H2, SNG)

energy storage systems. In a recent analysis, in Germany only the chemical energy storage
systems were considered adequate to buffer the fluctuations of renewable energy generation
over a sufficiently long period of time to overcome cold spells as well as times of high energy
demand and low renewable energy generation [14].
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1.1 Motivation

One of the innovative energy concepts for chemical energy storage is the power-to-gas process.
Hydrogen supplied by electrolysis using surplus renewable energy is converted with CO2, which
may originate from waste gas steams, carbon capture, coal, or biomass, to SNG, which is then
stored and distributed in the natural gas grid and used for power generation on demand [15].
Three main benefits of this technology can be distinguished:

• CO2-neutral technology for power supply

• Utilization of surplus electrical energy for hydrogen production in times of high renew-
able energy production

• Establishment of a chemical energy storage system to buffer discrepancies between en-
ergy demand and renewable energy production.

A schematic overview of the power-to-gas concept is provided in Figure 1.2 [15]. The capacity
of SNG storage in Germany amounts to 260 TW hth, compared to an electrical storage capacity
of only 0.04 TW hel [14]. Underground gas storage facilities can be depleted gas or oil reser-
voirs, aquifers or salt caverns [16]. In depleted reservoirs and aquifers, SNG is stored inside
the porous rocks under pressure application. Slippage is prohibited by gas-tight clay and salt
layers. These pore storages typically feature a high storage capacity. Salt caverns, in contrast, are
artificially created underground cavities in salt stocks. In contrast to pore storages, gas injection
and withdrawal can occur very fast, predestining this kind of storage system for buffering short-
term fluctuations in energy demand [16].

The main drawback linked to the power-to-gas technology, however, are losses during the
conversion processes. Maximum efficiency factors are 70 % for H2O electrolysis and 76 % for
CO2 methanation (on the basis of uncompressed CO2), resulting in an overall efficiency of
53 % of the primary energy [17, 18]. Directly utilizing H2 as chemical energy carrier, however,
is hindered by strong material requirements on storage and transportation due to its high diffu-
sivity. Since it is highly explosive, also severe safety aspects need to be considered. For SNG,

Figure 1.2: Schematic overview of the power-to-gas concept, adapted from [15].
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1 Introduction

in contrast, infrastructure, the natural gas grid, already exists and safety measures in handling
are well-established. SNG can be used as car fuel, or be burned in gas power plants or domestic
heating units in end-user applications.

In recent times, also the methanation of CO2 directly from the atmosphere is under research
[19]. The main challenge in this technology is the comparatively low partial pressure of CO2 in
the atmosphere (approx. 400 ppm), which leads to high CO2 separation costs [20, 21].

Besides CO2, also CO can be converted to CH4. The methanation reactions therefore can be
utilized to convert CO-rich biomass gasification streams into easily accessible SNG (biomass-
to-gas process) [22, 23].

1.2 Outline

This work focuses on the development of next-generation CO2 methanation catalysts for po-
tential application in the power-to-gas process. Material properties are altered to improve the
performance of a state-of-the-art, industrial-type NiAlOx catalyst, with the focus on enhancing
the intrinsic catalytic activity and the thermal stability. Mn and Fe, respectively, have been iden-
tified as suitable promoters to improve catalyst performance. By understanding the underlying
promoter working mechanisms and deducing the structure-activity relationships, the catalyst
can be optimized to exploit the promoter effects. Besides, an intrinsic kinetic model for CO
methanation, CO2 methanation, and the water-gas shift reaction on the basis of investigations
on CO2 methanation in [24] and own experiments is derived to predict CH4 formation rates
under a wide range of industrially relevant operating conditions over NiAlOx.

• Chapter 2 deals with the fundamentals of the methanation reaction, from the state-of-
the-art technology and challenges in the methanation process to the underlying principles
in catalysis.

• Chapter 3 focuses on the description of the methodology and principles for catalyst
synthesis and characterization applied in this work.

• Chapter 4 illustrates the effects of doping Fe and Mn, respectively, to the co-precipitated
industrial-type NiAlOx catalyst to improve two critical requirements in CO2 fixed bed
methanation, thermal stability and intrinsic activity of the catalyst.

This chapter is based on:

T. Burger1, F. Koschany1, O. Thomys, K. Köhler, O. Hinrichsen, "CO2 methanation over Fe- and

Mn-promoted co-precipitated Ni-Al catalysts: Synthesis, characterization and catalysis study",

Applied Catalysis A: General, 2018, 558, 44–54, DOI 10.1016/j.apcata.2018.03.021

1 The authors equally contributed to this work.
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1.2 Outline

• Chapter 5 shows that both promoter effects on the catalytic performance of NiAlOx in the
CO2 methanation reaction can be combined by co-doping Fe and Mn. It is demonstrated
that catalyst performance (catalytic activity and thermal stability) of NiFeMnAlOx can be
tailored by adjusting the preparation procedure.

This chapter is based on:

T. Burger, F. Koschany, A. Wenng, O. Thomys, K. Köhler, O. Hinrichsen, "Simultaneous ac-

tivity and stability increase of co-precipitated Ni-Al CO2 methanation catalysts by synergistic

effects of Fe an Mn promoters", Catalysis Science & Technology, 2018, 8, 5920–5932, DOI

10.1039/C8CY01834K

• Chapter 6 investigates the importance of the location of the Fe promoter on the Ni
catalyst for its promoter effect. A NiAlOx and a Ni/Al2O3 catalyst are selectively doped
at the Ni centers by the surface redox reduction technique. It is demonstrated that the
beneficial effect of Fe on the stability of the NiAlOx catalyst is linked to the formation of
(γFe,Ni) particles on the catalyst surface.

This chapter is based on:

T. Burger, H. M. S. Augenstein, F. Hnyk, M. Döblinger, K. Köhler, O. Hinrichsen, "Targeted

Fe-Doping of Ni-Al Catalysts via the Surface Redox Reaction Technique for Unravelling its

Promoter Effect in the CO2 Methanation Reaction", ChemCatChem, 2020, 12, 649–662, DOI

10.1002/cctc.201901331

• Chapter 7 highlights the beneficial effect of Fe onto the apparent stability of NiAlOx.
Time-resolved aging and characterization studies are utilized to draw the structure-
activity relationship for the improved stability of NiFeAlOx catalysts and shine light onto
the dynamical interactions between Fe and the active Ni sites under CO2 methanation
conditions.

This chapter is based on:

T. Burger, S. Ewald, A. Niederdränk, O. Hinrichsen, "Enhanced activity of co-precipitated

NiFeAlOx in CO2 methanation by segregation and oxidation of Fe", Applied Catalysis A: General,

2020, 604, 117778, DOI 10.1016/j.apcata.2020.117778

• Chapter 8 focuses on the derivation of a kinetic model for the co-methanation of CO and
CO2 over a co-precipitated NiAlOx catalyst (wNi = 44 wt.%) via a common kinetically
relevant surface methanation step, the decomposition of a COHy surface complex. The
resulting model fully describes the reaction system CO, CO2, H2, H2O, CH4 over NiAlOx

in a thermodynamically consistent kinetic model.

This chapter is based on:

T. Burger1, P. J. Donaubauer1, O. Hinrichsen, "On the kinetics of the co-methanation of CO

and CO2", Applied Catalysis B: Environmental, 2020, 282, 119408, DOI 10.1016/j.apcatb.

2020.119408
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2 Theoretical and Technological
Background on the Methanation
Reactions

2.1 Thermodynamic Considerations

The methanation reactions were discovered in 1902 by Sabatier and Senderens, who converted
CO (cf. Reaction 2.I) and CO2 (cf. Reaction 2.II), respectively, with H2 to substitute natural
gas (SNG) over a Ni catalyst [25]. The methanation reactions are linked via the water-gas
shift reaction, which describes the conversion of CO to CO2 (cf. Reaction 2.III). At standard
conditions, all three reactions are exothermal and exergonic.

CO + 3H2 CH4 + H2O ∆RHo = –206.3kJmol–1
∆RGo = –142.2kJmol–1 (2.I)

CO2 + 4H2 CH4 + 2H2O ∆RHo = –165.1kJmol–1
∆RGo = –113.5kJmol–1 (2.II)

CO + H2O CO2 + H2 ∆RHo = –41.2kJmol–1
∆RGo = –27.7kJmol–1 (2.III)

Both methanation reactions are volume contracting. According to Le Chatelier’s principle, an
increase in pressure therefore shifts the thermodynamic equilibrium to the reaction products.
Similarly, due to their exothermal character, high reaction temperatures negatively affect the
maximum thermodynamically feasible CH4 yield. The detrimental effect of reaction temper-
ature and the beneficial effect of reaction pressure on the thermodynamically feasible carbon
oxides conversion is stronger in CO2 methanation than in CO methanation due to the additional
mole H2O formed per mole CH4 in CO2 methanation (cf. Reactions 2.I and 2.II).

Besides, depending on the catalyst system, the Fischer-Tropsch reaction (cf. Reaction 2.IV) as
well as CH3OH formation (cf. Reactions. 2.V and 2.VI) may take place [26]. In addition, at
under-stoichiometric H2/COx feed gas ratio (with respect to Reactions 2.I and 2.II), CO may
undergo disproportionation according to the Boudouard reaction (cf. Reaction 2.VII) [27], lead-
ing to carbon deposition on the catalyst, which can ultimately result in catalyst deactivation over
time [28]. Depending on the catalyst, varying selectivities to Fischer-Tropsch reaction products
[29, 30], CH3OH [31], or CH4 [25] can be observed when hydrogenating COx [26, 32]. Due
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2 Theoretical and Technological Background on the Methanation Reactions

to the manifold reactions possibly taking place, the optimum reaction conditions are catalyst-
dependent and must be chosen adequately to ensure that the final product gas composition (dry
gas) fulfills the specifications suitable for feeding into the natural gas grid or direct utilization as
fuels after purification. This does not only include the heating value of the produced SNG, but
also impurities such as sulfur-containing substances, typically present in COx streams derived
from biomass [33].

nCO + (2n + 1)H2 CnH2n+2 + nH2O (2.IV)

CO + 2H2 CH3OH ∆RHo = –90.8kJmol–1 (2.V)

CO2 + 3H2 CH3OH + H2O ∆RHo = –49.6kJmol–1 (2.VI)

2CO CO2 + C ∆RHo = –172.5kJmol–1 (2.VII)

The chemical composition of natural gas varies depending on the natural gas reserve [34].
Table 2.1 lists a typical composition and properties of refined and unrefined natural gas [35].

Besides impurities, H2 is one of the critical components in SNG. In DIN EN 16723-2, the
maximum H2 content for feeding biogas to the natural gas grid is defined to 2 % [36]. The
limiting application thereby is the utilization of SNG in gas engines for transportation. Further-
more, for some gas turbines that feature premix burners, as well as for gas storage tanks, the
maximum H2 content is restricted to 1 vol.% [37]. The maximum permitted amount of sulfur
in biogas (non-odorized) for feed-in is set to 20 mg m−3 according to DIN EN 16723-2 [38]).
To achieve low H2 contents in the methanation product gas, gas purification and high CO2 and

Table 2.1: Typical composition and properties of unrefined (left) and refined (right) natural
gas, adapted from Speight et al. [35].

Relative molar mass 20–16
Carbon content (wt.%) 73–75
Hydrogen content (wt.%) 27–25
Oxygen content (wt.%) 0.4–0
Hydrogen-to-carbon atomic ratio 3.5–4
Density relative to air (at 15 °C) 1.5–0.6
Boiling temperature (°C, at 1 atm) –162
Autoignition temperature (°C) 540–560
Octane number 120–130
Methane number 69–99
Vapor flammability limits (vol.%) 5–15
Flammability limits (vol.%) 0.7–2.1
Lower heating/calorific value (BTU) 900
Methane concentration (vol.%) 80–100
Ethane concentration (vol.%) 5–0
Nitrogen concentration (vol.%) 15–0
Carbon dioxide concentration (vol.%) 5–0
Sulfur concentration (ppm, wt.) 5–0
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2.1 Thermodynamic Considerations

H2 conversion levels are required. Figure 2.1 A illustrates the effect of the operating pressure
on the thermodynamically feasible CO2 conversion and CH4 yield as a function of temperature
at a stoichiometric H2/CO2 ratio of 4. Figure 2.1 B shows the corresponding results for CO
methanation (H2/CO = 3). At stoichiometric feed gas composition and 10 bar, for example, in
CO2 methanation the reaction temperature needs to be below 295 °C to obtain a CH4 yield of
at least 98 %. The thermodynamic CH4 yields can be further increased by raising the H2/COx

ratio. Since, however, H2 is the limiting resource in the power-to-gas concept and excess H2

furthermore requires separation in the product gas, this effect is usually not utilized. Figure 2.2
illustrates the influence of the H2/COx feed gas ratio on the thermodynamic COx conversion
and CH4 yield as a function of temperature, exemplary at a pressure of p = 10 bar, for CO2

methanation (A) and CO methanation (B).
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Figure 2.1: Effect of the operating pressure on the thermodynamic COx conversion (dashed
lines) and CH4 yield (solid lines) for a feed gas composition of H2/CO2 = 4 (A) and
H2/CO = 3 (B) as a function of temperature, calculated using the ∆G minimization method
(cf. Appendix C).
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Figure 2.2: Effect of the H2/COx feed gas ratio on the thermodynamic COx conversion
(dashed lines) and CH4 yield (solid lines) in CO2 (A) and CO (B) methanation at an
operating pressure of p = 10 bar as a function of temperature, calculated using the ∆G
minimization method (cf. Appendix C).
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2 Theoretical and Technological Background on the Methanation Reactions

2.2 State of the Art in COx Methanation

2.2.1 Methanation Technologies

Advances have been made in biological and catalytic methanation. In biological methanation,
first found in 1906 [39], CH4 is generated by methanogenic microorganisms (type archea)
under anaerobic conditions at 20 to 70 °C. Usually, CO2 feed stock is derived from biomass
that is hydrolyzed to monosaccharides, amino acids, and fatty acids in the first step, which
are subsequently converted to H2, CO2, and acetate. Biological methanation takes place in the
liquid phase. Biomass hydrolysis, acidogenesis, and acetogenesis, however, results in prod-
uct gas with an under-stoichiometric H2/CO2 ratio. Therefore, H2 needs to be co-fed. SNG
formation is controlled by mass transport of H2 into the aqueous reaction phase and can be
enhanced by increasing the operating pressure or the mass transfer coefficient. When carrying
out the reaction in a continuous stirred tank reactor, the latter can be realized by increasing
the agitator speed, which typically makes up a majority of the additional energy input. Another
problem results from the effect of CO2 concentration on the pH of the reaction phase, impacting
the performance of the microorganisms. Therefore, pressure, CO2 concentration, and agitator
speed need to be finely tuned for optimum performance. Furthermore, the SNG formation rate
per reactor volume is rather low compared to catalytic methanation [17].

Catalytic methanation is commonly carried out in fixed bed, fluidized bed, or three-phase
slurry reactors. Fixed-bed methanation concepts include adiabatic or cooled reactors. Due to
the highly exothermal character of the methanation reactions, the major problem in fixed-bed
methanation results from hotspot formation accompanied by sintering of the catalytically active
sites, causing catalyst deactivation over time. In fluidized-bed methanation, in comparison,
excessive active site sintering can be circumvented by a strongly improved heat transfer, es-
tablishing isothermal-like conditions [17]. However, the particles may suffer from intra-particle
and particle-wall attrition, ultimately leading to catalyst deactivation by loss of active surface
area due to mechanical-induced crushing of the catalyst particles and loss of catalytic material
by abrasion [40]. Three-phase methanation involves a liquid phase, typically a thermal oil, to
ensure isothermal-like conditions. The catalyst particles are suspended in the liquid phase, the
gas flow ensures vigorous mixing. Similar to biological methanation, the critical step is the mass
transfer of hydrogen into the liquid phase. In addition, decomposition and evaporation of the
liquid may occur [17].

In recent years, also structured reactors, such as monolith [41], honeycomb [42, 43] or micro-
structured reactors [44] have been brought up to cope with the difficulties arising from the
strongly exothermal character of the methanation reactions and high pressure drops in fixed-bed
applications. The catalyst is coated onto the metallic walls, which significantly enhances radial
heat transport. However, replacement of the catalyst, once it is deactivated, is expensive [17].
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2.2 State of the Art in COx Methanation

2.2.2 Fixed Bed Reactor Concepts

For fixed-bed methanation, different reactor concepts have been developed to deal with tem-
perature hotspots and their effect on catalyst life-time and thermodynamic limitations on the
maximum CH4 yield in the product gas. In terms of economics, besides, recuperation of energy
from the generated steam is essential to improve the efficiency of the reactor concept.

In general, the reaction can be carried out in adiabatic or cooled reactors. Recycle of product gas
streams helps to decrease the temperature in the reaction zone. Often, multi-reactor concepts are
applied, in which most of the CO2 is converted in a first step at high temperatures in an adiabatic
reactor (preferentially over a catalyst that features high thermal stability), while the remaining
CO2 in the product gas is converted in a second step, maybe even after H2O separation, using
a highly active catalyst to obtain high CH4 yields at low temperature. Different commercially
available methanation reactor concepts are exemplarily shown in Figure 2.3.

Figure 2.3: Reactor concepts for COx methanation, Lurgi/BASF, adapted from [45] (A),
ICI, adapted from [46, 47] (B), Linde, adapted from [48] (C), HICOM, adapted from [46,
47] (D), TREMP, adapted from [47, 49] (E).
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2 Theoretical and Technological Background on the Methanation Reactions

In the Lurgi/BASF process, methanation is carried out in three serial fixed bed reactors. It
includes a recycle stream after the second reactor [45]. The process developed by ICI (Imperial
Chemical Industries), in comparison, consists of three serial adiabatic fixed bed reactors with
intermediate gas cooling units [46]. In the Linde process, an adiabatic and an isothermal reactor
are utilized. The reactors are set in series or parallel (split flow), depending on conditions and
requirements [48]. In the HICOM process, steam is co-fed to the feed gas in a counter-current
fixed bed before the reaction mixture enters the methanation reactor. Some of the product gas is
recycled after cooling, the remaining part is passed through further fixed bed reactors, that are
operated at low temperature to achieve a high CH4 yield [46]. The TREMP (Haldor Topsøe)
process comprises sequential adiabatic fixed bed reactors. It includes a minimum recycle after
the first methanation unit for cooling. The enthalpy flow of the reactants exiting the first metha-
nation stage is used for the generation of high pressure super-heated steam [50].

An alternative approach that recently gained interest is the so-called sorption-enhanced metha-
nation concept [51, 52]. Therein, steam generated during the reaction is adsorbed on the oxidic
phase of the catalyst or an additionally added adsorbent placed within the methanation reactor,
which, according to Le-Chatelier principle, re-defines the conditions for thermodynamic equi-
librium and leads to higher thermodynamically feasible CH4 yields. However, the problems
arising from heat generation may be even more dominant due to the heat of adsorption of H2O
being released.

2.2.3 Methanation Catalysts

2.2.3.1 Active Metals

The methanation reaction is catalyzed by group VIII to group X transition metals. Most studies
include noble metals (Ru [53–59], Rh [60–65]) and base metals (Ni [24, 66–74], Co [75, 76]).
For Al2O3-supported catalyst systems, Vannice and Bartholomew [77] reported the specific
activity order Ir/Al2O3 < Pt/Al2O3 < Pd/Al2O3 < Rh/Al2O3 < Co/Al2O3 < Ni/Al2O3 <
Fe/Al2O3 < Ru/Al2O3 in CO methanation. Besides activity, the selectivity is an important
factor when selecting an appropriate catalyst. The molecular weight of the hydrocarbon reaction
products in [77] was in the order Ru/Al2O3 > Fe/Al2O3 > Co/Al2O3 > Rh/Al2O3 > Ni/Al2O3 >
Ir/Al2O3 > Pt/Al2O3 > Pd/Al2O3.

Karn et al. showed that 0.5 wt.% Ru/Al2O3 is active in CO2 and CO methanation [78]. A first
detailed kinetic data set for CO2 methanation over the same type of catalyst was supplied by
Lunde and Kester [79], who found an apparent activation energy of 70 kJ mol−1. Solymosi et al.
[58] deduced from IR studies that the prominent methanation pathway over 5 wt.% Ru/Al2O3

involves H*-assisted adsorption of CO2, which then decomposes to C* on Ru. C* is then
subsequently hydrogenated to CH4. The apparent activation energy was 67 kJ mol−1. Scire et
al. [54] compared a Ru/H-ZSM-5 and a Ru/SiO2 catalyst in CO2 methanation. While both
catalysts were very active, Ru/H-ZSM-5 featured a higher selectivity to CH4 formation. Based
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2.2 State of the Art in COx Methanation

on IR studies on CO and CO2 adsorption, this was explained from a higher positive polariza-
tion of Ru on the zeolite, causing a weaker Ru-CO bond and therefore a higher H* surface
coverage. Vannice et al. [77], however, observed significant formation of C2 to C+

5 species at
275 °C, reaching a CH4 selectivity of only about 60 %. Garbarino et. al [55] reported activation
energies in the range of 60 to 75 kJ mol−1 for CO2 methanation over 3 wt.% Ru/Al2O3. They
observed that even after activation in H2 high oxidation state Ru oxide species are present on
the catalyst. For methanation in H2-rich streams, Kowalczyk et al. [59] gave an activity order
of Ru/C < Ru/MgO < Ru/MgAl2O4 < Ru/Al2O3 for both CO and CO2 methanation. Eckle et
al. [80] investigated 2.2 to 5 wt.% Ru/zeolite catalysts in CO and CO2 methanation by DRIFTS
and SSITKA experiments and deduced that HCO* is an important reaction intermediate for
CO methanation. CO2 methanation was found to proceed via a carbonyl intermediate, while
formate is considered to be a spectator species. This reaction mechanism is consistent to an IR
study by Falbo et al. [57] over Ru/Al2O3, who proposed that CO adsorbs on the active Ni sites,
while CO2 is pre-activated on the alumina support and subsequently hydrogenated on Ru via
formate and carbonyl intermediates. The latter are hydrogenated on the Ru sites to yield CH4.
For high CO concentrations in the feed gas, catalyst deactivation was observed, assigned to
the presence of carboxylate species blocking adsorption and reaction sites. In a DFT approach
on Ru (0001), Zhang et al. [56] proposed that CO2 and CO methanation occurs via a CHO*
and/or COH* intermediate, respectively, and that the selectivity is governed by the competition
of CH* reacting with H* or CH*. Porta et al. [81] prepared 0.5 wt.% Ru/SiO2 egg-shell catalyst
particles by incipient wetness impregnation and showed that these can be used even for 2300 µm
pellets without obvious internal diffusion limitations.

Also, Rh was investigated in detail for COx methanation. Solymosi et al. [60] tested different
supports in CO2 methanation and deduced an activity order of Rh/TiO2 > Rh/Al2O3 > Rh/SiO2.
The superior activity of Rh/TiO2 with an apparent activation energy of 81 kJ mol−1 was at-
tributed to electronic interactions between the Rh particles and the TiO2 support, which was
further evaluated by doping TiO2 with lower and higher valency ions [61]. It was also observed
that the methanation of CO2 occurred at a faster rate than the methanation of CO, which was
explained by the low carbonyl and high hydrogen coverages under H2/CO2, leading to rapid
hydrogenation [60]. The authors concluded that the high carbonyl coverage under H2/CO feed
gas results in the formation of aged C* species, which are less reactive and whose hydrogenation
require a higher activation energy. Based on observations in DRIFT experiments [62], Beuls
et al. [65] further investigated CO2 methanation at temperatures between 50 and 150 °C over
Rh/Al2O3. They found that CO2 oxidizes Rh under reaction conditions and that the type of
adsorbed species, Rh-CO or Rh(CO)2 depends on the Rh oxidation state. Novák et al. [82]
observed that the initial catalyst activity of 1 wt.% Rh/Al2O3 depends on the reduction tem-
perature, while under steady-state conditions this effect vanished. It was claimed that oxygen
vacancies are formed on the perimeter of the Rh-TiO2 interphase during reduction, that are
removed over time on stream by re-oxidation involving CO2 and H2O. Karelovic and Ruiz
[63] observed a distinct particle size dependence of the apparent activation energy and the
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apparent reaction order in low-temperature CO2 methanation by varying Rh loading on TiO2.
For small Rh particles in the range of 2 nm, higher activation energies up to 120 kJ mol−1 were
observed, whereas for Rh particles larger than 7 nm the apparent activation energy decreased
to a minimum of 71 kJ mol−1. It was hypothesized that, while the C-O dissociation energy
is not a function of particle size, CO* is bound more strongly to small Rh particles. Similar
trends of particle size dependence of the apparent activation energy was found for Rh/γ-Al2O3

[64], suggesting structure-sensitivity of CO2 methanation over these kinds of catalysts. In this
context, Matsubu et al. [83] investigated isolated Rh sites on TiO2 and found that these sites
exhibit activity for the reverse water-gas shift reaction rather than the methanation and that
the fractions of isolated sites and nanoparticle-type sites changed under reaction conditions. In
an DFT approach on Rh1/TiO2, Ma et al. [84] supported these observations. It was proposed
that CO* bound to Rh blocks further adsorption of H2 and therefore also the hydrogenation
of CO*. From studies on Rh/SiO2 it was concluded that for small Rh loadings CO* on Rh
clusters is surrounded by hydroxyl groups on SiO2, resulting in low H2 adsorption and therefore
high selectivity to CO. At higher loadings, the H2 uptake is significantly enlarged, leading to a
selectivity shift towards CH4.

Besides its activity in the Fischer-Tropsch reaction [29], Co can also be applied for CO metha-
nation. Le et al. [76] concluded from SSITKA experiments over Pt-promoted Co/SiO2 that
the reaction kinetics over Co are governed by the rate of CHx hydrogenation rather than CO
dissociation. Among the supports γ-Al2O3, SiO2, TiO2, CeO2, and ZrO2, Co/CeO2 was found
to be the most active catalyst in both CO and CO2 methanation.

Due to high availability and comparatively low costs [85], high catalytic activity, and excellent
CH4 selectivity [86, 87], in general, Ni is the preferred active component in methanation cata-
lysts [88]. The most common support materials for Ni-based methanation catalysts are Al2O3

[64, 68, 89–106], SiO2 [87, 107, 108], ZrO2 [109–112], CeO2 [43, 66, 113], and TiO2 [114].
For CO2 methanation, Vannice et al. [87] reported an activity order Ni/SiO2 < Ni/Al2O3 <
Ni/TiO2.

Weatherbee and Bartholomew investigated a Ni/SiO2 catalyst for CO and CO2 methanation.
In the temperature range from 500 to 750 K, the methanation of CO occurred at a faster rate
than the methanation of CO2 for constant reaction conditions. The apparent activation energy
of CO2 methanation was 80 kJ mol−1, while CO methanation exhibited a higher temperature
dependence with an apparent energy of 96 kJ mol−1. Falconer and Zagli [115] deduced from
CO2 adsorption and methanation experiments over Ni/SiO2 that the methanation of CO and
CO2 proceed via the same mechanism. Due to activated CO2 adsorption, the ratio of H* to
CO* on the catalyst surface was estimated higher in CO2 than in CO methanation, result-
ing in a higher CH4 selectivity for CO2 methanation than for CO hydrogenation. Guo et al.
[116] found superior CO2 methanation performance of impregnated Ni/ZSM-5 compared to
Ni/Al2O3, Ni/SiO2, Ni/MCM-41, and Ni/SBA-15, which they attributed to improved basicity
and metal-support interactions. Aziz et al. [117] studied Ni-doped mesoporous nanostructured
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silica nanoparticles (MSN) in low-temperature CO2 methanation and found a specific activity
order of Ni/MSN > Ni/MCM-41 > Ni/HY > Ni/SiO2 > Ni/γ-Al2O3 for a Ni loading of 5 wt.%.
The superior performance of Ni/MSN was assigned to high basic site density and defect sites or
oxygen vacancies in MSN that provide CO* species adsorbed on MSN. These are hydrogenated
by H* supplied on Ni [117, 118]. Crystallinity, surface area, and basic site density decreased
with rising Ni loading. Therefore, for 5 wt.% and 10 wt.% Ni similar catalytic activity was
observed. Du et al. [119] found that the CH4 selectivity over MCM-41-supported Ni catalysts
increases from 1 to 3 wt.% and that the activity strongly depends on the activation temperature.
The best activity was observed when activating the catalyst at 973 K. The optimized catalyst
additionally featured high thermal stability. Schüler et al. [120] investigated chemical vapor
deposition (CVD) as a promising technique to prepare SiO2-supported nickel catalysts. A so-
prepared 10 wt.% Ni/SiO2 catalyst outperformed a benchmark catalyst prepared by impregna-
tion and featured a CO2 methanation activity similar to a co-precipitated Ni-Al catalyst, which
was attributed to the high dispersion of Ni. Yan et al. [121] developed 2D nanocomposites of
Ni nanoparticles and siloxene nanosheets. It was found that catalyst performance and reaction
pathway strongly depend on the location of the nanoparticles, which could by controlled by syn-
thesis parameters such as the solvent used in nucleation and growth of the siloxene nanosheets.
Also, methanation studies on Ni supported on hierarchical silica microspheres were carried out
[122].

Due to its ability to form oxygen vacancies, CeO2 is a widely used support material for Ni-
based CO2 methanation catalysts [66, 123–125]. Tada et al. compared Ni/CeO2, Ni/TiO2,
Ni/MgO, and Ni/α-Al2O3 (Ni loading 10 wt.%) in CO2 methanation at atmospheric pressure.
Ni/CeO2 featured a selectivity to CH4 close to 100 % and exhibited much higher activity than
the reference catalysts. Zhou et al. [123] assigned the high activity of Ni/CeO2 to surface oxygen
vacancies that are active in generating surface-bound CO* species, in addition to CO2 activation
on Ni. CO2 activation on CeO2 (via hydrocarbonate and formate intermediates) was confirmed
by Konishcheva et al. [124] in an IR study. When using NiCl2 as precursor during catalyst
synthesis, the active sites on ceria were blocked by Cl– , consequently catalyst activity declined.
CO methanation, in contrast, was found to predominantly take place on the Ni sites.

In numerous studies, CeO2 was promoted with ZrO2 [126–130]. Zirconia is known to improve
oxygen vacancy formation and increase oxygen mobility in CeO2 [131]. Ocampo et al. [129]
prepared a Zr-Ce mixed metal oxide via the sol-gel method for CO2 methanation. At a com-
position of Ce0.72Zr0.28O2, an optimum Ni loading of 10 wt.% was reported. Later, the Zr-Ce
composition was optimized to a 40/60 ratio for a Ni loading of 5 wt.% [130]. Ni2+ incorporated
in the oxidic CeZr fluorite structure was found to improve the specific catalyst activity. Pan
et al. investigated Ni/Ce0.5Zr0.5O2 catalysts in detail [126–128]. High nickel surface area,
high densities of basic sites, and oxygen vacancies as well as high concentrations of Ce(III)
were identified as the decisive parameters for high catalytic activity in CO2 methanation [127].
CO2 was proposed to preferentially adsorb on surface oxygen sites adjacent to Ce(III) [126].
The hydrogenation of monodentate carbonates on Ce(III) was found to take place more facile
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than the hydrogenation of monodentate carbonates formed on Ce(IV). Formate was suggested
as the main intermediate species along the reaction pathway. The improved performance of
Ni/Ce0.5Zr0.5O2 compared to Ni/Al2O3 was assigned to a higher density of medium basic
sites on Ce0.5Zr0.5O2, resulting in a higher coverage of monodentate carbonate [128]. It was
assumed that monodentate formate derived from hydrogenation of monodentate carbonate could
be hydrogenated faster than bidentate formate from hydrogen carbonate, while CO2 bound
to strong basic sites does not participate in the reaction. Abate et al. [132] developed a qua-
ternary nanocomposite support system consisting of γ-Al2O3, ZrO2, TiO2, and CeO2, using
a impregnation-precipitation technique. Ni was added via impregnation to achieve a total Ni
loading of 20 wt.%. The highest CO2 methanation activity was obtained for a composition of
Al2O3/ZrO2/TiO2/CeO2 = 55/15/15/15.

Concerning Ni-Al catalyst systems, supported Ni/Al2O3 catalysts and co-precipitated Ni-
Al mixed metal oxide catalysts can be distinguished. Aksyolu et al. [70] investigated co-
precipitated Ni-Al mixed metal oxide catalyst with Ni loadings up to 25 wt.%. The CO2

conversion increased with rising Ni content. However, the methane formation rate per metal
surface area was highest for low Ni contents, which was assigned to inefficiencies linked to
the formation of nickel aluminate. While the Ni surface area increased almost linearly with
the Ni loading, the total surface area exhibited a maximum at a Ni loading of about 15 wt.%,
indicating a distinct effect of the Ni content on the catalyst structure. Later, they compared
the performance of co-precipitated Ni-Al and impregnated Ni/Al2O3 catalysts at constant Ni
loadings up to 16.5 wt.% and tested the catalysts in CO and CO2 methanation, respectively
[68]. From CO methanation experiments, they deduced that the specific activity decreases
with rising Ni loadings for co-precipitated catalysts, but increases for impregnated, supported
Ni/Al2O3 catalysts. This phenomenon was attributed to spillover and reverse spillover effects
of CO for highly loaded impregnated and lowly loaded co-precipitated Ni-Al catalysts. The co-
precipitated Ni-Al catalysts were found to feature a higher specific activity in CO2 methanation,
which was confirmed in [133] and [134]. Abate et al. [135] varied pH during co-precipitation
(nNi/nAl = 3) and found that high reducibility of nickel and high metal surface area are crucial
for high catalyst activity. Koschany et al. [24] synthesized Ni-Al mixed metal oxide catalysts
in molar ratios of nNi/nAl = 0.2, 0.33, 1, 3, and 5 and highlighted the influence of the nNi/nAl
ratio on the structure of the catalyst. Characterization data, however, was limited to the calcined
rather than the activated catalysts. In contrast to Aksoylu et al. [70], they found a nearly linear
relationship between metal surface area and weight time yield of CH4. However, they did not
observe any bulk nickel aluminate formation at the chosen calcination temperature of 450 °C.
Abello et al. [136] reported the optimum nNi/nAl molar ratio for CO2 methanation activity,
stability, and CH4 selectivity (≈ 98.7 %) at 2. It was claimed that the Ni particles are dispersed
on a NiAl2O4 spinel matrix. Gabrovska et al. [137] synthesized catalysts with molar ratios of
nNi/nAl = 3, 1.5, and 0.5, and showed that the activation temperature has a significant influence
on catalyst performance. The catalyst with the composition nNi/nAl = 3 performed best when
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activation was carried out at 400 to 450 °C. The catalyst with nNi/nAl = 0.5, in contrast, pre-
vailed when activation was carried out at 530 to 600 °C. Catalyst reducibility, however, strongly
depends on the synthesis procedure as well as pretreatment and calcination steps, which can be
attributed to complex interactions between Ni and Al in the mixed metal oxide depending on
synthesis and treatment parameters [138–140]. Ewald et al. [141] investigated the interaction
of H2 with catalysts similar to the ones used in [24] and two Ni/Al2O3 catalysts (9 and 17 wt.%
Ni) prepared by incipient wetness impregnation using transient measurement techniques. In an
aging study [134], the influence of Ni loading on BET surface area found in [70] was confirmed:
the maximum BET surface area was found at a nNi/nAl ratio of 1. Moreover, it was shown that
the aging behavior of co-precipitated Ni-Al catalysts in the CO2 methanation reaction strongly
depends on the Ni loading. The relative deactivation, assigned to metal particle sintering, loss of
basic sites, especially medium basic sites, accompanied by loss of BET surface area, increased
with rising Ni loading. At the same time, catalyst activity increased with Ni loading. A com-
prehensive study on Ni-Al catalysts for CO2 methanation was carried out by Beierlein et al.
[142]. By comparing the CO2 methanation activities of several Ni/Al2O3 catalysts, prepared
by incipient impregnation, wet impregnation, and deposition-precipitation, as well as of co-
precipitated NiAlOx catalysts, the authors deduced that CO2 methanation over Ni-Al catalysts is
a structure-insensitive reaction. In accordance with [24], a linear correlation between Ni surface
area and CO2 methanation activity was observed, while the selectivity decreased with rising Ni
loading. From the correlation of the CO2 turnovers per metal surface area to the metal particle
diameters for all the differently prepared catalysts the authors concluded that terrace atoms were
the active sites in CO2 methanation.

2.2.3.2 Promoters for Ni-Al catalysts

Ni-Al-based catalysts are commonly doped with promoters such as Ce [71, 91, 132, 143–145],
La [71, 99, 144, 145], Mn [71, 94, 99, 104, 146, 147], or Fe [144, 147–153] to improve their
performance in COx methanation.

Rahmani et al. [71] investigated the impact of Ce, Mn, La, and Zr dopants on a 20 wt.%
Ni/Al2O3 reference catalyst in the CO2 methanation reaction. The catalysts were synthesized
by subsequent impregnation of an Al2O3 support prepared by the sol-gel method. Among
the tested catalysts, the Ce-promoted sample featured the highest catalytic activity, while the
La- and the Zr-promoted catalysts performed worse than the reference catalyst. The highest
activity was found for a Ce loading of 2 wt.%, and it decreased with rising Ce content. The
promoter influence was mainly ascribed to modified nickel-support interactions: for Mn and
Ce promoters, a decrease of the NiO and NiAl2O4 reduction temperature was found, thus
increasing catalytic activity. Wu et al. [143] prepared Ni/Al2O3-CeO2 catalysts in a one-pot
sol-gel procedure. During catalyst activation, Ce3+ was formed, introducing oxygen vacancies
into the catalyst system. Besides, an increase in NiO reducibility, in accordance with [71],
was observed. Over the Ce-promoted catalysts, an enhanced CO2 conversion at an improved
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CH4 selectivity was found. The best performance was achieved for a 1:1 molar ratio of Al and
Ce in the mixed oxide. It was hypothesized that for highly dispersed Ni particles the oxygen
vacancies trigger an additional pathway for the activation of CO2 and provide carbon species
under reaction conditions that can be hydrogenated by H* provided on the Ni surface. Xavier
et al. [91] doped 10 to 20 wt.% Ni/Al2O3 catalysts with 0.5 to 2 wt.% Ce. All Ce-containing
catalyst samples exhibited an improved activity in CO methanation (feed gas H2/CO = 99). The
optimum Ce loading was determined at 1.5 wt.%. The beneficial effect of Ce was attributed
to several effects, such as higher reducibility of NiO and a significantly improved Ni particle
dispersion. In addition, the authors supposed that Ce3+ sites induce electron back donation to
the anti-bonding orbitals of chemisorbed CO, thus facilitating CO dissociation.

The promoting influence of La was investigated by A. Zhao et al. [99]. The dispersion of
Ni particles on a 24 wt.% Ni/Al2O3 catalyst was improved when doping 2 wt.% of La. In
accordance with [71], La addition resulted in a shift of the NiO reduction signal to higher
temperature. This indicates that the higher Ni dispersion results from stronger metal-support
interactions. In contrast to [71], however, in CO2 methanation the La-doped catalyst exhibited a
higher activity than the Ni/Al2O3 reference catalyst. For CO methanation, La-doped Ni/Al2O3

featured a significantly higher activity than Ni/Al2O3. Znak et al. [145] found in H2-TPD and
TPH of adsorbed oxygen that the state of hydrogen adsorbed on Ni in La-, Ce-, and Zr-doped
Ni/Al2O3 catalysts is very similar. The increased CO and CO2 methanation activity of La- and
Ce-promoted catalysts was assigned to a beneficial promoter effect on CO dissociation.

Mn was found to improve the Ni particle dispersion in Ni/Al2O3 [99]. In contrast to pro-
motion with La, Mn addition caused a decrease of the NiO reduction signal, indicating an
improved reducibility [94, 99]. With increasing Mn loading, a higher proportion of NiO weakly
interacting with the support was observed [94]. The Mn-doped Ni/Al2O3 catalyst showed a
higher activity than Ni/Al2O3 in CO methanation, and significantly outperformed Ni-La/Al2O3

and Ni-La-Mn/Al2O3 in CO2 methanation [99]. From aging experiments at 450 °C in syngas
(CO/CO2/H2 = 6.6/1.8/67.8), a higher stability of the Mn-doped catalysts was deduced [94].
K. Zhao et al. [104] confirmed these findings over Mn-doped 15 wt.% Ni/Al2O3. The beneficial
effect of Mn was assigned to a higher number of CO2 adsorption sites, combined with an
increased Ni dispersion and weakened Ni-support interactions. The involvement of basic sites
would also explain the higher impact of Mn on CO2 methanation compared to CO methanation.
Thomys [147] doped Ni/Al2O3 catalysts with Mn in various composition and impregnation
orders. All Mn-doped catalyst samples featured a higher CO2 methanation activity compared to
the benchmark catalyst. The impact of the promoter strongly depended on the calcination and
activation temperature. The highest impact was observed when calcination was performed at
low temperature.

The suitability of Fe to promote on Ni-based CO methanation catalysts was highlighted by
Nørskov and co-workers [148, 154]. By introducing a descriptor that can be calculated by
density functional theory, for CO hydrogenation namely the (adsorbed) CO dissociation energy,
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and linking this descriptor to experimental data, preliminary screening of suitable intermetallic
alloys can be performed [148]. It was shown that the best catalysts for CO methanation feature
dissociative adsorption energies in the range of −1 to −1.6 eV [155]. High activity of alloyed
NiFe and Ni3Fe were predicted in theoretical DFT studies and confirmed in experimental stud-
ies [148, 153]. Moreover, Kustov et al. [153] found that MgAl2O4 is a decent support for Ni-Fe
particles at low metal loadings (2.5 wt.%, 25Fe75Ni), while for higher metal loadings (10 wt.%,
50Fe50Ni) Al2O3- and MgAl2O4-supported catalysts featured a higher activity, which was
ascribed to differences in reducibility. Hwang et al. investigated Fe-, La, Ce-, and Zr-doped
30 wt.% Ni/Al2O3 xerogel catalysts in CO methanation [144]. From temperature-programmed
surface reaction studies, where the Fe-doped catalyst exhibited the CH4 production peak at the
lowest temperature, it was concluded that Ni-Fe/Al2O3 features the most favorable CO dissoci-
ation energy for CO methanation among the tested dopants. In XRD and XPS experiments, the
formation of Ni-Fe alloy particles was found. In addition, the Ni-Fe catalyst featured the highest
H2 uptake. The authors reported the same findings over a Fe-doped (5 wt.%) 35 wt.% Ni/Al2O3

catalyst in CO2 methanation [151]. CO2-TPD suggested that the Fe-doped catalyst featured a
lower CO2 adsorption capacity than Mg-, Y-, and Zr-doped samples, which the authors related
to weak metal support-interactions. Meng et al. [149] prepared 16 wt.% Ni/Al2O3 catalysts
with Fe loadings from 1 to 8 wt.% and tested them for CO methanation in a slurry bed reactor.
Starting from a Fe loading of 2 wt.%, the formation of Ni-Fe alloy particles was observed,
which was given as main reason for the improved CO methanation activity. Besides, the authors
reported reduced metal-support interactions, evident from a decrease of the H2 consumption
signal during activation to lower temperatures. At high Fe loadings, the catalytic activity de-
creased, though, and the selectivity to CO2 formation via the water-gas shift reaction increased.
Pandey and Deo [156] synthesized Ni-Fe-based catalysts with various nNi/nFe ratios, sup-
ported on Al2O3 and SiO2, respectively. The best activity in CO2 formation was observed for
nNi/nFe = 3. On both supports, the formation of Ni-Fe alloy particles was observed. Compared
to Ni-Fe/Al2O3, Ni-Fe/SiO2 was less active in CO2 methanation. The beneficial effect of Fe
on CO2 conversion was discussed to originate from the formation of a suitable Ni-Fe alloy, an
increase of active sites by an improved metal particle dispersion, for Al2O3 furthermore the gen-
eration of basic sites (by unreduced Fe species in Fe3O4) for CO2 adsorption, or a combination
of these factors. In studies with various support materials [157] (total Ni-Fe loading 10 wt.%)
and nNi/nFe = 3, the activity order Ni-Fe/Al2O3 > Ni-Fe/ZrO2 > Ni-Fe/TiO2 > Ni-Fe/SiO2 >
Ni-Fe/Nb2O5 was found. The authors did not find a correlation between specific activity and
particle size, surface area, or the degree of reduction, and assigned the activity improval to the
formation of alloyed Ni-Fe particles in a composition beneficial for methanation as well as the
CO2 adsorption capacity. Li et al. [158] prepared Ni-Fe/Al2O3 catalysts with various Ni and Fe
loadings. The best CO2 methanation performance was found for a Ni loading of 12 wt.% and a
Fe loading of 3 wt.%, while a 15 wt.% Fe catalyst featured poor activity and high selectivity to
CO. The promoter effect of Fe was described by a facilitated reducibility and an electronic effect
of Fe. For Fe and Ni loadings of 12 wt.%, however, a reduced catalytic activity was found, which
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was hypothesized to arise from excess FeO on the catalyst surface. A Ni3Fe/Al2O3 catalyst
prepared by deposition-precipitation with a total metal loading of 17 wt.% was investigated
in CO2 methanation by Mutz et al. [152]. The Ni3Fe alloy particles featured a higher low-
temperature methanation activity compared to the nickel reference catalyst. In addition, the
catalyst exhibited high stability at 358 °C. Yet, at low temperature, severe deactivation was
observed, accompanied by a decrease of CH4 selectivity and CO formation. The loss in activity
was attributed to carbon deposition on the catalyst, promoted by Fe. Later, Serrer et al. [159]
investigated the CO2 methanation performance of a similarly prepared Ni3.2Fe/Al2O3 catalyst
under dynamic feed gas conditions. For a simulated H2 dropout in the feed-gas, oxidation of
Fe was observed, protecting the Ni particles from oxidation in intermittent catalyst operation
in CO2-rich atmosphere. For an unpromoted Ni/Al2O3 catalyst, H2 dropout in the feed gas
resulted in Ni surface oxidation and catalyst deactivation [160].

Regarding co-precipitated Fe-doped Ni-Al catalysts, Hwang et al. [150] studied the influence
of precipitation agents on catalyst properties and CO2 methanation performance (Ni loading
30 %, Fe loading of 5 %). The metal particle size increased in the order NiFeAl – NaOH >
NiFeAl – NH4OH > NiFeAl – Na2CO3 > NiFeAl – (NH4)2CO3, the trend of CO2 conversion
vice versa. The selectivity at a CO2 conversion of about 50 % was higher than 99 % for all cat-
alysts. Mebrahtu et al. [161] synthesized Ni-Fe/(Mg, Al)Ox catalysts with various Fe/(Ni+Fe)
ratios. The Ni/(Mg, Al)Ox reference catalysts as well as the catalysts featuring nFe/nNi ratios
higher than 0.5 showed low CH4 selectivities (ranging from 0 to 55 % at 335 °C and atmospheric
pressure), which was ascribed to metal particle size effects. With rising metal particle size,
the selectivity to CO increased. The best performance was found for a nFe/nNi ratio of 0.1
with a CH4 selectivity of 90 %. They concluded that high surface basicity, high nanoparticle
dispersion, and an optimum CO dissociation energy (modified by the formation of Ni-Fe alloy
particles verified by STEM-EDS, in accordance with theoretical investigations [148, 162]) were
the key descriptors for high catalytic activity in CO2 methanation.

2.2.4 Reaction Mechanisms

Although catalysts for the methanation reactions are well-explored, there is still dissent on
the reaction mechanism, the rate-determining step, and the reaction pathway. Two different
mechanisms have been proposed for CO and CO2 methanation each, the so-called associative
and dissociative methanation pathways.

In the associative CO2 methanation mechanism, deduced from observations on a Ni/CeO2-ZrO2

catalyst [163], CO2 is suggested to adsorb associatively on basic sites on the perimeter of the
Ni particles in the form of carbonate, which is then hydrogenated by H* adatoms, that are dis-
sociatively adsorbed on the active Ni sites. The so-formed formate intermediates are supposed
to be consecutively hydrogenated to CH4 by H*. To explain carbonyl bands experimentally
observed in infrared spectroscopy, it was suggested that CO is formed from CO2 reduction by
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Ce3+ via CO* and adsorbs on Ni. Similar studies were carried out by Pan et al. [126], who
assumed that the formate species are mainly formed via hydrogenation of hydrogen carbonates
and monodentate carbonates, which originate from CO2 adsorption on surface hydroxyls and
surface oxygen sites on the CeO2-ZrO2 mixed oxide. Studies by Westermann et al. [164],
carried out over Ni/USY, confirm the formation of formate in the methanation reaction, but
indicate that CO*, stemming from formate decomposition on the Ni sites, may be the main
intermediate of both reaction products, CH4 and CO.

In the dissociative methanation pathway, in contrast, CO2 directly dissociates to CO* and O*
during adsorption. CO* then dissociates to C* and O*, or is hydrogenated to a hydrogen-
containing reaction intermediate (COHy* or CHO*), as shown by SSITKA analysis over
Ru/Al2O3 by Eckle et al. [80]. In this approach, formate is considered as a spectator species.
De Leitenburg et al. [165] concluded from TPD experiments over CeO2-supported noble metal
catalysts that CO2 can also directly dissociate on Ce3+ sites via a redox mechanism involving
the re-oxidation of Ce3+. The dissociative methanation pathway was computationally confirmed
by Akamaru et al. in DFT studies over Ni/TiO2 [166]. An overview of generalized associative
and dissociative CO2 methanation pathways (extracted from the research articles cited in this
section, as well as [73] and references therein) is schematically shown in Table 2.2.

Miao et al. [167] tried to resolve this discrepancy between experimental observations that give
hints for the associative or dissociative mechanism, respectively, by referring to the respec-
tive reaction conditions, mainly temperature window and H2/CO2 stoichiometric ratio. They
concluded that the dissociative reaction mechanism may be favored at low temperature and in
H2-rich feed gas, while the associative mechanism may be preferred at higher temperatures and
under-stoichiometric feed gas composition. Moreover, the oxidic support CeO2, especially due
to its redox properties [71, 91, 165], may play a critical role in the CO2 activation pathway.

Table 2.2: Schematic associative and dissociative CO2 methanation pathways proposed in
literature, extended by a dual site mechanism. For reasons of readability, not all possible
intermediates are listed.

Step Associative (H*-assisted) Dissociative

1 CO2(g) + #/∗ CO2
#/* CO2(g) + 2 * CO* + O*

2 H2(g) + 2 * 2H*

3 CO2
#/* + H* HCO2

#/* + * O* + H* OH* + *
4 HCO2

#/* + H* HCO#/* + OH* cf. Table 2.3 steps 3 to 5
5 HCO#/* + H* CH* + OH#/*

6 CHz* + (4 – z) H* CH4* + (4 – z) *
7 CH4* CH4(g) + *
8 OH#/* + H* H2O* + #/*
9 H2O* H2O(g) + *
y = 1, 2, or 3; z = (y-1) or y.
* free metal center, # free surface center on the oxidic (support) phase.
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Table 2.3: Schematic associative and dissociative CO methanation pathways proposed in
literature. For reasons of readability, not all possible intermediates are listed.

Step Associative (H*-assisted) Dissociative

1 CO(g) + * CO*
2 H2(g) + 2 * 2H*

3 CO* + y H* COHy* + y * CO* + * C* + O*
4 COHy* + * CHy–1* + OH* or O* + H* OH* + *
5 COHy* + H* CHy* + OH* C* + y H* CHy* + y*

6 CHz* + (4 – z) H* CH4* + (4 – z) *
7 CH4* CH4(g) + *
8 OH* + H* H2O* + *
9 H2O* H2O(g) + *
y = 1, 2, or 3; z = (y-1) or y
* free metal center

Similarly, the mechanism of CO methanation is discussed controversially. Two different mecha-
nisms have been proposed over the last 50 years. CO* may either react with H* to form HCO* or
COHy* (y = 1 to 3) reaction intermediates, that are subsequently decomposed or hydrogenated
to CHz* species [80, 166, 168–175], or CO* directly dissociates to C* and O* species, which
are then stepwise hydrogenated [176–179]. Confirmation of the hydrogen-assisted methanation
pathway (associative CO methanation) was given by numerous computational studies [101,
180–182]. It was consistently found that the activation barrier for CO bond cleavage is lowest
when assuming a hydrogen-containing reaction species (CHO* or COHy*) as reaction interme-
diate. The different proposed reaction schemes for CO methanation are schematically illustrated
in Table 2.3 (extracted from [73] and references therein).

2.2.5 Kinetic Models

Kinetic models available in literature comprise power-law models but also intrinsic kinetic
models, which, in a more sophisticated approach, consider a reaction mechanism and are based
on assuming one reaction step as rate-determining. The latter are usually derived by applying
Langmuir-Hinshelwood-Hougen-Watson (LHHW) [183], Mars-van-Krevelen [184], or Eley-
Rideal [185] theory to experimental observations. An overview of the kinetic models discussed
in this section is given in Table 2.4.

In pioneer work, Xu and Froment [186] developed a kinetic model for the steam reforming
reaction over a 15.2 wt.% Ni/MgAl2O4 catalyst. The data range covered the temperature range
from 573 to 673 K for experiments on the reverse of the water-gas shift reaction and methana-
tion, and 773 to 848 K for steam reforming experiments in the pressure range from 3 to 10 bar.
The reported rate equations were discriminated from 21 sets of three rate equations.
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Hou and Hughes [187] performed kinetic measurements for methane steam reforming accom-
panied by the water-gas shift reaction over a α-Al2O3-supported Ni catalyst with a NiO loading
of 15 to 17 wt.%. Both CO and CO2 were found to be primary reaction products, but the rate
of CO2 formation was much faster than the one of CO formation. The kinetic data points
were fitted to Langmuir-Hinshelwood-Hougen-Watson models coupled with a Freundlich-type
adsorption approach [188]. The mechanism plausible from model discrimination was the same
as the one found by Xu and Froment [186]. The exponents of the partial pressures in the kinetic
term [189], however, were treated as additional fitting parameters to ensure thermodynamic
consistency of the kinetic model.

Klose and Baerns [190] derived a kinetic model for CO methanation over a commercial 18 wt.%
Ni/alumina catalyst from experiments at 453 to 557 K and reaction pressures between 1 and
25 bar. Deactivation due to carbon deposition during the kinetic measurements was compen-
sated by correcting the data to the state after catalyst conditioning in an approach similar to
[186]. The best fit was obtained when assuming the reaction between C* and 2 H* as rate-
limiting step. In addition, a kinetic expression for C2H6 formation was provided.

Zhang et al. [74] employed the kinetic model derived by Xu and Froment and fitted data
gathered over a commercial 50 wt.% catalyst in the temperature range from 250 to 360 °C and
the pressure range from 1 to 5 bar. In a first approach, the kinetic parameters of the rate equations
derived by Xu and Froment [186] for steam reforming and water-gas shift reaction were fitted
to their data, while the adsorption parameters were kept constant. The fitted activation energy
for steam reforming was 248 kJ mol−1, the one of the water-gas shift reaction 62 kJ mol−1. In a
second approach, the data was fitted to the rate equation of CO methanation derived by Klose
and Bearns [190] by adjusting the kinetic parameters, while the adsorption parameters were
taken from [190]. For describing the water-gas shift reaction, again the rate equation given by
Xu and Froment [186] was applied. The activation energy was fitted to 103 kJ mol−1.

Kopyscinski et al. [73] performed spatially resolved CO methanation measurements in a plate
reactor and fitted kinetic models to the axial concentration profiles. Temperature was tracked by
infrared thermography. Kinetic data points were collected over a commercial 50 wt.% Ni/Al2O3

catalyst between 280 and 360 °C at a total pressure of 2 bar. Rate equations were formulated
for CO methanation and the water-gas shift reaction to account for CO2 byproduct formation.
CO2 and CH4 were observed to not hinder the reaction rate. Three sets of rate equations, that
could not be further statistically discriminated, described the kinetic data well. Plausible rate-
determining steps, based on model-discrimination, were a) the surface hydrogenation of C*,
b) the surface hydrogenation of CH*, and c) the surface hydrogenation of a HCO* surface
complex. For water-gas shift, the reaction of CO* and OH* was treated as kinetically relevant.
However, for all models neither the equilibrium constant of H2 adsorption nor the one of CO
adsorption could be estimated. In addition, no rate equation for CO2 methanation was supplied.
Exemplarily, the rate equations and activation energies assuming the hydrogenation of C* to be
rate-limiting in CO methanation are shown in Table 2.4.
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2 Theoretical and Technological Background on the Methanation Reactions

Recently, Lalinde et al. [191] transferred this approach to describe CO2 methanation and the
reverse of the water-gas shift reaction over an ordered mesoporous 30 wt.% NiO/Al2O3 catalyst
in the temperature range from 320 to 420 °C and the pressure range from 1.2 to 7.2 bar. Two sets
of rate equations were found plausible to describe the data points, assuming the decomposition
of COH* or HCOO* over a surface center or their reaction with H* as the rate-determining step
in CO2 methanation. The inhibiting effect of steam on CO2 methanation kinetics was modelled
via a hydroxyl adsorption term, while no impact of CH4 on reaction kinetics could be observed.
For the reverse of the water-gas shift reaction, the surface reaction of CO2* and H* was assumed
to be the kinetically limiting step. Exemplarily, model 11 from [191] is shown in Table 2.4.

Koschany et al. [24] developed a kinetic model for CO2 solo-methanation over a co-precipitated
Ni-Al catalyst (nNi/nAl = 1). The catalyst was subjected to an aging treatment for 320 h at
380 °C, 7 bar, and a feed gas ratio simulating a CO2 conversion of 56 % at the reactor inlet
to accelerate aging and decouple catalyst deactivation from kinetic data gathering. Parameter
estimation was based on 258 responses for the methane formation rate in the temperature
range from 180 to 340 °C and the pressure range from 1 to 15 bar. Among LHHW approaches,
the best fit was obtained for a kinetic model assuming the hydrogenation of CO*, stemming
from dissociative adsorption of CO2, being rate-limiting. The inhibiting effect of steam was
considered to arise from active site blockage by OH*. Furthermore, the surface hydrogenation
of O* was treated as irreversible.

The adequacy of this kinetic expression for the description of the CH4 formation rate in
CO2 methanation was confirmed by Marocco et al. [192] (co-precipitated Ni-Al catalyst with
nNi/nAl = 3). While Koschany et al. did not investigate the influence of CO due to the high
selectivity of CO2 methanation in the investigated parameter range [24] and therefore did not
include the reverse of the water-gas shift reaction or CO methanation in their study, Marocco
et al. [192] combined the rate equation of CO2 methanation with a power-law model for the
reverse of the water-gas shift reaction. CO2 methanation was investigated from 270 to 390 °C
at atmospheric pressure.

A similar study was carried out by Champon et al. [193] over a 14 to 17 wt.% Ni/Al2O3 catalyst.
The temperature for the kinetic data points ranged from 623 to 723 K at atmospheric pressure.
CO2 methanation was aimed to be described via a direct and an indirect pathway (reverse of
the water-gas shift reaction followed by CO methanation). Model derivation, however, was not
based on theoretical studies assuming kinetically relevant steps in the reaction network, but on
literature kinetic models, which were modified depending on empiric observations.

Alstrup [179] constructed a kinetic model for CO methanation based on the assumption of
a constant C* coverage in the investigated temperature range. The kinetic model considers
the hydrogenation of an active C* species to be rate-limiting and describes data reported by
Goodman et al. [195] over Ni(100) and Polizzotti and Schwarz [196] over Ni foil adequately.

Weatherbee and Bartholomew [194] investigated CO2 methanation and the influence of CO
on the reaction kinetics. Kinetic data points were gathered over a 3 % Ni/SiO2 catalyst in the
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temperature range from 500 to 600 K at 1.4 bar. CO2 methanation was discussed to occur via
dissociative adsorption of CO2, followed by CO* dissociation, which was regarded as the
rate-limiting step. C* is subsequently hydrogenated to CH4. The higher CH4 selectivity in
CO2 methanation was explained by a higher CO* coverage under CO methanation conditions,
leading to a lower H*/CO* ratio on the catalyst surface, ultimately causing a lower selectivity
to CH4. In their kinetic model (cf. Table 2.4) they considered the inhibiting effect of CO by
introducing an additional adsorption term.

These kinetic approaches do not consider that, from a microkinetic point of view, CO* adsorbed
on the catalyst surface may react to CH4 with the same kinetics, independent from the gas phase
precursor molecule, CO or CO2 (assuming no adsorbate interactions and that alternated surface
coverages do not change the methanation mechanism). Hints for a common reaction mechanism
in CO and CO2 methanation were found by Falconer and Zagli [115], who observed identical
CH4 and H2O peaks in temperature-programmed heating in H2 for CO and CO2 pre-adsorption.
Weatherbee and Bartholomew found that at low reaction temperature (525 K) the turnover num-
bers for CO and CO2 methanation were the same [107]. The experimentally observed inhibiting
effect of CO on CO2 methanation is commonly ascribed to weaker adsorption of CO2 or slower
adsorption compared to CO [168, 169, 194]. In the presence of CO, therefore, CO2 adsorption
or dissociation may become kinetically relevant, and the original rate equation for CO2 solo-
methanation developed for a different rate-determining step can no longer be applied. This issue
can be resolved when considering competitive rather than quasi-equilibrated adsorption of CO
and CO2 on the catalyst surface. Inoue and Funakashi [176] developed kinetic models for CO
and CO2 solo-methanation over a tube wall nickel catalyst. For co-methanation of CO and CO2,
they coupled the adsorption of CO and CO2 with CO* dissociation on the catalyst surface. For
both reactions, the conversion of C* with H2 in an Eley-Rideal-type mechanism was modelled
as the rate-limiting step. The water-gas shift reaction was not considered. Even under these
simplifications, however, the kinetic model could not be explicitly solved to provide a kinetic
expression for the co-methanation of CO and CO2.

2.3 Catalyst Development for CO2 Methanation

From the thermodynamic considerations in Section 2.1, basic requirements on catalyst systems
for fixed-bed methanation processes can be deduced. Since the excessive heat release due to the
exothermicity of the methanation reactions inevitably leads to catalyst deactivation by sintering
processes or carbon deposition, the catalyst should be inexpensive to replace, which is a major
criterion against the application of noble metal catalysts [85]. However, one of the main disad-
vantages of utilizing affordable and available base metals like Ni or Co is their low resistance
against particle sintering compared to noble metals (sintering susceptibility can be estimated
by the Hüttig temperature THüttig = 0.3 · Tm, the temperature at which surface atoms start to
diffuse, and the Tammann temperature TTamman = 0.5 ·Tm, temperature at which bulk atoms
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2 Theoretical and Technological Background on the Methanation Reactions

start to diffuse [197, 198], e.g. TTammann,Ni = 863 K « TTammann,Ru = 1362 K [198]). Therefore,
one approach for the development of novel catalysts is to enhance the sintering resistance of
preferentially applied base metal nanoparticles. Slower deactivation rates eventually lead to
longer catalyst life-time, ultimately decreasing operational costs. The second main requirement
is high catalyst activity. As exemplarily shown in Figure 2.1, high pressure needs to be applied
to achieve high CH4 yields in single-pass operation. Gas compression, inevitable for feed-in into
the gas grid or storage, is an additional cost factor for methanation units. When applying the
compression step downstream the SNG unit after H2O separation and carrying out methanation
at low pressure, energy losses for the compression of the H2O equivalents can be circumvented.
The utilization of highly active catalysts to achieve high CH4 yields at mild conditions therefore
can reduce the operational costs.

The main role of the support material or oxidic phase of a catalyst is to provide a high surface
area for the stabilization of well-dispersed metal nanoparticles (via metal-support interactions).
Moreover, the oxidic material should feature sufficient thermal and mechanical stability to
prevent rapid catalyst deactivation [40]. Depending on the reaction and the catalyst system,
besides the active metal sites, also sites on the oxidic phase may play a significant role in
the reaction mechanism (bi-functional catalysts) [199]. This is especially true for CeO2 due
to its redox properties and oxygen vacancies, offering oxygen storage capacity under reaction
conditions, which can be beneficial for CO2 activation [66, 113, 143, 200–202].

Most commonly, methanation reactions are carried out over oxide-supported metal catalysts or
mixed metal oxide catalysts. The latter typically feature high metal contents, but still highly
dispersed metal particles [203]. Oxide-supported metal catalysts are most commonly prepared
by impregnation of an oxide with a metal salt solution, or by precipitation or deposition-
precipitation of the metal precursor onto the oxidic support material. Mixed metal oxide cat-
alysts, in contrast, can be prepared via co-precipitation of the metal salts [204].

For altering catalyst properties, different techniques can be utilized, such as varying the oxidic
support or oxidic phase, or doping additional promoters to the catalyst. Promoters may lead to
electronic modification of the active sites (binding modifiers), altering enthalpies and entropies
of adsorption of reactants and reaction intermediates and/or activation energies. Besides, they
may alter the structural properties of the catalyst (structural promoter), which may affect the
pore system, catalyst surface, crystallinity, and nanoparticle dispersion [205]. Promoters may
also affect product selectivity and catalyst life-time, e.g. by altering the resistance against gas
impurities and catalyst poisons such as H2S [205, 206].
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3 Methodology

This chapter provides the basic principles of the methodologies for catalyst synthesis, catalyst
characterization, and the catalytic measurements applied in this study. The specific experimental
procedures including the experimental parameters are given in the respective Chapters 4 to 8.

3.1 Catalyst Synthesis by Co-Precipitation

In this thesis, it is focused on co-precipitated catalysts. The catalytic material thereby is obtained
by calcination and reduction of a precipitate.

Precipitation is usually carried out discontinuously in a batch reactor. In a one-pot synthesis,
aqueous salt solutions of the metals that should be contained in the later catalyst are mixed in
the desired stoichiometry. Often, nitrate or carbonate salts are used, since these anions can be
easily removed by washing of the precipitate and/or calcination. Due to low costs, commonly
Na2CO3, K2CO3, NaOH, and/or KOH are used as precipitation agents.

The driving force for precipitation is the supersaturation of the solution [207], which, in catalyst
synthesis, results from a chemical reaction between metal ion and the anion of the precipitation
agent. Batch precipitation can be carried out in three different modes [208]:

• forward precipitation: The alkaline precipitation agent is drop-wise added to the metal
salt solution, causing the pH to increase, inducing precipitation.

• reverse co-precipitation: The metal salt solution is added drop-wise to a solution con-
taining the alkaline precipitation agent. The pH decreases during precipitation.

• precipitation at constant pH: Throughout the precipitation process, the pH is held
constant. Acidic metal solution and alkaline precipitation agent are added simultaneously.

The properties of the precipitate are governed by primary and secondary processes occurring
during the synthesis process, which can be adjusted by the synthesis parameters. Often, the
precipitate is aged in the mother liquor to provoke secondary processes. The main processes are
[207]:

• nucleation: the rate of nucleation is determined by the degree of supersaturation
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• crystal growth: controlled by bulk diffusion of the crystallizing material or by the surface
integration process. Depending on the conditions, also the Gibbs-Thompson effect, or, in
highly concentrated suspensions, the particle "crowding" effect, may play a role.

• Ostwald ripening: thermodynamically driven reduction of the interfacial area via the
dissolution of small crystallites and the growth of larger crystallites

• aggregation: agglomeration (flocculation or coalescence) of particles depending on at-
tractive or repulsive forces.

Delayed bases like CO(NH2)2 have special importance in precipitation processes. CO(NH2)2

can be mixed with the metal ions, but precipitation is only induced by heating above 60 °C,
which causes CO(NH2)2 to decompose, accompanied by the formation NH3. This technique
mostly finds application in the deposition-precipitation technique, where mixing and diffusion
of the ions and the precursor of the precipitation agent into the pores of an oxidic support
material then can be separated from basification, ultimately leading to nucleation [209, 210].

3.2 Catalyst Material Characterization

The catalysts synthesized in this study were characterized by various material chacterization
techniques to get insights into composition, structure, and morphology of the material, the
composition and size of the metal nanoparticles and the oxidic phase, catalyst surface properties,
and the reduction behavior.

3.2.1 Inductively Coupled Plasma-Optical Emission Spectroscopy

Inductively-coupled plasma-optical emission spectroscopy (ICP-OES) is a method to be deter-
mine the bulk composition of a material.

Figure 3.1: Experimental setup for ICP-OES, taken from [211]. Reprint with permission
from Elsevier.
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The experimental setup is shown in Figure 3.1 [211]. The sample is either completely digested
in an appropriate aqueous solvent, or the components to analyze are leached from the material
before filtering the suspension to obtain a metal ion solution. After nebulizing the solution in
Ar, the aerosol is injected into Ar plasma, where the valence electrons of the different atoms
are excited. During relaxation, photons in element-characteristic wavelengths are emitted. The
photons are split in a polychromator and, after passing a photoelectron multiplier, are captured
by the detector [212].

3.2.2 X-ray Powder Diffraction

X-ray powder diffraction (XRD) is utilized to analyze the crystalline phases of a crystalline
material in terms of type, purity, and composition as well as quantity. X-rays from an appropriate
source, usually Cu or Mo, are scattered by the atoms in the sample, majorly by their electrons.
When the scattered X-rays and the incident X-rays are in phase, diffraction beams can be
observed [213]. By identification of the diffraction angles as well as the intensities of these
diffracted X-rays, information on the three-dimensional order of the atoms can be deduced.

The d spacing is defined as the distance between diffraction planes. The relation between the d
spacing and the diffraction angle 2θ is given by Bragg’s law in Eq. 3.1 [213].

2 ·d · sinθ = n ·λ (3.1)

n denotes the order of the maximum, λ the wavelength of the X-rays. With the Miller indizes
(h, k, l) of the diffraction planes, the unit cell parameters a, b, c can be calculated from the d
spacing. For a cubic crystal (a = b = c, α = β = γ = 90°) (e.g. fcc Ni), the unit cell parameter a
can be computed according to Eq. 3.2 [214].

d = a ·
√

h2 + k2 + l2 (3.2)

For a hexagonal crystal structure (a = b 6= c, α = β = 90°, γ = 120°) (e.g. takovite), the correlation
between a and c and the diffraction angle 2θ is given in Eq. 3.3 [214].

sin2(θ ) =
λ 2

4
·
(

4
3
· h

2 + k2 + h · k
a2 +

l2

c2

)
(3.3)

Diffraction in small crystallites (crystallite size dC « 100 to 200 nm) [215] leads to broadening
of the corresponding reflections. Under these circumstances, the crystallite size dC can be
calculated according to the Scherrer equation as shown in Eq. 3.4 [215, 216].

dC =
K ·λ

β · cosθ
(3.4)

31



3 Methodology

K is the shape factor of the crystallite and typically has values of about 0.9 [215], β is the
full width at half maximum of the reflection. Since further peak broadening may arise from
instrument effects, inhomogeneous microstrain in the crystal, and crystal lattice defects [215],
the crystallite size determined by the Scherrer equation dC is a lower bound for the size of the
scattering domain and is usually smaller than the particle diameter dP.

3.2.3 Temperature-Programmed Reduction

Temperature-programmed reduction (TPR) is a tool to investigate the reducibility of oxidic
components in a material. The oxidic material is heated in reductive atmosphere with a linear
heating rate. The content of the reducing agent in the gas exiting the reactor is tracked by an
appropriate method, such as mass spectrometry or a thermal conductivity detector (TCD) [217].

To minimize effects of side products, such as CO2 evolved from the decomposition of carbon-
ates or H2O produced during reduction, on the TPR signal (especially when using a thermal
conductivity detector), a cold trap with a suitable cryogenic slurry can be used. The residence
time should be kept low to minimize temperature offsets and dispersion effects. Malet and
Caballero [218] as well as Monti and Baiker [219] developed experimental criteria for the
measurement conditions to draw reliable conclusions from TPR patterns.

3.2.4 Temperature-Programmed Desorption

Temperature-programmed desorption (TPD) is an instationary technique to analyze the surface
of a material and identify as well as quantify surface centers by surface-adsorbate interactions.
After cleaning the material surface by a heating or degassing step, an appropriate gas is adsorbed
on the material at a specific temperature. After flushing the material with an inert gas at
this specific temperature to remove all weakly bound adsorbates, the temperature is linearly
increased. Depending on the binding energy of the adsorbate to specific surface sites in a specific
binding mode, the energy input leads to the desorption of the gas at a specific temperature
[220]. Gas desorption is tracked, e.g. by mass spectrometry or a thermal conductivity detector.
To minimize dispersion effects and temperature offsets in the TPD pattern, the residence time
should be held as small as possible.

3.2.5 N2 Physisorption

N2 physisorption is a sorption technique commonly used to get insights into the total surface
area, the pore volume VPore, and the pore diameter (dPore) distribution of a solid material.
After degassing to clean the surface from adsorbates, in static (volumetric) physisorption N2

is dosed to the material that is kept at the saturation temperature of liquid nitrogen (T = 77 K
at atmospheric pressure) by stepwise increasing the pressure from vacuum to the reference
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pressure (saturation pressure of liquid nitrogen at liquid nitrogen temperature). Depending on
the structure of the material, different N2 sorption isotherms can be distinguished. They are
classified by IUPAC and illustrated in Figure 3.2 [221]:

• Type I isotherms are typical for microporous materials that feature a low external surface
area. N2 uptake majorly accounts for micropore filling than for adsorption on the surface
area.

• Type II isotherms are common for non-porous or macroporous solids. At the point B,
the transition from mono- to multilayer adsorption can be identified.

• Type III isotherm materials exhibit heats of adsorption that are lower than the heat of
liquefaction of the adsorbate, in contrast to materials that feature type II isotherms. The
materials are non-porous or macroporous.

• Type IV isotherms are characteristic for mesoporous materials. The hysteresis loop
between the adsorption and desorption isotherm is caused by capillary condensation of
the adsorbate in the mesopores.

• Type V isotherms are similar to type IV isotherms, but (as for type III isotherms) no
clear transition from monolayer to multilayer adsorption can be identified. This is typical
for mesoporous materials where the heat of liquefaction of the adsorbate is higher than
the heat of adsorption.

Figure 3.2: IUPAC isotherm types, taken from [222], reprint with permission from John
Wiley and Sons.
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• Type VI isotherms arise from stepwise multilayer adsorption on a uniform, non-porous
surface.

The surface area of a material can be determined by models that give access to the monolayer
uptake, such as the Langmuir or BET theory. For the application of the Langmuir theory,

• monolayer adsorption

• an energetically uniform surface

• absence of interactions between adsorbed species

are assumed [223]. This implies that its application is restricted to materials that feature type I
isotherms only. The basic assumptions for the BET theory are [224]:

• multilayer adsorption

• adsorption of the first layer is described by the Langmuir theory

• adsorption of all further layers is described by condensation of gas onto liquid

• The heat of adsorption of the first layer molecules ∆Hads,1 is higher than the one of the
molecules in the further layers, which equals the heat of condensation ∆HL.

The monolayer volume VML can be determined from the linear form of the BET equation (cf.
Eq. 3.5). Vads describes the volume adsorbed at the relative pressure p/p0 [224].

1

Vads ·
(

p0
p – 1

) =
C – 1

VML ·C
·
(

p
p0

)
+

1
VML ·C

(3.5)

C is the BET constant, which can be calculated from the adsorption enthalpy of the first layer
∆Hads,1 and all following layers ∆HL shown in Eq. 3.6 [224].

C = exp
(

∆Hads,1 – ∆HL
R ·T

)
(3.6)

From the monolayer volume VML and the cross-sectional area of the adsorptive σi, the specific
BET surface area SBET can be calculated using Eq. 3.7. NA denotes Avogadro’s constant.

SBET =
VML ·NA ·σi

Vm ·mcat
(3.7)

mcat denotes the catalyst mass, Vm the molar volume. The BET equation is usually applied
in the p/p0 range from 0.05 to 0.3 [225], which is the relative pressure region in the range of
complete monolayers. The limited applicability at p/p0 > 0.3 can be explained by polarization
forces, leading to a higher heat of adsorption in the second layer than in all further layers [224].
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Moreover, it needs to be considered that micropore filling may falsify the determination of the
surface area by the BET method [225, 226].

Materials applied in catalysis often feature mesoporous pore structure. These pores provide a
high internal surface area, on which metal nanoparticles can be finely dispersed. Depending
on the structure of the mesoporous material, different hysteresis types can be distinguished (cf.
Figure 3.3) [225]:

• H1 hysteresis: The material consists of agglomerates or spherical particles that are ar-
ranged in a fairly uniform way, the pores are cylindrical with relatively high pore size
uniformity and facile pore connectivity.

• H2 hysteresis: This hysteresis type is caused by ink-bottle pores or pore networks that
feature connectivity effects. The shape of the hysteresis results from pore blocking and
percolation effects during evaporation.

• H3 hysteresis: The material is a loose assemblage of aggregates of plate-like particles,
leading to the formation of slit-like pores.

• H4 hysteresis: The material features narrow slit-like pores or consists of particles with
internal voids of irregular shape and broad pore size distribution.

Low pressure hystereses (dashed lines in Figure 3.3) may result from swelling of non-rigid
pores, irreversible uptake of the adsorbent, or chemisorption [225] and hinder accurate deter-
mination of the pore size distribution. Depending on the isotherm and hysteresis type, different

Figure 3.3: Hysteresis types, taken from [222], reprint with permission from John Wiley
and Sons.
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theories can be applied to calculate the pore volume and the pore diameter distribution [225].

For cylindrical pores, the mean pore diameter dPore can be computed from the total pore volume
VPore and the BET surface area SBET according to Eq. 3.8.

dPore = 2 · rPore =
4 ·VPore

SBET
(3.8)

In the mesopore or small macropore range, the BJH (Barret-Joyner-Halenda) method [227] can
be applied for the determination of the pore size distribution. It is based on the pore filling model
described by the Kelvin equation. Therein, the adsorbed amount results from adsorption on the
walls and pore filling. A cylindrical pore shape is assumed. Depending on the hysteresis type,
the pore size distribution is extracted from the adsorption or desorption branch [225].

3.2.6 Chemisorption

Unlike physisorption, where surface adsorbate interactions result from van der Waals inter-
actions, chemisorption leads to the formation of chemical bonds. Chemisorption techniques
are applied to get insights into the metallic surface area rather than the total surface area (as
measured by N2 physisorption). Chemisorption experiments can either be carried out stati-
cally (volumetrically) or dynamically (pulse chemisorption). Depending on the metal, different
adsorptives may be applied. Basic requirements are a known adsorption stoichiometry of the
adsorptive onto a surface atom s, sensitive binding to the metal sites (no spill-over to the oxidic
phase [228, 229]), as well as inert character with respect to the surface atoms to prevent bulk
oxidation or any other chemical reaction (such as Ni(CO)4 formation).

For Ni catalysts, chemisorption experiments are usually carried out with H2. In static chemisorp-
tion, the catalyst is reduced in situ before the sample cell containing the catalyst is evacuated at
elevated temperature to free the surface from adsorbates. At a chosen chemisorption tempera-
ture, the pressure inside the sample cell is stepwise increased. The molar uptakes at each dosing
pressure are determined by pressure measurements. The resulting adsorption isotherm reflects
the amount cumulatively adsorbed by chemi- and physisorption at the respective pressure.

Depending on the material, there are different methods for calculating the chemisorbed amount
from the cumulative (combined) adsorption isotherm. The physisorbed and weakly chemisorbed
adsorbate can be removed by an evacuation step at the adsorption temperature. Stepwise re-
adsorption at this temperature then exclusively yields the isotherm for physisorbed and weakly
chemisorbed adsorbate (weak isotherm). The difference between the combined and the weak
isotherm results in the so-called strong isotherm, that gives access to the chemisorbed amount
of adsorbate.

For Ni, however, the recommended method (DIN 66136-2) [230] is to extrapolate the linear
part of the combined isotherm to zero pressure. The chemisorbed amount can then be regarded
as the pressure independent uptake at the respective adsorption temperature and is given by the
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y-intercept.

From the chemisorbed molar amount nm, the number of surface atoms NS,M can be calculated
according to Eq. 3.9.

NS,M = nm · s ·NA (3.9)

With the area occupied by a surface atom, AS,M, and the catalyst mass mcat, the specific metal
surface area SM can be calculated.

SM =
NS,M ·AS,M

mcat
(3.10)

The metal dispersion DM is defined as the ratio of exposed number of metal atoms NS,M to the
total number of the respective metal atoms, that can be determined from catalyst mass, metal
loading lM, the molar mass of the metal MM, and Avogadro’s constant.

DM =
NS,M

lM·mcat
MM

·NA
(3.11)

The metal dispersion is indirectly proportional to the mean metal particle diameter, as shown in
Eq. 3.12. For the calculation, the degree of reduction dred of the respective metal needs to be
taken into account.

dVA,M = K · VB,M
DM ·AS,M

·dred = K · MM
DM ·AS,M ·NA ·ρM

·dred (3.12)

The shape factor K is 6 for spherical particles. The volume of a bulk metal atom VB,M can be
calculated from its molar mass, Avogadro’s constant, and bulk metal density ρM.

3.2.7 Fourier Transform Infrared Spectroscopy

Infrared radiation is capable to excite chemical bond vibrations in molecules as well as func-
tional groups. Precondition for the IR activity of a chemical bond is a change in dipole moment
or the induction of a dipole moment during vibration. Since the vibrational modes of a chemical
bond are discrete, the energy absorbed during excitation can be written as [231]

∆E = h ·ν = h · c · ν̃ . (3.13)

ν is the frequency of the electromagnetic wave, c denotes the velocity of light, h denotes
Planck’s constant. The wavenumber ν̃ thereby is characteristic for the molecule or functional
group as well as the specific vibration. IR spectroscopy therefore can be applied for qualitative
and quantitative analysis. In surface analytics, IR spectroscopy is applied to investigate strength
and concentration of specific sites on a material (e.g. basic sites). Suitable probe molecules are
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adsorbed on these sites, IR radiation in characteristic wavelength then excites their vibration
modes [232]. Compared to dispersive IR instruments, where the radiation is monochromatic
and the wavenumber is stepwise varied, in FTIR instruments interferograms are measured with
a polychromatic light source, which are then processed to the transmission spectrum by Fourier
transformation [233].

3.2.8 Paramagnetic/Ferromagnetic Resonance Spectroscopy

Ferromagnetic resonance spectroscopy is an analysis tool for ferromagnetic materials relying on
resonance absorption of electromagnetic radiation. It can be utilized to determine the gyromag-
netic ratio, the magnetization, the anisotropy field, and the damping constant of a ferromagnetic
material [234].

The ferromagnetic sample is placed between the poles of an electromagnet and irradiated with
constant microwave energy in the super high frequency band, while the magnetic field strength
is varied. The microwaves are captured by a detector.

Due to the external magnetic field, the magnetic moments in the sample are forced to precess
with the so-called precession frequency that depends on the properties of the sample, temper-
ature, and the external magnetic field B. Resonance occurs when the precession frequency is
the same as the frequency of the microwave radiation, leading to absorption and a decrease in
intensity in the detector [234].

3.2.9 Mössbauer Spectroscopy

Mössbauer spectroscopy is a nondestructive material characterization technique based on recoil-
free emission and absorption of γ radiation in solids. It is very sensitive to the chemically
environment of the nuclei. Therefore, it can not only be applied for qualitative and quantitative
elemental analysis, but also for the identification of oxidation states and magnetic behavior. The
element to analyze in the sample thereby contains the same isotopes as the radiation source.
For Fe spectroscopy, a 57Co source is utilized. The process used for Mössbauer spectroscopy
is the transition of 57

26Fe from I = 3/2 to I = 1/2 (energy release: 14.41 keV). An overview of
Mössbauer-active elements is provided in Figure 3.4 A [235].

A finely modulated beam of γ radiation is generated by moving the radiator, utilizing the
Doppler effect. The solid is exposed to the radiation, leading to the absorption of γ quants. The
transmission is captured by a detector. A typical experimental setup is depicted in Figure 3.4 B.
Three types of interactions can be distinguished [235]:
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• isomer shift: energy shift due to Coulomb interactions between the charge distribution
of the Fe nucleus and the electron charge density, also influenced by shielding effects of
higher orbitals

• quadrupole splitting: hyperfine interaction due to electric quadrupole interactions be-
tween the electric quadrupole moment of the nucleus and the electrical field gradient due
to the surrounding electrons

• magnetic hyperfine splitting: magnetic dipole interaction between the nulear spin mo-
ment and the internal magnetic field based on the Zeeman effect, often accompanied by
electric field splitting.

The interactions, the splitting of the nuclear energy levels, and the corresponding Mössbauer
spectra are schematically illustrated in Figure 3.4 C [235]. Spectrum analysis is usually carried
out using a fitting software and comparison to reference materials.

Figure 3.4: Fundamentals of 57Fe Mössbauer spectroscopy: Mössbauer-active elements
(A), experimental setup (B), hyperfine splitting of the nuclear energy levels and schematic
Mössbauer spectra (C); δ is the isomer shift, ∆Eq is the quadrupole splitting, g is the
nuclear g-factor, mn is the nuclear Bohr magneton, Hint is the internal magnetic field, and m
is the nuclear magnetic spin quantum number. Taken from [235], reprint with permission
from Elsevier.
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3.2.10 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is a surface-sensitive material characterization technique
applied under ultra high vacuum conditions. It is based on the photoelectric effect. X-ray
radiation (typically from a Al or Mg electrode) causes electrons to be detached from the inner
orbitals of the atoms in an irradiated material. To release the electron from the orbital, the
binding energy Ebin (with respect to the Fermi level) needs to be overcome. The work function
Φ describes the energy that is necessary to transfer the electron from the solid to the gas phase.
The kinetic energy of the electron leaving the material Ekin therefore can be described by the
energy difference of the X-ray radiation, the work function of the material surface, and the
binding energy, as shown in Eq. 3.14 [236].

Ekin = h ·ν – Ebin – Φ (3.14)

In practice, the kinetic energy Ekin is measured with respect to the vacuum level of the electron
energy analyzer, which means that the work function of the analyzer, which is an instrument-
dependent parameter, rather than the work function of the irradiated material needs to be
considered in Eq. 3.14 [236].

The photoelectrons are captured by an electron energy analyzer and processed in a secondary
electron multiplier. From signal intensity at different kinetic energies, quantitative information
on the elemental distribution at the material surface can be deduced. Since, moreover, the
binding energies of electrons in the inner shells vary with the chemical state (chemical shift),
also the oxidation and binding states of the atoms can be investigated. In addition, spin orbit-
coupling is evident [236].

The photoelectric effect is superimposed by the Auger effect. The electron vacancy generated
in the inner shells by the photoelectric effect can be filled with an electron from a higher shell,
leading to the release of the respective energy. This energy is transferred to one of the outer
electrons, which itself leaves the orbital with the energy Ekin,Au. This kinetic energy depends
on the initial electron transition energy and the ionization energy of the electron released
from the outer shell and is therefore specific for the material. Unlike the kinetic energy of the
photoelectrons (cf. Eq. 3.14), the kinetic energies of the Auger electrons thus do not vary with
the energy of the X-ray source [236].

3.2.11 Scanning Transmission Electron Microscopy /

Energy-Dispersive X-ray Spectroscopy

Transmission electron microscopy can be applied to analyze the structure and chemical com-
position of materials on nanometer scale. The sample (thickness in the range of 100 nm) is
irradiated with electrons that feature an energy of 200 to 300 keV. The interactions between the
sample atoms and the irradiated electrons are manifold, such as elastic and inelastic scattering,
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Figure 3.5: Electron interaction with a material. SE: secondary electrons, BSE:
backscattered electrons. Taken from [237], reprint with permission from Elsevier.

backscattering of primary electrons, generation of Auger electrons, and characteristic X-ray
radiation (cf. Figure 3.5) [237]. For imaging, the elastically scattered electrons are utilized. From
TEM images, particle size distributions of nanoparticles can be obtained. By high resolution
transmission electron spectroscopy (HR-TEM), the atomar structures of a material (e.g. defects
in nanometer-sized crystals) can be resolved.

Energy-dispersive X-ray (EDX) spectroscopy can be utilized to, qualitatively and quantitatively,
visualize the local element distribution [237]. Sample irradiation with high energy primary
electrons leads to the removal of electrons from the inner atom shells. These vacancies are
filled with electrons from higher shells. To compensate the energy difference, X-ray radiation
with an energy specific for the respective element according to Mosley’s law is emitted.

3.3 Test Setup for Methanation Experiments

The experiments are carried out in two parallel lines equipped with glass-lined tubular fixed
bed reactors (inner tube diameter 4 mm) that have their own gas line supply. The reactors can be
pressurized up to 20 bar and heated up to 600 °C. The reaction temperature is tracked by a ther-
mocouple placed within the catalyst bed. For reactor line 1, H2O, which is evaporated in a 1/16"
capillary, can be fed to the gas stream with a maximum flow rate of 50 mL min−1. All tubing is
heated to 200 °C to prevent H2O condensation. The gas flow exiting the backpressure regulator
is diluted with Ar (volumetric flow rate V̇dil) to obtain a volumetric flow of 500 mL min−1

entering analytics. An Emerson MTL-4 gas process analyzer (PGA) is used for online tracking
of the molar gas composition (IR spectroscopy for CO2, CO, CH4, H2O, and TCD detector for
H2). Byproduct analysis is performed on a Perkin Elmer Clarus 580 gas chromatograph (GC)
equipped with two columns and flame ionization detectors (FIDs). A schematic overview of the
setup is shown in Figure 3.6.
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The net rate of formation of species i is expressed via the difference of the molar flow of species
i (i = CO2, CO, CH4, H2O, H2) leaving the reactor, ṅout (i), and entering the reactor, ṅin (i).
The molar flow rates of the species i are calculated from the overall volumetric flow rates for
bypass and reactor measurement entering the PGA (V̇PGA,in and V̇PGA,out, respectively), the
volumetric concentration determined by the PGA xPGA, and the molar volume Vm, assuming
ideal gas behavior. Since the methanation reactions are accompanied by volume contraction
(∆nCO2Met = ∆nCOMet = −2, cf. Reactions 2.I and 2.II), the volumetric flow rate is not constant.

Neglecting the concentration of CxHy in the product gas, which is a valid assumption based
on the high selectivity of CO and CO2 methanation to CH4 observed in all experiments, the
volume contraction in the methanation reactions V̇cont can be described by Eq. 3.15.

V̇cont =V̇PGA,in – V̇PGA,out = V̇PGA,in ·2 ·
(
xPGA,out (CO2) + xPGA,out (CO)

)
·

ṅPGA,out (CH4) – ṅPGA,in (CH4)
ṅPGA,in (CO2) + ṅPGA,in (CO)

(3.15)

For the exiting volumetric flow rate in a reactor measurement V̇PGA,out, this yields Eq. 3.16 for
methanation experiments.

V̇PGA,out =
∑xPGA,in (COx) + 2 ·∑xPGA,in (COx) · xPGA,in (CH4)
∑xPGA,in (COx) + 2 ·∑xPGA,in (COx) · xPGA,out (CH4)

· V̇PGA,in (3.16)

In analogy to Eq. 3.15, the volume expansion in the steam reforming reactions can be de-
scribed:

V̇exp =V̇PGA,out – V̇PGA,in = V̇PGA,in ·2 · xPGA,out (CH4) ·
ṅPGA,out (CO2) – ṅPGA,in (CO2) + ṅPGA,out (CO) – ṅPGA,in (CO)

ṅPGA,in (CH4)
. (3.17)

The corresponding flow rate entering the PGA for a reactor measurement is described in
Eq. 3.18.

V̇PGA,out =
1 – 2 · xPGA,in (CO) – 2 · xPGA,in (CO2)

1 – 2 · xPGA,out (CO) – 2 · xPGA,out (CO2)
· V̇PGA,in (3.18)

Conversions X and yields Y are calculated according to Eqs. 3.19 to 3.20.

X(i) =
ṅin (i) – ṅout(i)

ṅin (i)
=

xPGA,in (i) · V̇PGA,in – xPGA,out (i) · V̇PGA,out
xPGA,in (i) · V̇PGA,in

,

i = CO2,CO,CH4,H2O,H2 (3.19)
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Y (i) =
ṅout (i) – ṅin(i)

ṅin (j)
=

xPGA,out (i) · V̇PGA,out – xPGA,in (i) · V̇PGA,in
xPGA,in(j) · V̇PGA,in

,

i = CO,CO2, j = CO,CO2,CH4; j 6= i (3.20)

The yield of CH4 in co-methanation experiments is defined on the basis of CO2 and CO, shown
in Eq. 3.21.

Y (CH4) =
ṅout (CH4) – ṅin(CH4)
ṅin (CO2) + ṅin (CO)

=

=
xPGA,out (CH4) · V̇PGA,out – xPGA,in (CH4) · V̇PGA,in

xPGA,in(CO2) · V̇PGA,in + xPGA,in(CO) · V̇PGA,in
(3.21)

Yields of the hydrocarbon byproducts (also based on the CO and CO2 inlet flows) are calcu-
lated from the FID response corrected by the sensitivity factors [238]. Hydrocarbon (CxHy)
selectivities are calculated according to Eq. 3.22 with the respective stoichiometric factor
νCO = νCO2 = x.

S(CxHy) =
ṅout

(
CxHy

)
– ṅin

(
CxHy

)
(ṅin (CO2) – ṅout (CO2)) + (ṅin (CO) – ṅout (CO))

·νCO,CO2 (3.22)

Carbon mass balance mb(C) on the basis of all carbon-containing molar streams is given in
Eq. 3.23. For data validity, the criterion 97 % ≤ mb(C) ≤ 103 % is defined.

mb (C) =
ṅout (CO2) + ṅout (CO) + ṅout (CH4) + ∑ ṅout

(
CxHy

)
ṅin (CO2) + ṅin (CO) + ṅin (CH4) + ∑ ṅin

(
CxHy

) (3.23)

Alternatively, exiting volumetric flow rates V̇out in Eq. 3.16 and Eq. 3.18 could be calculated by
mass balance. However, in this case corrupt data cannot be identified by an independent closing
criterion.

Enthalpy and entropy data for the calculation of equilibrium data are derived from the Shomate
equation according to Appendix B. The calculation itself was carried out by the ∆G minimiza-
tion method (cf. Appendix C).
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Abstract

The methanation reaction of CO2 is in discussion to be a sustainable pathway to address future
questions arising from limited primary energy feedstock and the accumulation of CO2 in the
atmosphere. Therefore, the development of highly active and thermostable catalysts for this
reaction is an indispensable matter of research. For this reason, an equimolar NiAlOx bench-
mark catalyst (44 wt.% Ni loading) was synthesized and modified by doping with Fe or Mn
up to 10 wt.% of promoter by co-precipitation at constant pH 9. Their activity and stability
performances in the CO2 methanation reaction were evaluated by comparing the conversion vs.
temperature characteristics before and after an aging period of 32 h at 500 °C. Material charac-
terization studies comprising BET, XRD, in situ IR spectroscopy, XPS, H2 and CO2 chemisorp-
tion, and EPR/FMR contributed to derive structure-activity relationships and to obtain a deeper
understanding of the catalytic behavior. Promotion with Mn led to a significant enhancement
of the catalytic activity. This is assumed to be caused by a higher density of medium basic
sites and an enhanced CO2 adsorption capacity on the activated catalyst related to interactions
between Mn oxide species and the mixed oxide phase, in combination with a stabilization of
the Ni surface area at moderate Mn loadings. Promotion with Fe increased the thermal stability
of the catalyst, which is attributed to the formation of a Ni-Fe alloy during catalyst activation.
For both phenomena, the optimum molar Ni to promoter ratio for co-precipitated catalysts was
found to be around 5.

4.1 Introduction

The increasing primary energy consumption in the world, caused by rising population and
improved standards of living, as well as the limited worldwide natural crude oil stocks result
in a major task for research and development in the fields of energy science and technology.
In the future, the focus has to be set on new, sustainable pathways to secure both feedstock
for chemical industries and primary energy supply. The main problems in conventional energy
generation technologies based on the combustion of fossils arise from CO2, which is released
in enormous amounts and thereby largely contributes to the world exhaust gas emissions and
the greenhouse effect [240]. The generation of synthetic natural gas (SNG) via the methanation
of CO2 with H2, which can be supplied by electrolysis using surplus energy from renewable
sources, is considered to be a possible approach to cope with both issues to a large scale. The
most important benefit, however, is considered to be the fact that SNG, storable in an already
existing infrastructure [241], can serve as a long-term energy buffer system for renewables. The
methanation reaction therefore may be a key technology in the energy transition from fossil
fuels to renewables [242, 243] in order to overcome the local and temporal discrepancies in
energy production from renewables and energy consumption. The methanation reaction of CO2
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is a commonly heterogeneously catalyzed and highly exothermal reaction [244]. It has been
known as the Sabatier reaction since the beginning of the 20th century [25].

CO2 + 4H2 CH4 + 2H2O ∆RHo = –165.1kJmol–1
∆RGo = –113.5kJmol–1 (4.I)

Following the principle of Le Chatelier, high pressures and low temperatures are beneficial for
the equilibrium conversion of CO2 in this volume contracting reaction. From thermodynamic
calculations it can be deduced that a CH4 yield of 95 % at nearly 100 % selectivity using
stoichiometric feed gas composition at a total pressure of 1 bar and a temperature of 300 °C can
be gained. Up to 400 °C, CO formation in equilibrium due to the Boudouard reaction remains at
very low rates resulting in less than 100 ppm in the product gas [27]. Therefore, the development
of highly active and selective catalysts is indispensable. In addition, the exothermal character of
the reaction can cause severe hotspot formation, especially in fixed-bed reactor operation [245].
The deactivation mechanism of thermal sintering has been extensively discussed in literature
[246, 247]. Furthermore, the formed H2O, especially in combination with heat, can cause severe
deactivation of the catalyst [24], e.g. by modification of the alumina phase [248]. For this reason,
the development of thermostable catalysts is of high interest for industrial reaction processing.

In recent years, research on CO2 methanation catalysts has attracted high attention. Due to
their advantages in metal costs and availability [85], the focus in this work is placed on NiAl-
based catalysts. In contrast to impregnated Ni/Al2O3 catalysts, co-precipitated NiAlOx catalysts
commonly feature high Ni loadings and are the catalysts of choice for the methanation reaction
with respect to activity and stability [203]. Unpromoted NiAlOx catalysts have been investigated
in several studies [135, 137, 249]. In this work, in contrast, the effects of iron (Fe) or manganese
(Mn) on the activity and stability under reaction conditions of a co-precipitated NiAlOx catalyst
are investigated. Doping effects of Fe on Ni/Al2O3 catalysts have already been widely dis-
cussed in literature [150, 250]. Hwang et al. prepared a Ni(30 wt.%)Fe(5 wt.%)/Al2O3 catalyst
by co-precipitation, analyzing the impact of different precipitation agents. A maximum CO2

conversion of around 60 % was reached at 220 °C and 10 bar in a single-pass fixed bed reactor,
while the CH4 selectivity remained high at 99 %. In particular, no Fischer-Tropsch byproducts
were observed. The beneficial effect of Fe oxide promotion was reported to be caused by an
alleviated reducibility of the active Ni phase. In addition, an increase of Ni particle dispersion
upon the introduction of Fe oxide was claimed [150]. Concerning the selectivity towards CH4,
similar results were found by Jiang et al. [250], who investigated Ni/Al2O3 catalysts promoted
with 0.5 wt.% Fe in the CO methanation reaction. The high activity of Fe-doped Ni catalysts
was mainly attributed to the formation of a Ni-Fe alloy, with Ni(50 %)Fe(50 %) being the most
active catalyst at high metal loadings [153].

However, studies on Fe-promoted Ni-based catalysts are mostly limited to the evaluation of the
catalytic activity so far. Studies on the thermal stability under industrially relevant hydrothermal
conditions at high CO2 conversions and harsh conditions, where hotspots can reach 500 °C and
more [251], and in particular the evaluation of the degree of deactivation at conditions away
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from thermodynamic equilibrium are scarce. Mutz et al. [152] investigated the performance of
a Ni3Fe catalyst prepared by homogeneous deposition-precipitation. The Ni3Fe/Al2O3 catalyst
exhibited a higher activity than their benchmark Ni catalyst, but featured a much lower selec-
tivity towards CH4 at low temperatures (< 60 % selectivity to CH4 at 10 % CO2 conversion).
They also claimed a higher stability for Ni3Fe/Al2O3, but the stability testing was only carried
out at temperatures as low as 360 °C for a duration of 44 h. Most noteworthy, the Ni3Fe/Al2O3

suffered from severe deactivation at low temperatures (< 260 °C), which they hypothesized to
be possibly caused by carbon formation via CO dissociation.

Apart from Fe, Mn has been described to be an effective promoter in the CO2 methanation
reaction [94, 146]. Zhao et al. [94] demonstrated an increase in catalytic activity in syngas
methanation for Mn-promoted Ni/Al2O3 catalysts synthesized by co-impregnation compared
to a Ni/Al2O3 system. They assumed that Mn stabilizes the particle dispersion of Ni on the
surface, resulting in an enhancement of the catalytic activity. Recently, Mn was additionally
found to increase the number of medium basic sites in Ni/Al2O3, which led to an enhancement
of the CO2 uptake capacity [104]. However, studies investigating Mn promotion are limited to
the impregnation technique, while Mn has not been added to co-precipitated NiAlOx catalysts
yet.

Therefore, a state-of-the-art NiAlOx catalyst is modified by the introduction of Fe and Mn to
systematically investigate their influence on catalyst activity and stability under hydrothermal
(500 °C) conditions. Further questions addressed concern the optimum Ni/promoter ratios.
Detailed characterization studies, including Brunauer-Emmett-Teller analysis (BET), X-ray
photoelectron spectroscopy (XPS), X-ray powder diffraction analysis (XRD), in situ infrared
(IR) spectroscopy, temperature-programmed desorption of CO2 (CO2-TPD), paramagnetic/fer-
romagnetic resonance (EPR/FMR) spectroscopy, as well as H2 and CO2 chemisorption were
performed to obtain insights into the electronic state of the promoters and into structure-activity
relationships.

4.2 Experimental

4.2.1 Catalyst Synthesis

The co-precipitation route at constant pH 9 follows the synthesis described in [24] and was
carried out in a 3 L double-walled glass vessel. All catalysts were based on an equal Ni/Al molar
ratio of 1. For doping, Fe or Mn with a definite molar Ni/promoter ratio (29.5, 9.5, 5.5, 3.5, 2.8
for Mn) were added. 120 mL of the mixed 1 M metal nitrate solutions of Ni(NO3)2·6H2O
(Merck), Al(NO3)3·9H2O (Sigma-Aldrich), Fe(NO3)3·9H2O (Merck), and Mn(NO3)2·4H2O
(Merck), respectively, were fed to 1 L of bi-distilled H2O with a flow rate of 2.3 mL min−1.
Simultaneously, a solution of 0.5 M NaOH (Merck) and 0.5 M Na2CO3 (Sigma-Aldrich) was
dosed by a Titrino Autotitrator 716DMS (Methrom) to keep the pH constant at 9 ± 0.1 during
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precipitation (overall volume approx. 360 mL). All reagents were pro analysis (p.a.) purity. The
slurry was kept at 30 °C and stirred by a KPG stirrer at 150 rpm. To improve mixing, two flow
breakers were inserted. The suspension was aged for 18 h at 30 °C in the mother liquor while
further stirring. Afterwards, the precipitate was filtered and washed until pH 7. The washing
procedure comprised five cycles of re-dispersing the filter cake in DI water and filtering. The
filter cake was then dried overnight at 80 °C. For calcination, the precursors were heated to
450 °C with a constant heating rate of 5 K min−1 under flowing synthetic air and kept there for
6 h. The calcined catalyst powder was pelletized manually using a Lightpath LP-15 laboratory
hydraulic press. Pellet diameter was 2 cm and the pressure was kept as low as 450 N cm−2. For
pressures higher than 700 N cm−2, a gradual loss of the BET surface area could be observed.
The pellet was ground in a mortar and manually sieved to the particle fraction of 150 to 200 µm.

In the following, NiAl represents the NiAlOx benchmark catalyst system, which already exhibits
excellent activity and sintering properties in this reaction [203]. The promoted NiAl catalysts
are denoted as “NiPX”, where P indicates the promoter and X its weight fraction in percent.
Repetition of catalyst synthesis yielded in similar catalyst composition and characterization
data. Especially the effects of Fe and Mn were reproducible. Extensive series of DoE-plans in
combination with parallel syntheses and parallel catalytic testing devices confirm all conclu-
sions on the effects of the iron as well as the manganese promoter [147].

4.2.2 Catalyst Characterization

4.2.2.1 Elemental Analysis

Catalyst composition was determined by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) using an Agilent 700. 50 mg of catalyst powder were dissolved in 1 M
H3PO4 (Alfa Aesar, p.a.) and sonicated at 60 °C. To dissolve insoluble MnO2 formed in acidic
environment, 50 mg of Na2SO3 (Merck, p.a.) were added. After cooling down, the solutions
were diluted 1 to 10 with bi-distilled H2O and filtered using 0.45 µm syringe filters (Pall). Metal
standards were prepared for 1, 10, and 50 mg L−1 in the same matrix. Wavelengths used for data
evaluation were 230.299 nm (Ni), 396.152 nm (Al), 259.372 nm (Mn), and 238.204 nm (Fe).
All data were collected five times. Metal signal superimpositions were excluded. In reference
experiments (no addition of Na2SO3) also the Na signal (568.263 nm) was checked to exclude
Na poisoning of the catalysts.

4.2.2.2 X-ray Photoelectron Spectroscopy

XPS results were obtained on a Leibold Heraeus LHS 10 using Al-Kα radiation. Approximately
300 mg of the catalyst precursor samples were calcined and degassed overnight. After a full
spectrum scan, spectra in the definite binding energy ranges from 885 to 845 eV, 740 to 710 eV,
and 665 to 635 eV were collected. Peak positions were corrected to the aliphatic C signal.
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4.2.2.3 X-ray Powder Diffraction

For X-ray powder diffraction analysis, a Philips X’pert with Cu-Kα radiation and a monochro-
mator was used. Diffractograms of catalyst precursors were obtained by scanning with 0.013°
per step and 250 steps min−1. For in situ XRD measurements, the catalyst was scanned with
0.017 ° step−1 and 50 steps min−1 before and after a reduction treatment in 5 % H2 in N2 at
485 °C for 8 h at a heating rate of 2 K min−1. Interplanar distances d were calculated according
to Bragg’s law (cf. Eq. 3.1). Rather than using transmission electron spectroscopy (TEM),
crystallite diameters were determined using the Scherrer equation (cf. Eq. 3.4) from in situ
XRD measurements, since the Ni particles were found to readily oxidize in air.

4.2.2.4 N2 Physisorption

BET analysis was carried out on a NOVA 4000e (Quantachrome) by N2 adsorption at 77 K.
After activation at 485 °C in 5 % H2 in Ar for 5 h, the samples were vacuum degassed at 485 °C
for 1 h. The p/p0 range between 0.05 and 0.3 was used for determining the BET surface area
SBET. The total pore volume VPore was calculated from the data point at p/p0 = 0.995. Under
the assumption of cylindrical pores, the mean pore radius rPore can be calculated from VPore
and SBET (cf. Eq. 3.8).

4.2.2.5 H2 and CO2 Chemisorption

Chemisorption experiments with H2 and CO2 were performed using an Autosorb 1 C (Quan-
tachrome) at 35 °C after activation as mentioned above (5 % H2 in N2 at a heating rate of
2 K min−1 to 485 °C). An equilibration time of 2 min (H2) and 10 min (CO2), respectively, was
applied. A dissociative adsorption mechanism of H2 on Ni with one H atom adsorbing per
Ni atom was applied for the calculation of the specific metal area [252], assuming that H2

adsorption only occurs on Ni and not on Fe. This procedure is approved in literature, since only
insignificant amounts of H2 are reported to be chemisorbed on Fe under the chosen conditions
[253, 254]. H2 adsorption measurements at 200 °C as suggested by Topsøe et al. [255] resulted
in H2 spillover onto the aluminum-containing oxide phase. Moreover, the determination of Fe
surface atoms by CO chemisorption is further complicated since the adsorption stoichiometry is
known to be structure-dependent [255, 256]. In contrast to literature [115, 257], the adsorption
of CO2 at the chosen conditions was proved to be not kinetically hindered on the samples. For
all sorption techniques the errors in repetition experiments were within the error range of the
instrument (±4 %, data provided by Quantachrome).

4.2.2.6 Fourier Transform Infrared Spectroscopy

In situ infrared spectroscopy was carried out on a Bruker Vertex 70 spectrometer equipped with
CaF2 windows. A catalyst pellet of 1 cm diameter was heated to 450 °C with a rate of 5 K min−1

in H2 flow and in situ activated at this temperature for 5 h. Subsequently, the cell was evacuated
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and, after cool-down to 40 °C, kept at 10−7 mbar for 18 h. CO2 was dosed into the cell to a
pressure of 1 mbar. After 10 min of equilibration, the cell was evacuated again for 30 min at
10−7 mbar before the IR spectrum was recorded. The background was collected after pellet
removal.

4.2.2.7 Temperature-Programmed Desorption of CO2

For temperature-programmed desorption of CO2 (CO2-TPD), 50 mg of catalyst were reduced
in situ in 5 % H2 in He at 480 °C for a duration of 8 h. The heating rate was 2 K min−1. The
catalyst bed was purged with He at 480 °C for 1 h. After cooling down to 35 °C, CO2 was
adsorbed for 30 min with a flow rate of 50 mL min−1. To remove weakly adsorbed CO2, the
catalyst was post-flushed with He for 30 min. TPD was carried out from 35 °C to 480 °C with
a heating rate of 6 K min−1 in He (volumetric flow rate 100 mL min−1). The CO2 signal was
tracked on a mass spectrometer (Pfeiffer Vacuum, OmniStar). CO2 signal fitting was omitted
due to unknown desorption kinetics.

4.2.2.8 Temperature-Programmed Reduction

Temperature-programmed reduction (TPR) studies were conducted with 5 % H2 in Ar with a
total flow of 20 mL min−1 and a heating rate of 2 K min−1 to 485 °C. Hydrogen consumption
was tracked with an online mass spectrometer (OmniStar GSD 320, Pfeiffer Vacuum). TPR
measurements up to 1000 °C were carried out on a ChemStar TPx (Quantachrome). 60 mg of
the calcined catalyst powders were heated in 5 % H2 in Ar using a total volumetric flow rate of
100 mL min−1. Hydrogen consumption was tracked using a TCD detector. Evolving H2O and
CO2 were frozen out using an acetone/liquid N2 frigorific mixture.

4.2.2.9 Temperature-Programmed Oxidation

Temperature-programmed oxidation (TPO) was applied to check for carbon residues on the
catalyst after testing. The spent catalyst was heated in situ to 500 °C in Ar (100 mL min−1),
held at this temperature for 4 h, and cooled down to room temperature in Ar. Subsequently, the
catalyst was heated in 5 % synthetic air in Ar with a heating rate of 5 K min−1 to 500 °C at a
total flow rate of 100 mL min−1. A mass spectrometer (OmniStar GSD 320, Pfeiffer Vacuum)
was used to track CO and CO2 signals during heating.

4.2.2.10 Paramagnetic/Ferromagnetic Resonance Spectroscopy

Paramagnetic and ferromagnetic resonance (EPR/FMR) spectra of the activated catalysts were
recorded on a JEOL JES-RE 2X at X-band frequency at temperatures between 113 and 473 K,
microwave frequency 9.4 GHz, microwave power < 0.2 mW, modulation frequency 100 kHz.
The microwave frequency was measured with a microwave frequency counter Advantest R5372.
The catalyst samples were reduced at 450 °C in H2 for 2 h and measured in this particular
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capillary reactor without contact to air. The integrated intensity was determined by double
integration of the resonance signals of a weighed catalyst sample calibrated to a known standard
(Mn2+/MgO). For the Fe-doped catalyst, the significance of intensities/magnetizations mea-
sured below 273 K are of limited value due to substantial integrated intensity at zero field for
X-band frequency. The spectra and magnetic data derived have been compared to the calcined
catalysts (before reduction) and to model iron oxide catalysts with (potentially) ferromagnetic
properties. The supported iron oxides particles showed at least one to two orders of magnitudes
lower magnetizations (integrated intensities) and magnetic anisotropies clearly different from
the Ni and Ni-Fe systems. Thus, their contribution to the ferromagnetic resonance spectra of the
reduced catalysts can be neglected for these particular samples.

4.2.3 Experimental Setup and Activity Measurements

The setup as described in Section 3.3 and [24] was used for catalyst testing. 25 mg catalyst with
a particle size from 150 to 200 µm were diluted with 225 mg purified SiC (ESK) and plugged
with quartz wool in the isothermal zone of a 4 mm diameter glass-lined reactor tube. Reaction
temperature was measured by a thermocouple placed in the outlet of the catalyst bed. Gases
were supplied by Westfalen with a purity of 5.0 and 6.0 for H2, respectively. The product gas
exiting the back pressure regulators was diluted with Ar in a ratio of 1 to 8. In addition, all
tubing was heated to prevent H2O condensation.

All catalysts were treated following the procedure applying the process parameters listed in
Table 4.1. Catalyst activation was carried out in situ at 485 °C and ambient pressure for 8 h
at a heating rate of 2 K min−1 in 5 % H2 in Ar at a flow rate of 50 mL min−1. The gas hourly
space velocity (GHSV) was set to 200.000 h−1 with stoichiometric feed gas composition and
an Ar dilution of 50 %. After a start-up period of 24 h at 250 °C at 7 bar, the conversion of
CO2 was determined stepwise every 25 K in the temperature range between 175 and 500 °C at
8 bar, denoted as S1. This was followed by an aging period under harsh hydrothermal conditions
at 500 °C and 7 bar for 32 h in thermodynamic equilibrium (partial pressure of steam 1.6 bar).
These industrially relevant specifications were chosen to simulate catalyst deactivation occur-
ring during possible hotspot formation. In addition, in a second temperature variation cycle S2,

Table 4.1: Variation of process parameters for the determination of catalyst activity and
thermal stability.

Feed H2/CO2/Ar Q / NL g−1
cat h−1 T / °C p / bar t / h

Activation 5/0/95 130 485 1 8
Start-up 4/1/5 150 260 7 24
S1 4/1/5 150 175–500 8 11
Aging 4/1/5 150 500 7 32
S2 4/1/5 150 175–500 8 11
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data indicating the thermal stability of the catalyst away from thermodynamic equilibrium was
recorded. This rapid aging technique proved to be advantageous since at 300 °C (isothermal
bed conditions) and high partial pressure of steam (p(H2O) approx. 1.6 bar, X(CO2) = 80 %)
over 250 h time on stream (TOS) no deactivation could be observed even for the benchmark
catalyst NiAl (cf. Figure 4.14). At higher temperatures, potential activity loss due to catalyst
deactivation could not be tracked due to equilibrium product gas composition.

In advance, detailed studies to exclude heat and mass transport limitations for conditions away
from thermodynamic equilibrium were carried out. The pressure drop due to the catalyst bed
at the volumetric flow rate applied was below 0.1 bar and, at a total pressure of 8 bar, therefore
negligible.

For CO2, CH4, CO, H2, and H2O, gas composition was determined using an Emerson MTL-4
online process gas analyzer (PGA). Further byproduct analysis was carried out on a PerkinElmer
gas chromatograph Clarus 580, equipped with two columns and FID detectors. For every tem-
perature, the conditions were kept stable for 45 min to ensure the achievement of steady-state
conditions. Gas composition was monitored by the PGA, which recorded gas composition once
per second. For data evaluation, the concentrations indicated by the PGA were averaged over the
last 2.5 min. Thereafter, GC analysis was started. Volume contraction (cf. Eq. 3.15) was included
in the calculations for conversions, yields and selectivities. Closed C, O, and H balances (±3 %)
proved data reliability. For conversions and yields, the errors in repeated experiments were
±2 % rel.

To compare all catalysts regarding activity and stability at industrially relevant conversions away
from equilibrium and from differential conditions, T50, the temperature required to achieve
50 % CO2 conversion, was determined for every catalyst in S1 and S2. T50 during S1 serves
as a measure for catalyst activity, the ratios of T50 of S2 and S1 for thermal stability. By
normalization to the activity and stability data of the benchmark NiAl catalyst as shown in
Eqs. 4.1 and 4.2, the results directly serve as a measure for the influences of the promoters on
catalyst performance.

Normalized activity =
T50,S1(NiAl)

T50,S1(doped cat.)
(4.1)

Normalized stability =

T50,S2 (NiAl)
T50,S1 (NiAl)

T50,S2 (doped cat.)
T50,S1 (doped cat.)

(4.2)

Thermodynamic calculations were carried out using the ∆G minimization method (cf. Appendix
C). Enthalpy and entropy values of CO2, CO, CH4, H2O, and H2 were determined using the
Shomate equation (cf. Appendix B).
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4.3 Results and Discussion

4.3.1 Material Characterization

4.3.1.1 Elemental Analysis

The catalysts were prepared by co-precipitation at a constant pH 9 for Ni/promoter molar ratios
of 29.5, 9.5, 5.5, 3.5, and 2.8 for Mn. Rather than keeping the Ni content constant, the nNi/nAl
ratio was fixed to 1, since the structure of the precipitates and catalysts after calcination was
found to strongly depend on the Ni/Al molar ratio [24, 139, 258]. The metal contents of the
calcined materials are summarized in Table 4.2.

The undoped NiAl catalyst features a Ni content of 44.3 wt.%. By promoting this system with
Fe, the Ni loading drops from 44.3 to 40 wt.%, but stays at around 40 wt.% independent from
the Fe fraction, which rises from 1.7 to 7 wt.%. With further increasing amount of Fe (> 7 wt.%),
the Ni loading (36 wt.%) decreases. In comparison, the Ni loading is always lower for similar
Mn weight fractions, which might suggest a competitive incorporation of Ni and Mn in the
crystal structure. The originally inserted nNi/nAl ratio of 1 is recovered in the calcined catalyst
for both, NiFe and NiMn with a deviation of ±6 %.

In the reference experiments with no Na2SO3 being added to the ICP solutions, Na signals
were below the detection limit (< 10−3 wt.%), meaning that Na poisoning of the catalysts can
be excluded.

Table 4.2: Elemental composition of the catalysts after calcination obtained by ICP-OES.

l / wt.%
Sample Ni Al Fe Mn

NiAl 44.3 19.8 - -

NiFe2 40.0 19.4 1.7 -
NiFe4 39.7 17.8 4.3 -
NiFe7 39.6 16.0 6.9 -
NiFe10 36.1 17.4 10.1 -

NiMn1 38.7 18.0 - 1.3
NiMn4 38.9 18.2 - 3.7
NiMn6 36.3 15.5 - 6.1
NiMn8 31.9 15.2 - 8.3
NiMn11 34.1 16.6 - 10.8

4.3.1.2 X-ray Photoelectron Spectroscopy

XPS studies were carried out on NiAl, NiMn8 and NiFe10 to determine the oxidation state of
the metals in the calcined catalyst. When comparing the full survey spectra in Figure 4.7 A, no
clear differences are observable. Figure 4.7 B illustrates the XPS spectrum of NiAl. Distinct
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signals can be observed for Ni-2p3/2 at 854.9 eV, for Ni-2p1/2 at 872.6 eV, as well as for the
satellite peaks at 862.2 and 879.2 eV. Peak shapes are consistent with results from a detailed
study on co-precipitated NiAl catalysts conducted by Shalvoy et al. [259], who concluded that
spinel phase NiAl2O4 is present on the catalyst surface, since the peak attributed to Ni-2p3/2

should feature a characteristic doublet structure for NiO. However, it needs to be mentioned
that peak positions in this study are shifted to lower binding energies compared to spinel phase
Ni-2p3/2, which in contrast is an indicator for NiO rather than for NiAl2O4 [259].

As shown in Figure 4.7 C, for NiFe10 a characteristic peak can be observed at Ebin = 723.9 eV,
identifying the Fe species on the catalyst surface as Fe2O3 (2p1/2) [260]. The corresponding
peak for 2p3/2 is hidden by Ni Auger electrons. Regarding NiMn8 (cf. Figure 4.7 D), two
differences can be observed in comparison to the NiAl catalyst. The signal at Ebin = 653.1 eV
can be attributed to Mn3O4 (2p1/2) [261]. The peak caused by 2p3/2 is superimposed by Ni
Auger electrons, but still can be identified at 641.8 eV, which can also be attributed to Mn3O4

[262]. Small shifts in binding energies in the XPS spectra would indicate a different oxidation
state. Therefore, analytical investigations have been carried out (cf. Section 4.5.2), which show
results that are consistent to XPS.

4.3.1.3 X-ray Powder Diffraction Analysis

XRD patterns of the catalyst precursors are shown and discussed in detail in Section 4.5.3 (cf.
Figure 4.8). For all catalyst precursors, a modified takovite structure is found. As displayed in
Figure 4.1, the XRD patterns for all catalysts after calcination are similar. Reflexes can neither
be assigned to pure NiO (bunsenite) nor to Al2O3. Also, the XRD patterns show that no bulk
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Figure 4.1: XRD patterns of catalyst after calcination (JCPDS: NiO 78-0429, γ-Al2O3
10-0425, NiAl2O4 10-0339).
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NiAl2O4 spinel phase is present. This indicates that a mixed oxide phase containing NiO and
AlOx is formed. The positions of the reflexes suggest plane distances between the ones of NiO
and Al2O3. The shift of the reflex attributed to the (220) plane of NiO at 2θ = 63.76° reveals
that, compared to pure NiO, the lattice constant ac is decreased from 4.177 Å (JCPDS: 78-0429)
to 4.125 Å. This indicates that Al3+ ions are incorporated into the NiO crystal lattice, leading
to a decrease of the lattice constant ac. Calcined NiAl hydrotalcites have been investigated in a
variety of studies, but the structures are still under discussion [139, 258, 263].

It is well-known that low temperature calcination of those materials results in the generation
of metastable mixed oxides [258, 263], while at high calcination temperatures phase separation
into NiO and NiAl2O4 [139], or NiAl2O4 and two different NiO phases, with one of them
containing Al3+ ions, might occur [258]. In addition, the structure is highly dependent on the
nNi/nAl ratio [24, 139, 258]. Alzamora et al. [139] suggested that the hydrotalcites calcined
at low temperatures consist of two separate phases, one crystalline NiO phase, which contains
Al3+ ions, and an amorphous alumina phase, which might contain Ni2+ ions. The evolution of a
crystalline Al-containing NiO phase is in concordance with the results shown in Figure 4.1. No
impact of Fe or Mn on the structure of the calcined catalysts can be observed. This indicates that
the promoters are incorporated into the modified NiO phase, without a significant change of the
lattice constants, present as amorphous phase, or incorporated in an amorphous alumina phase.
For the Fe-promoted catalysts, also the formation of some X-ray amorphous NiFe2O4 during
calcination cannot be excluded. The precipitated NiFeAl hydrotalcite catalyst systems prepared
by Yu et al. [253] exhibit similar XRD patterns, with an observable impact of Fe promotion on
the NiAl structure starting from at least 20 wt.% Fe for catalysts calcined at 480 °C.

However, promoter-induced modifications of the catalyst structure emerge in the XRD patterns
of the reduced catalysts. As displayed in Figure 4.2, fcc metallic Ni reflexes emerge at 2θ = 44.5
(111), 51.9 (200) and 76.4° (220) due to the reduction of NiO. As a result, the former crystalline
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Figure 4.2: XRD patterns of the reduced Fe-promoted (A) and Mn-promoted (B) catalysts
(JCPDS: NiO 78-0429, γ-Al2O3 10-0425, Ni 87-0712.)
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mixed oxide phase is shifted towards the reflexes of γ-Al2O3, accounting for the higher Al
content. Compared to the reference patterns, the reflexes show a systematic shift towards larger
lattice constants, which is caused by thermal expansion, since the XRD patterns were collected
at 485 °C [264]. Similar to the calcined materials, the structure of reduced NiAl hydrotalcites,
with the focus on the role of Al, has been extensively discussed in literature. Two different
models have been developed for hydrotalcites calcined at low temperatures (below 600 °C).
Alzamora et al. [139] suggested that Ni particles nucleate on the surface of the Al-containing
NiO phase, with Al hindering excessive Ni particle growth. During reaction, the Al3+ ions are
supposed to diffuse to the nucleated Ni particles, leading to the formation of alumina phases. In
contrast, similar to co-precipitated Cu/ZnO/Al2O3 catalyst systems, Wright et al. [263] showed
that the Ni particles form a paracrystalline phase, caused by the incorporation of Al, possibly in
the form of AlO2

– [265].

For the Fe-promoted catalysts in Figure 4.2 A, the reflexes corresponding to the fcc metallic Ni
planes at Fe loadings higher than 4 wt.% are shifted to larger lattice constants as compared to
the benchmark NiAl system, the extent increasing with rising Fe weight fraction. It is concluded
that Fe is also reduced and interacts with the metallic Ni phase, leading to Ni lattice distortion
by the formation of a Ni-Fe alloy. Similar results are reported by Yu et al. [253] and Reshetenko
et al. [266] for co-precipitated NiFeAl catalysts, as well as by Meng et al. [149] for impregnated
Fe-Ni/γ-Al2O3 catalysts.

In contrast, as shown in Figure 4.2 B, Mn does not seem to interact with the metallic Ni, but
with the former mixed oxide phase instead. The reflexes of the former mixed oxide phase, which
for NiAl appear at 2θ = 36.4 and 65.0°, are shifted to lower diffraction angles with higher Mn
content. The fact that these shifts are not visible for the calcined sample in Figure 4.1 indicates
that, during the (partial) reduction of NiO, Mn species might be incorporated into the former
NiO-rich matrix or that the Mn species are modified under reduction conditions, leading to a
change of the lattice constant of the former mixed oxide phase. No separate Mn oxide phase
was detected in XRD, but the presence of X-ray amorphous Mn oxide species on the catalyst
surface cannot be excluded. The comparison of Figures 4.1 and 4.2 shows that, despite the
reflex shift of the mixed oxide phase upon the removal and reduction of NiO, the reflexes of
the former mixed oxide phase in Figure 4.2 do not match to the diffraction pattern of γ-Al2O3.
This either indicates that no pure γ-Al2O3 phase is formed or, as common for co-precipitated
NiAlOx catalysts [139], that after the reduction process still some NiO is present in the oxide
phase, meaning that the reduction of NiO does not take place quantitatively.

4.3.1.4 Material Properties

As shown in Table 4.3, a BET surface area of 294 m2 g−1
cat was obtained for the NiAl system,

which is 32 % higher than for Al2O3. For NiAl catalysts prepared by co-precipitation the spe-
cific surface is reported to range from 100 to 300 m2 g−1

cat [203]. Promoting with Fe reduces the
overall surface area to a minimum at NiFe7, from whereon it starts to increase again. Similar
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Table 4.3: Catalyst characterization data including results from N2 physisorption as well as
H2 and CO2 chemisorption.

Catalyst SBET / VPore / rPore / Sa
Ni / Da

Ni / db
C / U(CO2) /

m2 g−1
cat / mL g−1

cat nm m2 g−1
cat % nm µmol g−1

cat

NiAl 294 0.68 4.6 21.1 7.1 3.4 172

NiFe2 302 0.75 5.0 19.8 7.4 3.8 199
NiFe4 283 0.84 5.9 18.3 6.9 3.7 198
NiFe7 214 0.89 8.3 11.4 4.3 3.4 196
NiFe10 240 0.80 6.7 9.4 3.9 3.5 188

NiMn1 301 080 5.4 19.2 7.4 3.2 197
NiMn4 254 0.64 5.0 20.1 7.7 3.3 215
NiMn6 254 0.59 4.7 20.0 8.2 3.2 244
NiMn8 262 0.69 5.3 17.6 8.3 3.2 240
NiMn11 282 0.69 4.9 13.4 5.9 3.2 282

NiO - - - 1.2 - - 240
Al2O3 223 0.49 4.4 - - - 282
a from H2 chemisorption (cf. Eq. 3.11).
b from XRD analyzing the Ni(-Fe) reflection at 2θ = 51.3 to 51.7° applying
the Scherrer equation (cf. Eq. 3.4).

trends can be observed for the Mn-promoted catalysts. The minimum specific surface areas
are found for NiMn4 and NiMn6 (254 m2 g−1

cat). Adsorption and desorption isotherms suggest
a mesoporous structure for all catalysts. Compared to literature data, the BET surface area
obtained for the NiAl catalyst is slightly higher than reported by Abello et al. [136], which also
applies to NiFe7 [150]. Literature studies suggest that synthesis parameters like temperature,
pH during precipitation [139], or the nNi/nAl ratio [24, 136] affect the BET surface area more
severely than promotion with further metals. The total pore volume is 0.68 mL g−1

cat for NiAl and
increases with rising Fe content to 0.89 mL g−1

cat for NiFe7. This trend is similar to the average
pore radius, which is highest for NiFe7 (8.3 nm). For higher Fe contents, both the total pore
volume and the average pore radius decrease. For the Mn-promoted samples, in contrast, the
changes for both the total pore volume and the average pore radius are less pronounced. At low
Mn loadings in NiMn1 both the total pore volume and the average pore radius show the highest
values, but are only slightly increased compared to NiAl. The lowest total pore volume is found
for NiMn6. At higher Mn loadings (8 to 11 wt.%) it reaches a constant level at 0.69 mL g−1

cat. The
average pore radius stays approximately constant at 5 ± 0.4 nm for all Mn-promoted catalysts.

A specific Ni metal surface area of 21.1 m2 g−1
cat is obtained for the benchmark NiAl catalyst.

The addition of Fe from 1.7 to 10.1 wt.% causes a continuous decrease of the specific Ni area
from 19.8 to 9.4 m2 g−1

cat. The decreasing metal surface area with increasing Fe content at high Fe
loadings indicates an interaction between metallic Ni and metallic Fe, with the H2 adsorption
capacity of the latter being known to be negligible under the chosen conditions [253]. This
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furthermore implies that the Fe atoms are concentrated on the catalyst surface, forming a Ni-Fe
surface alloy, which is consistent to the findings in XRD in Figure 4.2 A, i.e. to increasing lattice
constants with increasing Fe content. The difference between NiFe4 (18.3 m2 g−1

cat) and NiFe7
(11.4 m2 g−1

cat) can be directly correlated to the reflex shift of the Ni phase in Figure 4.2 A. On the
contrary, for small Mn loadings the specific Ni surface stays approximately constant, leading to
an increase of Ni dispersion from 7.1 to 8.3 %. The reason for this might be a support-stabilizing
effect by the interactions of Mn with the mixed oxide phase as shown in XRD analysis. At
high Mn loadings (> 6 wt.%), however, a decline of the Ni surface area can be observed. Ni
dispersion values were calculated on the assumption that H2 adsorption takes place on Ni only.
The mean crystallite diameters were calculated from XRD rather than H2 chemisorption, since
it is known that in co-precipitated NiAl mixed oxide systems Ni activation does not take place
quantitatively under the chosen reduction conditions [139]. For the benchmark NiAl catalyst,
the mean crystallite diameter is found to be 3.4 nm. Upon promotion with Fe, the mean diameter
slightly rises to 3.7 to 3.8 nm for Fe contents up to 4 wt.%, before it decreases to its initial
value for NiFe7 and NiFe10, for which interactions between metallic Fe phase and metallic Ni
were found in Figure 4.2 A. This indicates a beneficial effect of metallic Fe on the crystallite
diameter. In contrast, for the Mn-promoted catalysts the Ni crystallite diameter stays nearly
constant at 3.2 nm. However, it needs to be mentioned that the differences in the calculated
crystallite diameters are rather small and too low to draw further conclusions. In addition, exact
determination of the crystallite sizes might be influenced by their possibly paracrystalline char-
acter as discussed in Section 4.3.1.3. Nevertheless, within this study the results are comparable,
and the order of magnitude matches well to literature, where, depending on the precipitation
procedure, particle sizes of approximately 5 nm are reported for NiAl catalysts [203].

For the evaluation of the CO2 adsorption capacities, the molar amounts of adsorbed CO2

(U(CO2)) are compared in Table 4.3. The exact adsorption stoichiometry of CO2 on Ni depends
on dissociation behavior and whether CO is bound linearly, bridged, or as a subcarbonyl [252].
The benchmark NiAl catalyst exhibits a CO2 adsorption capacity of 172 µmol g−1

cat. The amount
of adsorbed CO2 increases to 199 µmol g−1

cat at promotion with 2 wt.% Fe. In contrast to the
trend in H2 adsorption capacity, this level is approximately maintained until 7 wt.% Fe and
slightly decreases at 10 wt.% Fe. Mn promotion greatly enhances the CO2 adsorption capacity
with increasing promoter weight fraction from 197 µmol g−1

cat at 1 wt.% Mn to 240 µmol g−1
cat at

8 wt.% Mn. It is hypothesized that the increase of CO2 adsorption capacity is caused by the
modification of the catalyst surface by introducing Mn, which rises the basic character of the
catalyst [104, 267]. This leads to a facilitated chemisorption of the acidic CO2 molecule, which
preferentially adsorbs on basic sites [157, 268].

Figure 4.3 shows the infrared spectra of the activated NiAl, NiFe7, and NiMn6 catalysts, on
which CO2 was adsorbed with a pressure of 1 mbar. Three different basic sites on the oxide
phase can be distinguished: bicarbonate, monodentate carbonate, and bidentate carbonate. Over-
all, NiAl and NiFe7 feature a similar density of basic sites. For NiFe7, the density of medium
basic sites (binding bidentate carbonate [269] at ν = 1590 cm−1 and ν = 1340 to 1320 cm−1 and
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strong basic sites (binding monodentate carbonate [269] at ν = 1560 to 1510 cm−1 and ν = 1400
to 1360 cm−1) seems to be slightly decreased, whereas the density of weak basic sites (binding
bicarbonate [269] at ν = 1650, 1450, and 1230 cm−1) is higher. This is consistent to the similar
CO2 uptake capacities of NiAl and the Fe-promoted catalysts. The slightly increased number
for Fe-promoted catalysts might arise from different CO2 sorption and dissociation properties
of Ni and Ni-Fe [156]. However, in accordance with the enhanced CO2 uptake capacity of
the Mn-promoted catalysts shown in Table 4.3, the number of basic sites is much higher on
NiMn6 compared to NiAl. Especially the density of medium basic and strong basic sites [269]
is increased. For the CO2 methanation reaction, especially a high density of medium basic
sites was claimed to be beneficial for high catalyst activity [128]. It was thereby assumed that
monodentate formate originating from monodentate carbonate species is quickly hydrogenated
[128]. The elevated number of medium basic sites on NiMn6 compared to NiAl is supported by
recent studies of Zhao et al., who found that Mn introduction in Ni/Al2O3 catalysts by incipient
wetness impregnation increases the number of medium basic sites [104].

For the sake of comparison, characterization data of NiO and Al2O3 are shown in Table 4.3.
The high CO2 uptake of Al2O3 (437 µmol g−1

cat) and the low value of NiO (5.4 µmol g−1
cat) indicate

that in co-precipitated NiAlOx samples the majority of the CO2 adsorbed binds onto the oxide
phase. This confirms that the increasing CO2 uptakes upon Mn promotion are caused by the
dopants, since the general trend of Al content with increasing dopant loading decreases. Pandey
and Deo [157] reported a CO2 uptake of 838 µmol g−1

cat for commercial Al2O3 (Sasol) and
directly correlated the CO2 uptake for NiFe catalysts supported on different oxide materials to
their activity in CO2 methanation. Both activity and CO2 uptake values increased in the order
SiO2 < TiO2 < Nb2O5 < ZrO2 < Al2O3. The higher CO2 uptake of the commercial Al2O3

compared to 4.3 may originate from differences in the preparation procedures, in particular the
thermal treatments.
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Figure 4.3: Infrared spectra of the reduced NiAl, NiFe7, and NiMn6 catalysts, adsorption
pressure p(CO2) = 1 mbar, T = 40 °C, references from Di Cosimo et al. [269].
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Temperature-programmed desorption experiments contribute to derive information on the bind-
ing strengths of the carbonates observed in Figure 4.3. Figure 4.10 illustrates the CO2-TPD
profiles of the reduced NiAl, NiFe7, and NiMn6 catalysts. For NiAl, the signals can be assigned
to CO2 originating from weakly-bound bicarbonate (50 to 125 °C), medium strength bidentate
carbonate (50 to 200 °C), strongly bound monodentate carbonate (80 to 300 °C), and bridged
carbonate species (250 to 480 °C) [270], that could not be identified in IR experiments in
Figure 4.3 (at approx. 970 cm−1 [270], absorption by CaF2 windows). For NiFe7 and NiMn6,
the signals assigned to medium strength bidentate carbonate and strongly bound monodentate
carbonate are shifted to lower temperatures by approximately 20 K, which indicates a lower
binding strength of these species on the promoted catalysts. Also, the broad high-temperature
desorption signal originating from bridged carbonate at 370 °C is shifted to lower temperatures.
For NiFe7 and NiMn6, one might suspect the presence of low amounts of an additional, differ-
ently stabilized carbonate species desorbing at temperatures around 400 °C. However, one might
also argue that the decrease of the CO2 desorption signal trend might be an artifact of Ni(-Fe)
surface passivation by desorbing CO2 [160], since CO was observed at these temperatures. For
a definite statement, additional studies are required. Overall, the results are in concordance with
the IR spectra in Figure 4.3. NiAl and NiFe7 show similar CO2 uptakes, while for NiMn6 the
uptake is increased. Especially the densities of weak basic, medium basic, and strong basic sites
seem to be higher. From the shifts of the desorption signals for NiFe7 one can deduce that some
Fe species might still interact with the oxide phase after catalyst reduction. This implies that the
reduction of Fe3+ to Fe proved by XRD in Figure 4.2 A and FMR studies does not take place
quantitatively.

4.3.1.5 Temperature-Programmed Reduction

For examination of catalyst reducibility, H2 consumption during catalyst activation was recorded
by mass spectrometry. As shown in Figure 4.9, the NiAl benchmark catalyst exhibits a clear
reduction peak at 460 °C, attributed to the reduction of NiO [24]. In addition, a small peak
appears at 170 °C, which has previously been assigned to the presence of small amounts of Ni3+

in the external layers of the solid [271]. Promotion with Fe (cf. Figure 4.9 A) leads to a shift of
the main H2 consumption peak to lower temperatures, which is attributed to the reduction of Ni
at lower temperatures, indicating that the reduction features a lower activation barrier compared
to NiAl. This observation is in concordance with literature studies [149]. For NiFe10, the peak is
shifted by -30 K to 430 °C. Additionally, a shoulder appears in the temperature range between
250 and 350 °C. The asymmetric peak shape indicates that different reduction processes are
hidden under the NiO reduction peak. Literature suggests that for Fe-doped Ni/Al2O3 the
reduction of Fe from Fe2O3 via FeO to metallic Fe occurs in the temperature range from
200 to 440 °C, whereas the activation temperature decreases with increasing Fe content [149].
Therefore, the appearance of this Fe reduction peak is only visible for NiFe10. This supports
the hypothesis of the formation of a metallic Ni-Fe alloy, in concordance with XRD analysis
and H2 chemisorption data.
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For the Mn-promoted catalyst, similar peak shifts can be observed, but to a smaller extent as
compared to the Fe-promoted catalysts (cf. Figure 4.9 B). For NiMn4, for example, a peak shift
of the NiO reduction signal by -10 K can be observed. However, a second peak emerges at
150 °C, rising in intensity with increasing Mn loading, that is systematically shifted to higher
temperatures, with its maximum at 175 °C for NiMn8. It is supposed that the emerging H2

consumption peak is attributed to the reduction of Mn3O4 to MnO. Similar temperature regions
for the reduction of manganese oxides have been found for Pd/Mn/Al2O3 [272]. The increased
surface basicity of the Mn-promoted catalysts, which was found in CO2 chemisorption experi-
ments, CO2-TPD, and in situ IR spectroscopy, and which is in accordance with literature studies
[104, 267], therefore may be caused by X-ray amorphous strongly basic MnO [273] present on
the catalyst surface. At higher Mn loadings, the peak seems to split into a low temperature
(160 °C) and high temperature (290 °C) peak, which might be ascribed to the presence of two
different Mn species. The TPRs shown in Figure 4.9 A and 4.9 B reflect the actual hydrogen
uptake of the catalysts prior to catalyst testing. To check for high temperature reduction signals,
TPRs were also performed to 1000 °C. Figure 4.9 C shows the TPR patterns for NiAl, NiFe7
and NiMn6. For all samples, a shoulder at 580 °C is observed. This reduction signal may be
attributed to Ni2+ species that strongly interact with Al in the mixed NiAl oxide or, as discussed
in Section 4.3.1.3, from Ni2+ species incorporated in a possibly X-ray amorphous alumina type
phase [137]. Resolution of the high temperature signal, also by varying the heating rate, could
not be achieved.

4.3.1.6 Paramagnetic/Ferromagnetic Resonance Experiments

EPR/FMR measurements on NiAl, NiFe10 and NiMn8 confirm the observations from XRD
analysis (cf. Section 4.3.1.3). The FMR spectra (cf. Figures 4.11 and 4.12) are illustrated and
discussed in detail in Section 4.5.6. Compared to NiAl, for NiFe10 a strong increase of the
ferromagnetic characteristics could be found, which supports the assumption of Ni-Fe alloy
particles after reduction. For NiMn8, the ferromagnetic characteristics were slightly reduced
compared to NiAl, which might originate for the lower Ni loading as seen in Table 4.2. This is
an indicator that after catalyst activation Mn species interact with the oxide phase, which is in
agreement to XRD.

4.3.2 Tests on Catalytic Activity and Thermal Stability

4.3.2.1 Activity Tests

The CO2 methanation activities of all catalysts were determined following the test procedure
mentioned in Table 4.1. The results are displayed in Figure 4.4. For temperatures higher than
400 °C, thermodynamic equilibrium was achieved for all catalysts. The slight increase of CO2

conversion at temperatures below 220 °C is followed by a steep growth of the reaction rate.
The approach to equilibrium at conversions higher than 80 % slows down, as product gas,
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Figure 4.4: CO2 conversion vs. reaction temperature plots: Fe-promoted catalysts (A),
Mn-promoted catalysts (B). Reaction conditions: H2/CO2/Ar = 4/1/5, Q = 150 NL h−1 g−1

cat,
mcat = 25 mg, p = 8 bar.

in particular H2O, inhibits the conversion of CO2 close to thermodynamic equilibrium [24].
Regarding the Fe-promoted catalysts (cf. Figure 4.4 A), no differences in their catalytic activ-
ities are recognizable for CO2 conversions below 20 %. At higher temperatures, the following
activity order can be determined by T50: NiFe7 > NiFe4 > NiFe2 > NiFe10. Most noteworthy, all
Fe-promoted catalysts show higher activity in the CO2 methanation reaction than the benchmark
NiAl catalyst. This result confirms literature findings with regard to the enhancement of the
catalytic activity of NiAl methanation catalysts by Fe promotion [150, 250]. According to
Tables 4.2 and 4.3, the Ni loadings and, above all, the Ni surface areas decrease with increasing
promoter loading. The fact that NiFe7 with a metal surface area of 9.2 m2 g−1

cat, which is 50 %
of the benchmark NiAlOx system, shows the best activity performance, indicates that the state
of the active phase is changed by the introduction of Fe. It is hypothesized that Fe acts as an
electronic promoter, which modifies the properties of the active Ni phase and thus increases the
catalytic activity.

Similar observations have been made in CO methanation. Kustov et al. [153] investigated
series of Ni, NiFe, and Fe catalysts supported on Al2O3 and MgAl2O4 spinel phase and found
higher activity for alloyed Ni-Fe catalysts. The rate of CO dissociation and the stability of
intermediates have been reported to be crucial for decent CO methanation rates [148, 155, 274].
Bligaard et al. [155] correlated catalyst activity in the CO methanation reaction and the energy
of dissociative CO adsorption on stepped metal surfaces with DFT studies, finding that, for Fe,
binding energies of C* and O* are rather high, limiting further reaction processing, while on
Ni CO* dissociation is kinetically hindered. Both effects decrease the CO methanation rate.
According to the Sabatier theory, the formation of a Ni-Fe alloy accelerates both rate limiting
steps and thus increases the catalytic activity [148, 274]. With regard to this, Weatherbee and
Bartholomew reported that CO dissociation is also the rate-limiting step in CO2 methanation
[194]. At approach to thermodynamic equilibrium, starting with CO2 conversions higher than
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50 %, the differences between the Fe-promoted catalysts in Figure 4.4 A become more sig-
nificant. The slope for NiFe10 decreases in comparison to smaller Fe contents. It is supposed
that already during S1, apparent by the comparatively slow approach to equilibrium, catalyst
deactivation takes place for NiFe10, possibly promoted by the high partial pressure of H2O at
high CO2 conversion values. From literature it is known that steam promotes particle-particle
bridge bonding due to hydroxylation and dehydroxylation processes [275]. In particular, this
has been observed for Fe/FexOy-containing catalyst systems [276, 277].

Pan et al. [128] linked the catalyst activity in the CO2 methanation reaction to the density of
medium basic sites. They assumed that monodentate formate originating from monodentate
carbonate could be hydrogenated faster than bidentate formate from bicarbonate species [128].
As discussed in Section 4.3.1.4, NiFe7 features a similar amount of medium and lower amount
of strong basic sites, but the binding strengths of CO2 on the medium and strong basic sites
seems to be lower compared to NiAl (cf. Section 4.10). Therefore, a beneficial effect of the
lower binding strength of monodentate carbonate species cannot be excluded. Mn-promoted
catalysts feature a much higher enhancement of the CO2 conversion trends than observed for
the Fe-promoted catalysts.

In Table 4.4, for the Mn-doped catalysts, the weight time yields (WTY) of CH4 formation at T =
200 °C are normalized to the metal surface areas. For NiAl, 0.46 µmol s−1 mNi

−2 are obtained.
This specific WTY stays approximately constant up to moderate Mn loadings, then rises to
0.58 µmol s−1 mNi

−2 for NiMn6 and 0.84 µmol s−1 mNi
−2 for NiMn8, respectively. For higher

Mn loadings, it seems to be constant again. However, despite the fact that metal dispersion is
known to be an important parameter in the CO2 methanation reaction [278], these data need to
be handled with care, since the rates were normalized to the Ni metal surface areas in Table 4.3,
which are not necessarily equal to the active sites in the CO2 methanation reaction, meaning
that the support and the metal-support interface may play a crucial role [128, 278]. Moreover,
this consideration cannot be carried out for the Fe-promoted catalysts, since, as discussed in
Section 4.3.1.4, the number of surface Fe atoms could not be determined. Due to the industrial
relevance of integral reactor operation for the CO2 methanation reaction, in the following T50
rather than differential conversions is used to compare the catalyst performances. As illustrated

Table 4.4: Nickel surface-normalized CH4 weight time yields WTY(CH4) S–1
Ni at T =

200 °C, p(CO2) = 0.8 bar, H2/CO2 = 4/1.

Catalyst WTY(CH4) S–1
Ni / µmol s−1 mNi

−2

Ni44 0.46

NiMn1 0.44
NiMn4 0.48
NiMn6 0.58
NiMn8 0.84
NiMn11 0.88
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in Figure 4.4 B, catalytic activities clearly differ over the whole temperature range depending on
promoter loading. At T50, NiMn6 is the most active catalyst, comparable to NiMn8, followed
by NiMn11, NiMn4 and NiMn1. Obviously, the strong increase in catalytic activity for catalysts
comprising a Mn weight fraction between 4 and 6 wt.% is followed by a decline in activity for
the catalysts featuring Mn weight fractions higher than 8 wt.%.

It is suggested that the high activity increase can be directly correlated to the increased CO2

uptake shown in Table 4.3, and the higher density of medium basic sites illustrated in Fig-
ure 4.3. Different mechanisms of CO2 methanation have been developed in literature [169, 180,
186, 194, 279]. Both the adsorption of CO2 [169] and, for the methanation pathway via CO
dissociation [115, 194], the CO dissociation rate [194] are discussed to be rate-limiting. This
indicates that promotion of the specific CO2 uptake can be a simple method to successfully
increase the methanation activity of the Ni/Al2O3 catalyst. Although the Ni metal surface area
decreases from NiMn4 to higher Mn loadings, the activity increases with rising CO2 uptake
until NiMn6, from where on the Ni surface area seems to become limiting for the specific
methanation rate. Therefore, it is hypothesized that there exists an optimum ratio of H2 and
CO2 uptake. However, besides a high CO2 uptake, there might also be an optimum of catalyst
activity in dependence of the CO2 binding energy. As seen in CO2-TPD experiments, besides a
higher amount of medium and strong basic sites also the binding strengths of CO2 on these sites
are decreased for NiMn6 compared to NiAl. The fact that CO2 seems to preferentially adsorb
on the Mn-modified oxide phase implies that the energy barrier for the reverse spillover of CO2

to the active metal sites might be sufficiently low or that the reaction takes place on the interface
of the Ni particles and the oxide phase. Consequently, it is hypothesized that for highly-loaded
NiAlOx the supply of CO2 at the reaction site is limiting the methanation rate. The S1 curves
suggest an optimum molar Ni/promoter ratio of about 5 for both Mn and Fe promotion. In this
context it needs to be mentioned that also for Fe promotion an increase in CO2 uptake was
observed. However, the extent of increase is less severe (8 to 13 %), but could also contribute to
the activity enhancement.

Figure 4.13 exemplarily illustrates the product yields for NiAl, NiFe7 and NiMn6. Besides
CH4 and CO, some C2H6 and C3H8 formation can be observed. For all catalysts, the selectivity
towards CH4 formation was higher than 99 % at temperatures between 250 and 400 °C. At
higher temperatures, CO formation slightly increases, following the thermodynamic equilib-
rium at these temperatures [27] and reaching a maximum selectivity of 4 % at 500 °C. The
low temperature CO formation at 175 to 325 °C is supposed to originate from the reverse of
the water-gas shift reaction and is most pronounced for the benchmark NiAl, but the yields
are below 1 % for all catalysts. Most noteworthy, no increased CO byproduct formation was
observed over the Fe-promoted catalyst other than reported by Mutz et al. [152], whose catalyst
suffered from severe deactivation when running at 20 % CO2 conversion. Consequently, proved
in the start-up period as illustrated in Table 4.1, for the catalysts no deactivation could be
observed within 24 h at a temperature of 250 °C (CO2 conversions approx. 25 %), highlighting
the superior performance of the co-precipitated NiFeAlOx catalysts. C2H6 and C3H8 are only
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observed in traces (selectivities < 1 %) at CO2 conversions around 30 to 60 %. The benchmark
NiAl catalyst features the lowest alkane formation. Further hydrocarbons, particularly Fischer-
Tropsch products, were not observed, although Fe is known for its Fischer-Tropsch activity
[280].

4.3.2.2 Tests on Thermal Stability

Figure 4.14 illustrates the time-on-stream (TOS) behavior of the benchmark catalyst NiAl. Over
250 h on stream, the CO2 conversion stays constant at 80.1 ± 0.25 %, while the selectivity
towards CH4 is maintained between 99.1 and 99.6 %, the only side product being CO. In Fig-
ure 4.5 A, the S1 and S2 measurements for the benchmark NiAl catalyst are illustrated. Due to
deactivation during the applied aging period at 500 °C, the trend in S2 is shifted towards higher
temperatures as compared to the S1 curve. Accordingly, a subsequent reduction after S2 under
the conditions mentioned above, as well as an oxidation and reduction treatment at 485 °C did
not restore the initial activity recorded in S1. The comparatively small enhancement of catalytic
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Figure 4.5: CO2 conversion vs. reaction temperature plots: influence of aging on CO2
conversion for NiAl (A), NiFe4 (B), NiFe7 (C), NiFe10 (D). Reaction conditions:
H2/CO2/Ar = 4/1/5, Q = 150 NL h−1 g−1

cat, mcat = 25 mg, p = 8 bar, aging for ta = 32 h at Ta =
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4.3 Results and Discussion

activity for the Fe-doped catalysts is accompanied by a strong increase in thermal stability,
which, as shown in Figure 4.5 B–D increases in the order NiAl < NiFe4 < NiFe10 < NiFe7. As
already mentioned for catalyst activity, also for the thermal stability the optimum Ni/promoter
molar ratio is approximately 5. It is supposed that the rising stability is strongly linked to the
interactions of metallic Ni and Fe as shown in Figure 4.2 A. The shifts of the Ni-Fe reflexes
indicate that within the investigated loading ranges the degree of alloy formation increases with
rising Fe content. For NiFe4, no alloy formation could be proved by XRD, and its activity decay
is only slightly improved compared to NiAl. In contrast, the impact of the aging treatment on
NiFe7, for which in situ XRD analysis suggests the formation of a Ni-Fe alloy, is much lower,
indicating a higher thermal stability. However, as already discussed, high Fe loadings seem to
promote sintering processes. Therefore, it is consistent that NiFe10 shows stronger deactivation
during the aging period, especially when evaluated at high temperatures, than NiFe7, for which
the particles seem to be much more stabilized. However, it needs to be mentioned that NiFe10
maintains its low temperature activity.

Detailed investigations of possible deactivation mechanisms can be found in [134] and Chapter
7. Carbon deposition as deactivation mechanism has been excluded. In TPO experiments over
NiAl, NiFe7, and NiMn6 immediately carried out after S2, no CO or CO2 could be detected. In
a previous study, however, it was found that the partial pressure of the reaction product water
has a direct influence on the deactivation kinetics, indicating that deactivation is mostly due to
hydrothermal sintering [24]. In an additional study, the improvement of the thermal stability by
Fe promotion was also verified under undiluted feed gas conditions. Detailed aging studies that
contribute to a deeper understanding of the beneficial effect of Fe on the hydrothermal stability
of the NiAlOx catalyst can be found in Chapter 7. Therein, catalyst performance data is linked to
characterization data by investigating the state of the active phase for different times on stream
and aging temperatures to gain information on structure-activity relationships.
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In Figure 4.6, the activity-stability characteristics of the catalysts are compared using T50
obtained from S1 and S2 and the normalization method described in Section 4.2.3. Most note-
worthy, all doped catalyst samples are more active and more stable than the NiAl benchmark
system. Doping Fe with a nNi/nFe ratio of 5.5 increases the normalized thermal stability by
7 % and activity by 5 %. In contrast, Mn leads mainly to a higher normalized catalyst activity
by 11 %, but also the normalized thermal stability is increased by 3 % as compared to the co-
precipitated NiAl benchmark catalyst system.

4.4 Conclusion

Mn- and Fe-promoted NiAlOx catalysts with improved activity and high thermal stability, two
basic requirements on catalysts for industrial application of the CO2 methanation technology,
were synthesized by co-precipitation. Characterization data revealed that promotion with Mn
leads to an increase of the CO2 adsorption capacity, while the specific Ni metal surface area,
which is stabilized by a mixed metal oxide of Mn, Al, and Ni, is maintained. The combination of
both effects results in an increased catalytic activity compared to the simple NiAl catalyst, with
its maximum at a Ni/Mn molar ratio of around 5. It is supposed that high methanation activity
for those Mn-promoted catalysts can be gained by optimally adjusting the values of CO2 uptake
and metal surface area. Regarding Fe-promoted catalysts, Fe increases the activity up to 5 wt.%
by formation of a surface Ni-Fe alloy and a slight increase of the CO2 uptake capacity. In
addition, the interaction between Ni and Fe leads to a strong increase of the thermal stability,
proved by an aging period of 32 h at 500 °C under hydrothermal conditions, with the optimum
molar Ni/Fe ratio at approximately 5. For higher Fe loadings, the catalyst is less active at high
temperatures after the aging treatment, but retains its low temperature methanation activity.
Further investigations will include the combination of activity and stability improvement in
one catalyst by promoting the NiAlOx system with both Fe and Mn. In addition, detailed
investigations of the deactivation behavior of co-precipitated NiAlOx and Fe-promoted NiAlOx

catalysts might help to further elucidate the deactivation mechanisms and phenomena.
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4.5 Supplementary Material

4.5.1 X-ray Photoelectron Spectroscopy
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Figure 4.7: Selected binding energy ranges in the XPS spectra for the determination of the
oxidation states of Ni, Fe, and Mn in the calcined NiAl, NiFe10, and NiMn8 catalysts.

4.5.2 Analytical Investigations on the Oxidation States of Fe and Mn

The oxidation state of Fe was further analyzed by leaching the catalysts in 1 M HCl (Merck,
p.a.) and adding potassium ferricyanide. A color change to blue affirmed the presence of Fe3+

ions [281], while the addition of potassium ferrocyanide resulted in no color change. This
reveals the presence of Fe3+ on the catalyst, which is consistent to the preparation procedure
starting from Fe(NO3)3·9H2O. Regarding NiMn6, the solubility of Mn species in 1 M HCl was
investigated [282]. ICP-OES measurements of samples leached in HCl revealed that the ratio
of Mn in solution and the total content of Mn in NiMn6 is equal to the stoichiometric ratio of
Mn(II) and Mn(IV) in Mn3O4.
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4.5.3 X-ray Powder Diffraction Analysis

Figure 4.8 illustrates the XRD patterns for the catalyst precursors. The reflexes for the NiAl
catalyst are in good agreement with the ones of the crystal structure of takovite, a mineral
belonging to the hydrotalcite group that crystallizes in trigonal structure (JCPDS 15-0087).
Small shifts in reflex position as well as the absence of the takovite reflexes at 39.7 and 61.2°
originate from the chosen nNi/nAl ratio of 1 rather than 3 [24]. Also, the intensities are lower
compared to catalysts featuring a nNi/nAl ratio of 3, suggesting a lower degree of crystallinity.

Takovite consists of Al3+ and Ni2+ mixed hydroxide layers, which are separated by CO3
2 – and

H2O [283]. The ratio of nNi/nAl in those compounds is reported variable between 1 and 5.6
[258]. Also, the anions between the layers are replaceable and not necessarily carbonate. As
a function of precipitation agent and pH value, also the anions of the metal salt precursors
and hydroxide might supply charge compensation, which, in turn, would also affect layer
distances, lattice constants, as well as Ni particle size and Ni surface area after calcination
and reduction [139, 284]. Fen+ or Mnn+ (n = 2, 3) as well as other cations like Mg2+, Cu2+,
or Zn2+ can be incorporated in the structure replacing Ni2+ or Al3+ without changing the
characteristic hydrotalcite structure [285]. The XRD reflexes at 2θ = 11.4 and 22.9° arise from
X-ray diffraction on the basal (003) and (006) planes, respectively. Evaluating the mean of the
reflexes of the (006) and the (003) planes for the benchmark NiAl system indicates an increase
of the interlayer distance c from 22.595 Å (takovite, JCPDS: 15-0087) to 23.43 Å. In contrast,
the lattice constant of the brucite-like layer slightly decreases from 3.025 Å (JCPDS: 15-0087)
to 2.98 Å when evaluating the (110) reflex at 2θ = 62.3°. The decrease of the lattice constant a
may be explained by the replacement of Ni2+ by Al3+ compared to takovite, which results in
attraction of the octahedrally coordinated OH– groups. However, the excess of positive charge
in the brucite-like layers may be compensated by an increased amount of anions located in
the interlayers, effectively leading to an increase of the interlayer distance. With rising weight
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Figure 4.8: XRD patterns of catalysts before calcination (JCPDS: Takovite 15-0087).
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fraction of the promoters, the basal reflexes vanish, indicating a decrease of the crystallinity. In
addition, for high manganese loadings in NiMn8, the reflex at 2θ = 22.9°, marking the (006)
plane, is shifted to 2θ = 22.4°. However, the reflex corresponding to the (003) plane is shifted to
higher diffraction angles. While no clear statement on the reflex shift at 2θ = 35.6° can be made,
since reflexes of both (012) and (015) are superimposed, the reflex caused by diffraction on the
(110) plane at 2θ = 62.3° is shifted to 2θ = 62.6° for NiMn8. Similar shifts can be observed
for all other reflexes. This indicates that, for high Mn loadings, Mnn+ might disturb the regular
arrangement of Ni(OH)6

4 – and Al(OH)6
3 – octahedra, possibly by replacement of some Ni2+

or Al3+. In contrast, no clear influence of Fe on the hydrotalcite structure can be observed in
Figure 4.8. The difference of the hydrotalcite structures prepared for nNi/nAl = 1 and nNi/nAl =
3 justifies the choice of a constant nNi/nAl ratio, taking different Ni loadings for all catalysts
into account.

4.5.4 Temperature-Programmed Reduction
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Figure 4.9: H2 consumption during TPR measurements to 485 °C for NiAl and
Fe-promoted (A), and Mn-promoted (B) catalysts, and H2 consumption during TPR
measurements to 1000 °C for NiAl, NiFe7, and NiMn6 (C).
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4.5.5 Temperature-Programmed Desorption of CO2
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Figure 4.10: CO2-TPD profiles of reduced NiAl, NiFe7, and NiMn6.

4.5.6 Magnetic Resonance Investigations

Due to the specific magnetic properties of Ni, Fe, and Mn, a magnetic resonance investigation
could deliver additional information on the potential interaction or electronic properties in
particular within the NiFe and NiMn catalysts in their active form. Therefore, paramagnet-
ic/ferromagnetic resonance experiments (EPR, FMR) have been performed with the activated
catalysts NiAl, NiMn8, and NiFe10 as a function of temperature (thermomagnetic investiga-
tions). The EPR/FMR spectra are given in Figure 4.11 for the three catalysts as a function of
the recording temperatures. The temperature dependencies of the integrated intensity between
473 and 273 K normalized to the one of the NiFe10 catalyst at T = 273 K (Figure 4.12 A) show
linear or concave curvatures (increasing with decreasing T) for all samples investigated. The
absolute values of the integrated intensities of the samples of identical weight are found to be
substantially different. A relation of 2:1:5 is found for NiAl:NiMn8:NiFe10. The temperature
dependence of the linewidths ∆Bpp is given in Figure 4.12 B and the shift of the g values
at 293 to 273 K is found to be 2.240 → 2.245 (for NiAl), 2.046 → 2.054 (for NiFe10), and
2.198→ 2.193 (for NiMn8).

All these data imply consistently a contrary effect of both promoters on the ferromagnetic
properties of the Ni nanoparticles in the benchmark NiAl catalyst. The thermomagnetic curves
of the pure Ni and of the Mn-promoted catalyst qualitatively agree well with those reported
for metallic Ni nanoparticles supported on (diamagnetic) oxide [286–288]. Differences in the
magnetizations (Irel, cf. Figure 4.12 A), ∆Bpp, shift of g values, or anisotropy of the FMR spectra
are described in the literature by variations of the Ni particle size and interactions with the sup-
port or adsorbed molecules [289–291]. The slightly reduced ferromagnetic characteristics (Irel,
∆Bpp, ∆g) of the Mn-promoted catalyst can be explained by the reduced total Ni amount in the
NiMn8 catalyst or by modified Ni-oxide phase interactions in agreement with the XRD results
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Figure 4.11: Ferromagnetic resonance spectra of the activated NiAl (A), NiFe10 (B), and
NiMn8 (C) catalysts for different recording temperatures at X-band frequency (ν =
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in Figure 4.2 B. Alternative interpretations such as a weakening influence by antiferromagnetic
MnO particles (TNéel = 122 K [292]) can be regarded as less probable.

In summary, it is concluded that no (or very weak) interactions and influence of Ni particles
and the Mn promoter are indicated. In contrast, the drastic changes of the ferromagnetic char-
acteristics of the NiAl catalyst by doping with Fe after activation can only be explained by a
substantial ferromagnetic contribution of metallic Fe and is in very good agreement with XRD
results in Figure 4.2 A and the assumption of the formation of Ni-Fe alloy particles. This is
reflected by the strong increase of all relevant criteria as anisotropy of the FMR spectra and
∆g, magnetization (Irel), and ∆Bpp for NiFe10. Additional magnetic measurements with the
calcined catalysts (before reduction) and with alumina-supported iron oxide model compounds
indicate that only small, negligible ferrimagnetic proportions could be expected from iron oxide
magnetism to the FMR spectra.

4.5.7 Yield-Temperature Plots
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Figure 4.13: CH4, CO, C2H6, and C3H8 yields for NiAl (A), NiFe7 (B), and NiMn6 (C).
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4.5.8 Time-on-Stream Behavior of NiAl
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Figure 4.14: Time on stream behavior of NiAl. Reaction conditions: H2/CO2/Ar = 4/1/5,
Q = 150 NL h−1 g−1

cat, mcat = 25 mg, p = 7 bar, T = 300 °C.

75





5 Simultaneous Activity and Stability
Increase of Co-Precipitated Ni-Al CO2

Methanation Catalysts by Synergistic
Effects of Fe and Mn Promoters

This chapter was published in similar form in

T. Burger, F. Koschany, A. Wenng, O. Thomys, K. Köhler, O. Hinrichsen, "Simultaneous activity and

stability increase of co-precipitated Ni-Al CO2 methanation catalysts by synergistic effects of Fe an Mn

promoters", Catalysis Science & Technology, 2018, 8, 5920–5932, DOI 10.1039/C8CY01834K.

Reproduced with permission from the Royal Society of Chemistry. Copyright 2018. Part was also pub-

lished in:

K. Köhler, O. Thomys, K.-O. Hinrichsen, F. Koschany, T. Burger, "Nickel methanation catalysts doped

with iron and manganese", European Patent Office, publication number

WO/2018/141646, international application number PCT/EP2018/051993.1

Parts of this chapter include findings from [239]

T. Burger, "Experimental and theoretical investigations on the methanation reaction of CO2", not pub-

lished, Master’s Thesis, Technical University of Munich, Munich, DE, 2015.

Abstract

For CO2 methanation, the development of highly active and thermostable catalysts is indis-
pensable to cope with the demands of SNG purity in single-pass fixed-bed operation and the
exothermal character of the reaction. In this chapter, a co-precipitated NiAlOx catalyst with
an equimolar Ni/Al ratio is modified by the two promoters Mn and Fe. The combination
of both dopants can be used to synthesize highly thermostable catalysts with an enhanced
catalytic activity. The activity-stability performance is strongly dependent on the Ni/promoter
ratios, with nNi/nMn = 9.5 and nNi/nFe = 7 performing best. Besides doping already during

1 The authors equally contributed to this work.

77

https://doi.org/10.1039/C8CY01834K


5 Simultaneous Activity and Stability Increase of Co-Precipitated Ni-Al CO2 Methanation Catalysts by
Synergistic Effects of Fe and Mn Promoters

co-precipitation, it is shown that for doping via impregnation the activity-stability performance
for a constant nNi/nFe/nMn ratio can be influenced by the preparation procedure. This offers the
unique opportunity to target the activity-stability behavior of a co-precipitated NiAlOx catalyst
as required.

5.1 Introduction

The power-to-gas concept is one of the most promising techniques to contribute to coping with
problems arising from depleting fossil resources, global warming, and the demand for energy
storage systems. Therein, CO2 is converted to synthetic natural gas (SNG) using H2, which can
be derived from H2O by electrolysis using surplus electrical energy from renewables [293, 294].
SNG can be handled easily and stored as well as distributed in an already existing infrastructure.
Burning it on demand or converting it as platform chemical in industrial processes closes the
CO2-neutral cycle. The methanation reaction was first discovered by Sabatier and Senderens in
1902 [25].

CO2 + 4H2 CH4 + 2H2O ∆RHo = –165.1kJmol–1
∆RGo = –113.5kJmol–1 (5.I)

The most challenging feature of this generally heterogeneously catalyzed, volume contracting
reaction is its highly exothermal character. First, it limits the equilibrium conversion of CO2 at
high temperatures. However, for successful implementation of the power-to-gas concept, a high
SNG purity after H2O removal is desired. For this reason, the reaction is commonly carried out
at harsh conditions at elevated pressures. Second, heat generation is a major issue for reaction
control in fixed bed reactor systems, since hotspots can be formed [245], that may significantly
harm the catalyst performance, e.g. by particle sintering [247, 295]. Consequently, for potential
commercialization, two of the major demands on the catalyst evolve, which are catalytic activity
to obtain high conversions at low temperatures and to decrease the necessary operating pressure,
as well as thermal stability of the catalyst to increase catalyst life-time.

For Ni-based catalysts, a number of different promoters have been claimed to increase the
specific surface area of the catalyst, e.g. Mn [71, 99, 104], Fe [150, 151, 250], Ce [71, 91],
La [71, 99, 296], and ZrO2 [71]. The promoters Fe [149, 253], Mn [94], and Ce [91] were
reported to alleviate the reducibility of the active nickel phase. Ce promoted both activity
and stability of the methanation catalyst [71]. Zhao et al. investigated the impact of Mn on
impregnated Ni/Al2O3 catalysts and found that the addition of Mn has an influence on the type
of NiO species [94]. Recently, Zhao et al. linked the improved activity observed for Mn-doped
Ni/Al2O3 catalysts to the increase of the number of medium basic sites necessary to activate
CO2 [104]. Hwang et al. [150] for the first time used the co-precipitation method to add Fe
and investigated the influence of different precipitation agents on the performance of Ni-Fe-
Al2O3 catalysts. Despite the known activity of Fe in the Fischer-Tropsch reaction [280], CH4
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5.2 Experimental

selectivities higher than 99.4 % at 220 °C and 10 bar (CO2 conversion about 50 %) were found
for all catalysts. However, with 9.6 NL g−1

cat h−1, the feed rate was chosen very low. Furthermore,
other studies are limited to the (incipient) wetness impregnation technique, which results in
maximum Ni loadings of around 20 wt.%, and often do not include detailed information on
catalyst performance after aging, or conclusions on catalyst stability are affected by measuring
gas compositions under thermodynamic equilibrium conditions.

It is widely known that metal doping can greatly modify the textural and electronic properties
of catalysts [297], which can be used to design catalysts with specific characteristics depending
on the requirements. In Chapter 4, the effect of doping Mn to a NiAlOx catalyst (nNi/nAl =
1) onto the catalytic activity using the co-precipitation technique was shown. In addition, Fe
was brought up as a promoter to significantly increase the thermal stability of the NiAlOx

system, and both single effects were linked to detailed characterization data. Catalyst testing
had been carried out at a pressure of 8 bar in the temperature range from 175 to 500 °C using
stoichiometric feed gas composition at 150 NL g−1

cat h−1, and included activity validation after an
aging treatment under harsh, hydrothermal conditions (7 bar, 500 °C, 32 h, p(H2O) = 1.6 bar).

In this chapter, in contrast, it is investigated how the simultaneous doping of Mn and Fe
during co-precipitation influences the catalytic performance of an equimolar NiAlOx catalyst
to introduce a new generation of catalysts featuring significantly improved activity and ther-
mal stability that may meet the requirements for commercialization of the CO2 methanation
process. Increased chances of independent promoter effects of Fe and Mn in bi-doped NiAlOx

catalysts are thereby given by differences in the nature of their working mechanisms proposed
in Chapter 4 (Fe interacting with the metallic Ni particles and Mn with the oxidic phase). In
addition, in contrast to promotion already during co-precipitation, a co-precipitated calcined
NiAlOx catalyst, which is known to feature improved catalytic activity and stability compared
to its Ni/Al2O3 counterpart [133, 147, 203], is subsequently impregnated with Fe(NO3)3 and
Mn(NO3)2. Despite the additional effort in catalyst synthesis, this approach may help to control
the location of the promoters. Variation of the impregnation order may provide some insights
into the importance of phase and promoter distribution on the surface of bi-doped NiAlOx

catalysts. Investigating the interactions of the two promoters may further elucidate their mode
of operation.

5.2 Experimental

5.2.1 Catalyst Synthesis

The catalysts were prepared by co-precipitation at a constant pH of 9 and 30 °C. 1 M solutions of
Ni(NO3)2·6H2O (Merck), Al(NO3)3·9H2O (Merck), Fe(NO3)3·9H2O (Sigma-Aldrich), and
Mn(NO3)2·4H2O (Merck) were mixed to a total volume of 120 mL. The molar ratios were 1
for Ni/Al, 9.5, 7, and 5.5 for Ni/Fe, and 29.5, 9.5, and 5.5 for Ni/Mn, respectively. The purity of
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all chemicals was pro analysis (p.a.). Co-precipitation was carried out in a double-walled stirred
tank reactor with an overall volume of 3 L equipped with a KPG stirrer and two flow breakers.
For pH adjustment before and pH maintenance during co-precipitation, an equimolar mixture
of 1 M Na2CO3 (Sigma-Aldrich, p.a.) and NaOH (Merck, p.a.) was automatically added using
a 1 A (Schott) titrator. 1 L of bi-distilled water was adjusted to pH 9 and heated to 30 °C. The
nitrate salt solution was added with a volume flow of 2.3 mL min−1 using a peristaltic pump
(Metrohm). In the following, the slurry was aged at pH 9 and 30 °C for a duration of 18 h. After
filtration, the filter cake was deeply washed to remove Na+ and NO3

– residues until a pH of
7 had been reached, before the precipitate was dried in air at 80 °C for 18 h. Calcination was
carried out by heating up in flowing synthetic air with a linear heating rate of 5 K min−1 and
holding at 450 °C.

After calcination, a Ni-Al catalyst was modified by incipient wetness impregnation. 1 g of the
calcined catalyst was ground under dropwise addition of 1 mL of solutions of Fe(NO3)3·9H2O
(Sigma-Aldrich, p.a.), Mn(NO3)2·4H2O (Merck, p.a.), or both metal salts. The metal con-
centrations in these solutions had been adjusted to meet ratios of nNi/nMn = 9 and nNi/nFe =
6.5, respectively, in the final catalysts. The as-synthesized catalyst precursors were dried in
air at 80 °C for 18 h, before the single metal impregnated catalysts underwent a subsequent
impregnation step with the other metal salt solution, followed by further drying under the con-
ditions described above. All impregnated catalysts were calcined again following the procedure
described above.

The promoted NiAl catalysts are denoted as “NiPX”, where P indicates the promoter and X its
weight fraction in percent. The catalysts used for or modified by impregnation are denoted with
index i and the impregnation order is indicated by (I) or (II). All catalysts were shaped to pellets
of 1 cm diameter using a Lightpath LP-15 hydraulic laboratory press (pressure 450 N cm−2).
The pellets were ground and sieved to obtain the particle fraction of 150 to 200 µm, which was
used for all further analyses.

5.2.2 Catalyst Characterization

The materials were characterized by static H2 and CO2 chemisorption, N2 physisorption,
in situ X-ray powder diffraction (XRD) analysis, temperature-programmed reduction (TPR),
temperature-programmed desorption of CO2 (CO2-TPD), and inductively coupled plasma-
optical emission spectroscopy (ICP-OES).

5.2.2.1 Elemental Analysis

For the investigation of the composition of the calcined catalysts, elemental analysis was carried
out by ICP-OES on an Agilent 700. Approximately 50 mg of catalyst powder were suspended in
1 M H3PO4 (VWR, p.a.). 50 mg Na2SO3 (SigmaAldrich, p.a.) were added to reduce insoluble
MnO2 formed in acidic media. The suspensions were sonicated for 4 h at 60 °C, filled to an
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overall volume of 50 mL, diluted with bi-distilled water in a ratio of 1 to 10 and filtered using
0.45 µm syringe filters (Pall). Calibration standards were prepared for 1, 10, and 50 mg L−1 of
metal ion concentrations using a 1000 mg L−1 ICP multi-element standard (standard IV, Merck).
Phosphate matrix effects were excluded. ICP data was averaged over five measurements. The
wavelengths tracked for data processing were 230.299 nm (Ni), 396.152 nm (Al), 238.204 nm
(Fe), and 257.610 nm (Mn). Metal signal superimpositions were excluded. In reference exper-
iments without adding Na2SO3, also the Na (568.263 nm) content of the catalyst samples was
checked to exclude Na poisoning of the catalysts.

5.2.2.2 X-ray Powder Diffraction

For in situ XRD studies, the calcined catalyst powders were heated in 5 % H2 in Ar to 480 °C
with a linear heating rate of 2 K min−1 and held there for 8 h. Two XRD patterns were recorded
with 0.017° per step and 50 steps per min, one at room temperature under the specified H2

flow before initiating the heating procedure and one at 480 °C after the reduction had been
completed. Crystallite sizes dC were calculated using the Scherrer equation (cf. Eq. 3.4).

5.2.2.3 Temperature-Programmed Reduction

Temperature-programmed reduction (TPR) studies were carried out on a ChemStar TPx (Quan-
tachrome). The calcined catalyst was heated to 850 °C in 10 % H2 in He with a total flow of
50 mL min−1 and a linear heating rate of 5 K min−1. Catalyst masses were chosen to obtain P
values of about 6 K [218]. H2 consumption was tracked using a thermal conductivity detector
(TCD). Evolving H2O, CO2, and CH4 were removed from the gas stream by a liquid N2 trap
upstream the TCD. The TCD signals were smoothed applying the Lowess method with a span
of 0.1.

5.2.2.4 H2 and CO2 Chemisorption

H2 and CO2 chemisorption experiments were performed using an Autosorb 1 C (Quan-
tachrome). Approximately 100 mg of calcined catalyst were heated up in 5 % H2 in Ar to 500 °C
with a linear heating rate of 2 K min−1 and held there for 5 h. Afterwards, the sample cell was
evacuated for 1 h, cooled down in vacuum and evacuated for another 15 min. The adsorption
isotherm was recorded from 40 to 800 Torr at a temperature of 35 °C. Sorption equilibration
time was 2 min for H2 and 10 min for CO2. The adsorbed gas volume was calculated via the
extrapolation method. For Ni, a dissociative mechanism with one H atom adsorbing per Ni
atom was applied [252]. Fe is known to not adsorb H2 under the chosen conditions [253, 254],
which means that the metal surface area can be set equal to the Ni surface area. H2 adsorption
at a recommended temperature of 200 °C [255], however, resulted in H2 spill-over onto the
Al-containing oxide material. Prior to CO2 chemisorption experiments, it was proved that the
adsorption of CO2 is not kinetically hindered under the chosen conditions.
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5.2.2.5 N2 Physisorption

The specific surface areas of the catalysts were determined by N2 physisorption according to
the BET method on a Quantachrome NOVAtouch. Adsorption and desorption isotherms of the
reduced catalysts (procedure cf. Section 5.2.2.4) were recorded in the p/p0 range from 0.007 to
0.995. For determination of the BET surface area, the p/p0 range from 0.05 to 0.3 was used.
The total pore volume VPore was calculated based on the N2 uptake at p/p0 = 0.995. The mean
pore radius rPore was calculated on the assumption of cylindrical pores based on the total pore
volume and the specific BET surface area (cf. Eq. 3.8).

5.2.2.6 Temperature-Programmed Desorption of CO2

Temperature-programmed desorption of CO2 (CO2-TPD) was carried out in a setup described
elsewhere [141]. 50 mg of catalyst were reduced in situ in 5 % H2 in He at 480 °C for 8 h
(heating rate 2 K min−1) and purged with He for 1 h. After cooling down to 35 °C, CO2 was
adsorbed for 30 min with a flow rate of 50 mL min−1. The catalyst was flushed with He for
30 min to remove weakly adsorbed CO2 species. During the TPD, the catalyst was heated in He
(100 mL min−1) from 35 to 480 °C with a heating rate of 6 K min−1. The CO2 and CO signals
were tracked by a mass spectrometer (Pfeiffer Vacuum, OmniStar). Signal fitting was omitted
due to unknown desorption kinetics.

5.2.3 Experimental Setup and Activity Measurements

25 mg of catalyst with a particle size from 150 to 200 µm were diluted with purified SiC (ESK)
in a mass ratio of 1 to 9 and placed in the isothermal zone of a glass-lined tube reactor with an
inner diameter of 4 mm. The axial position of the bed was fixed by two quartz wool plugs with
a length of 4 mm each. A thermocouple was placed at the end of the catalyst bed to track the
reaction temperature. The setup described in [24] and Section 3.3 was used for catalyst testing.
Gases were supplied by Westfalen with a purity of 5.0. The product gas exiting the pressure
regulators was diluted with Ar in a ratio of 1 to 8. In addition, all tubing was heated to prevent
water condensation. All catalysts were treated following the procedure applying the process
parameters listed in Table 5.1.

After reduction at ambient pressure and a start-up period for 24 h at 250 °C and 7 bar, CO2

conversion was determined stepwise every 25 K in the temperature range between 175 to 500 °C
at 8 bar, denoted as S1. This treatment was followed by an aging period at 500 °C for 32 h
to simulate deactivation in hotspot conditions occurring in industrial fixed bed reactors. In a
second temperature variation cycle S2 the temperature-conversion characteristics were recorded
again to resolve data away from thermodynamic equilibrium, indicating the thermal stability of
the catalyst. Beforehand, heat and mass transfer limitations under the chosen conditions in the
kinetic regime away from thermodynamic equilibrium conditions had been excluded.
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Table 5.1: Variation of process parameters for the determination of catalyst activity and
thermal stability.

Feed H2/CO2/Ar Q / NL g−1
cat h−1 T / °C p / bar t / h

Activation 5/0/95 130 485 1 8
Start-up 4/1/5 150 260 7 24
S1 4/1/5 150 175–500 8 11
Aging 4/1/5 150 500 7 32
S2 4/1/5 150 175–500 8 11

The gas concentrations of CO2, CH4, CO, H2, and H2O were tracked using an online Emerson
MTL-4 process gas analyzer (PGA). Parameters were kept constant for 45 min while online
tracking to ensure steady-state conditions. For data evaluation, 150 data points were averaged
over 150 s. A PerkinElmer gas chromatograph Clarus 500 equipped with two columns and FID
detectors was used for byproduct analysis. Data reliability was confirmed by closed molar C, H,
and O balances (±3 %). Conversion, yields and selectivities were calculated the taking volume
contraction into account (cf. Eq. 3.15). For reasons of comparison, the temperature necessary
for obtaining 50 % CO2 conversion in S1 was interpolated, marked as T50,S1 . By normalizing
it to T50,S1 (NiAl), this may serve as a measure for the relative catalyst activity. Similarly, the
ratios of T50,S2 and T50,S1 describe the relative stabilities of the catalysts.

Normalized activity =
T50,S1(NiAl)

T50,S1(doped cat.)
(5.1)

Normalized stability =

T50,S2 (NiAl)
T50,S1 (NiAl)

T50,S2 (doped cat.)
T50,S1 (doped cat.)

(5.2)

Thermodynamic equilibrium data for CO2, CH4, CO, H2, and H2O were calculated using the
∆G minimization method (cf. Appendix C). Enthalpy and entropy values were calculated by the
Shomate equation (cf. Appendix B).

5.3 Results and Discussion

In this study, the simultaneous effects of Fe and Mn promotion of a co-precipitated NiAlOx

catalyst on catalyst performance in the methanation reaction of CO2 are investigated. Instead of
keeping the Ni content in all catalysts constant, the nNi/nAl ratio is set constant to 1, since the
structures of the precipitate and the oxide after calcination are known to strongly depend on the
nNi/nAl ratio [24, 139, 258]. In addition to adding the dopants already during co-precipitation
and optimizing the promoter loadings, in a further sub-study the promoters are added on the
benchmark NiAlOx by incipient wetness impregnation. Despite the obvious additional effort in

83



5 Simultaneous Activity and Stability Increase of Co-Precipitated Ni-Al CO2 Methanation Catalysts by
Synergistic Effects of Fe and Mn Promoters

catalyst synthesis, this technique may help to control the location of the dopants and contribute
to gain additional information on structure-activity relationships in these bi-doped NiAlOx

catalysts.

5.3.1 Material Characterization

5.3.1.1 Elemental Analysis

The metal loadings and molar metal ratios obtained from ICP-OES are shown in Table 5.2. In
concordance with Chapter 4, high Mn loadings seem to have a repressive effect on the Ni content
of the material, which suggests a competitive incorporation of Ni and Mn into the precipitate.
In contrast, Ni loading is only slightly influenced by adding Fe. The high Ni loadings of the
impregnated samples are artifacts of the second calcination step. It is known that co-precipitated
Ni-Al precursors contain high amounts of H2O, OH– , and CO3

2 – , that might not be completely
removed after calcination at 450 °C [24, 298]. Therefore, their content might be decreased by
the second calcination step.

Table 5.2: Mass fractions and molar metal ratios obtained from ICP-OES.

Mass fraction after calcination / wt.% Molar ratios / -
Sample Ni Al Fe Mn nNi/nAl nNi/nFe nNi/nMn

Co-precipitated catalysts
Ni44 44.3 19.8 - - 1.03 - -
NiFe4Mn1 39.5 17.7 3.9 1.3 1.03 9.7 28.9
NiFe4Mn4 39.9 17.8 4.0 4.2 1.03 9.5 9.0
NiFe3Mn6 35.6 16.0 3.4 6.0 1.02 10.0 5.6
NiFe5Mn1 38.7 17.4 5.3 1.2 1.02 6.9 29.5
NiFe5Mn4 38.1 17.3 5.3 3.8 1.01 6.8 9.4
NiFe5Mn6 36.3 16.6 4.8 6.1 1.01 7.2 5.5
NiFe7Mn1 37.2 16.0 6.5 1.3 1.07 5.4 26.5
NiFe6Mn4 36.9 18.2 6.2 3.5 0.93 5.6 9.8
NiFe6Mn6 34.1 16.8 5.9 5.8 0.93 5.5 5.5

Co-precipitated + impregnated catalysts
Ni45i 45.4 19.1 - - 1.09 - -
Ni58i 58.5 25.6 - - 1.05 - -
NiFe7i 48.4 20.7 7.1 - 1.08 6.5 -
NiMn6i 50.2 21.4 - 5.6 1.08 - 8.4
NiFe7Mn5i 43.8 18.7 6.5 4.6 1.08 6.4 9.0
NiFe6(I)Mn5(II)i 40.0 16.9 6.1 4.3 1.09 6.2 8.7
NiFe6(II)Mn4(I)i 44.3 18.7 7.0 4.9 1.09 6.0 8.5

5.3.1.2 X-ray Powder Diffraction Analysis

The XRD patterns of the co-precipitated catalyst precursors are compared in Figure 5.1. For all
samples, distinct reflexes appear at 2θ = 35.6, 47.7, 62.4, and 73.8°. In addition, the benchmark
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Figure 5.1: XRD patterns of the co-precipitated catalysts before calcination (JCPDS
reference: takovite 15-0087).

Ni44 catalyst precursor causes reflexes at 2θ = 11.6, 23.3, 39.7, and 67.0°, which lose in inten-
sity for the promoted catalysts, indicating a lower degree of crystallinity. The positions of the
reflexes suggest the evolution of a layered double hydroxide (LDH) phase, similar to takovite,
a natural hydrotalcite with a nNi/nAl ratio of 3. LDHs consist of brucite-like hydroxide layers
with the cations being inserted in the octahedral gaps. Charge compensation arising from the
exchange of Ni2+ with Al3+ is supplied by CO3

2 – anions located in the interlayers. In addition,
the interlayers contain loosely bound H2O molecules, which prevent inter-anion repulsion. The
common formula for such precipitates is [Ni1–xAlx(OH)2][(CO3)0.5x·nH2O] [299]. The reflexes
at 2θ = 11.6, 23.4, and 34.4° mark the reflexes of the basal (003), (006), and (009) planes, which,
for Ni44, are in good agreement with takovite (JCPDS: 15-0087). Therefore, it is concluded that
the interlayer distances hardly depend on the replacement of some Ni2+ by Al3+ from 3/1 to
1/1 nNi/nAl stoichiometry. Contraction due to stronger attraction caused by electrostatic forces
might be compensated by space requirements for additional CO3

2 – for charge compensation.
However, the reflex intensity compared to takovite is much smaller, possibly caused by a lower
degree of crystallinity. The diffraction angles of the (003) and (006) planes are proportional,
which indicates that the ordered basal structure is still maintained. In addition, while constant for
all other reflexes, the reflex at 23.3° caused by the basal (006) plane is shifted to lower diffraction
angles, especially for NiFe3Mn6, NiFe6Mn4, NiFe6Mn6, NiFe5Mn4, and NiFe5Mn6, being
more sensitive to Mn loading than to Fe loading. This is consistent with results reported for
Mn-single-doped and Fe-single-doped catalyst systems in Chapter 4, where for Mn loadings
higher than 6 wt.% a shift of the basal reflexes to lower diffraction angles could be observed.
The reflex shifts in Figure 5.1 seem to correlate with the amount of dopant added. Assuming
that Fe3+ and Mnn+ (n = 2, 3) are preferentially placed in the octahedral gaps of brucite layers,
this might indicate that, once a maximum replacement in the brucite layers is reached, Mn might
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Figure 5.2: XRD patterns of the co-precipitated (A) and impregnated (B) calcined catalysts
(JCPDS references: NiO 78-0429, γ-Al2O3 10-0425, NiAl2O4 10-0339).

be incorporated in the interlayer, leading to an increase of the interlayer distance c.

After calcination (cf. Figure 5.2), the diffraction reflexes appear between NiO and γ-Al2O3

(2θ = 37.1, 44.0, 63.8, 76.3, and 80.8°), suggesting the formation of a NiAlOx mixed oxide.
Such metastable mixed oxide structures are discussed to originate from low-temperature calci-
nation of Ni-Al hydrotalcites [258, 263]. The reflexes are supposed to originate from crystalline
NiO containing Al3+ ions, leading to lattice distortion. Besides, Alzamora et al. suggested that
in addition to the NiO phase an amorphous alumina phase is formed, which, on the contrary,
might contain Ni2+ ions [139]. Most noteworthy, no bulk NiAl2O4 spinel phase can be detected
by XRD.

For the co-precipitated samples in Figure 5.2 A, the reflex intensities decrease with increasing
promoter loading, resulting from lower NiO loading (cf. Table 5.2) or reduced crystallinity.
While, upon promotion, no additional reflexes evolve, systematic shifts in reflex positions of
the modified NiO structure to lower diffraction angles with increasing Fe weight fraction can
be observed. This is in contrast to single metal doping (cf. Chapter 4). However, for samples
with high Fe and Mn loadings, especially for NiFe6Mn6, the reflexes at 2θ = 44.0 and 63.8°
return to their original positions. This indicates that a competitive insertion of Mn and Fe into
the modified NiO structure takes place, where insertion of Fe leads to an additional lattice
expansion, whilst the preferentially incorporated Mn does not seem to lead to any additional
lattice distortion. The shift of the reflex at 2θ = 37.1° for catalysts containing high Fe loadings
(NiFe6Mn6, NiFe6Mn4, and NiFe7Mn1) therefore might indicate the evolution of an additional
Fe2O3 phase. Figure 5.2 B illustrates the XRD patterns of the catalysts prepared by impregna-
tion and the benchmark systems, respectively. For the benchmark Ni58i, the diffraction reflexes
of the Al-containing NiO phase are shifted to smaller diffraction angles, indicating a decrease
of the amount of Al3+ being incorporated in the crystalline NiO phase and possibly a higher
amount of amorphous alumina. This trend might be caused by the repeated calcination step.
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Figure 5.3: XRD patterns of in situ reduced co-precipitated (A) and impregnated (B) and
catalyst samples (JCPDS references: Ni 87-0712, NiAl2O4 10-0339, γ-Al2O3 10-0425).

Koschany et al. [24] found similar results when increasing the calcination temperature, with a
distinct evolution of a NiAl2O4 phase at 800 °C. In addition, reflex intensity grows from Ni45i to
Ni58i. Besides a decrease of reflex intensity with decreasing nickel loading, no changes in reflex
shape or position can be found for the catalyst samples prepared by impregnation, suggesting
that the promoter oxide species are present as X-ray amorphous particles on the catalyst surface.

During activation, a crystalline Ni phase is formed, leading to diffraction reflexes at 2θ = 44.3,
51.7, and 76.1°, shown in Figure 5.3. Consequently, the reflexes attributed to the former mixed
oxide NiAlOx phase are shifted to higher diffraction angles towards γ-Al2O3, which is supposed
to be caused by the decreased amount of Ni2+ in the mixed oxide phase. With increasing Fe
loading, the reflexes caused by metallic Ni are systematically shifted towards lower diffraction
angles, indicating lattice distortion due to the formation of a Ni-Fe alloy phase. The extent of
the reflex shift increases with rising Fe fraction. Similar reflex shifts caused by Ni-Fe formation
have been reported in literature [149, 152, 253] and Chapter 4. In contrast, with rising Mn
fraction, the reflex of the former Ni-Al mixed oxide phase is shifted to lower diffraction angles
as compared to the activated benchmark catalyst system. This suggests that Mn is incorporated
into the former mixed oxide phase, replacing Ni2+, or that Mn species undergo a reduction
process during activation of the Ni phase, as proposed for mono-doped co-precipitated NiMnAl
catalyst systems. From XPS and TPR studies it had been deduced that Mn is reduced from
Mn3O4 to MnO during Ni activation (cf. Chapter 4). Comparable results are obtained for
the catalysts prepared by subsequent impregnation. For the single-doped catalysts NiFe7i and
NiMn6i, only the effect corresponding to the respective promoter can be observed. Among the
bi-doped catalysts, prepared by co- and subsequent impregnation, no differences can be found,
in agreement with the similar elemental compositions shown in Table 5.2, which suggests that
during catalyst activation similar processes take place.
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5.3.1.3 Temperature-Programmed Reduction

TPR profiles of the catalysts are illustrated in Figure 5.8. Ni44 and Ni45i feature broad reduction
signals from 350 to 750 °C, which is typical for co-precipitated catalysts due to the strong
interactions of Ni and Al in the mixed oxide phase after calcination [137]. One can distinguish
between a peak centered at around 520 °C, which is supposed to arise from the reduction of
Ni2+ from the Al-containing NiO phase, and a high-temperature peak at around 650 °C, which
may belong to the reduction of the Ni2+ located in the amorphous Al-rich phase. The splitting
into these two Ni2+ species can be observed for all catalysts. In accordance with the findings
from XRD in Figure 5.2 B, Ni2+ in Ni58i seems to be more difficult to reduce than in Ni45i,
which is supposed to be caused by increased NiO-AlOx interactions by the repeated calcination
procedure.

This effect is also observed for all impregnated catalyst samples in Figure 5.8 B. For NiMn6i
and the bi-doped catalysts in Figure 5.8 B, a low-temperature signal at 175 to 320 °C can be
observed, which, in analogy to the co-precipitated mono-doped catalysts, is attributed to the
reduction of Mn3O4 to MnO (cf. Chapter 4). The peak area thereby consistently increases with
rising Mn content in the catalyst samples. In addition, for high Mn loadings (approx. 6 wt.%)
the shoulder at 600 to 700 °C is more distinct. It should be noted that the Ni2+ species that
cause this shoulder are most probably not reduced under reaction conditions (activation at
485 °C for 8 h). This distinct shoulder indicates that MnO decreases the reducibility of Ni2+

in the mixed oxide. This modification might be caused by interactions of Ni2+, Mn2+, and
Al3+ and be the reason for the shifted XRD reflex of the mixed oxide phase remaining after
catalyst activation at 485 °C in Figure 5.3. The reduction of Fe3+ is apparent from shoulders
starting at approx. 300 °C [149]. In addition, the main NiO reduction peak previously centered
at 505 °C in Ni44 is shifted to lower reduction temperatures, the extent increasing with rising
Fe content to a minimum of 460 °C for NiFe7Mn1. This feature might arise from a synergistic
effect of Fe reduction, leading to the formation of a Ni-Fe alloy [253, 300, 301], as observed
in XRD analysis in Figure 5.3. The additional shoulder observed for NiFe6Mn6 at 240 and
360 °C might be caused by the presence of an additional Fe2O3 phase as suggested by XRD in
Figure 5.2 A. The effect of Fe promotion on the TPR profiles of the impregnated catalysts in
Figure 5.8 B is analogous. However, the shift of the main reduction signal to lower temperatures
due to Ni(-Fe) formation is superimposed by a shift to higher temperatures caused by the
repeated calcination step, in accordance with the difference between Ni45i and Ni58i. It is
noteworthy that, despite their difference in the impregnation order, the TPR profiles for the
catalysts NiFe7Mn5i, NiFe6(I)Mn5(II)i, and NiFe6(II)Mn4(I)i are very similar. The estimation
of the degrees of reduction was omitted due to several overlapping (partial) reduction processes
of Ni, Fe, and Mn.
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5.3.1.4 Sorption Properties of the Catalysts

Table 5.3 illustrates the gas sorption properties of the co-precipitated catalysts. The highest Ni
surface area is obtained for the benchmark Ni44 catalyst (21.1 m2 g−1

cat). Upon promotion, the
nickel surface area decreases. NiFe6Mn6 features the lowest nickel surface area (5.5 m2 g−1

cat).
When comparing the Ni surface areas and the Ni dispersions (taking the Ni loading into ac-
count), several effects can be distinguished. First, at low Mn and Fe loadings, the Ni dispersion
is approximately constant at 5 to 7 %, which means that the loss of the Ni surface area is
mainly caused by the decreasing Ni content. At high Fe loadings, Fe clearly has a negative
influence on the H2 surface area, most probably due to the generation of a Ni-Fe alloy (cf.
Figure 5.3), limiting the number of Ni atoms being accessible by H2. Fe is known to adsorb
only insignificant amounts of H2 under the chosen conditions [253, 254]. However, for these
samples, increasing Mn loading (especially for NiFe7Mn1, NiFe6Mn4, and NiFe6Mn6) leads
to a decrease of both the Ni surface area and the Ni dispersion, while the mean crystallite size
dC remains in the range of 3.6 to 3.8 nm. This observation can be linked to the TPR profiles
shown in Figure 5.8 A, where a negative effect of Mn on the reducibility of Ni2+ was found.
The decrease of the Ni surface area at high Mn loadings is in accordance with studies on the

Table 5.3: Characterization data including results from BET as well as H2 and CO2
chemisorption.

Catalyst SNi / DNi / da
C / SBET / VPore / rPore / U(CO2) /

m2 g−1
cat % nm m2 g−1

cat mL g−1
cat nm µmol g−1

cat

Co-precipitated catalysts
Ni44 21.1 7.1 3.4 294 0.68 4.6 172
NiFe4Mn1 16.1 6.1 3.5 284 0.74 5.2 204
NiFe4Mn4 12.9 4.8 3.3 286 0.78 5.5 345
NiFe3Mn6 11.9 5.0 3.5 273 0.77 5.6 221
NiFe5Mn1 17.6 6.8 3.7 286 0.73 5.1 269
NiFe5Mn4 17.8 7.0 3.8 282 0.78 6.3 298
NiFe5Mn6 15.8 6.5 3.8 257 0.81 6.3 327
NiFe7Mn1 11.2 4.5 3.8 269 0.77 5.7 223
NiFe6Mn4 7.6 3.1 3.8 269 0.85 6.4 276
NiFe6Mn6 5.5 2.4 3.6 238 0.94 7.9 322

Co-precipitated + impregnated catalysts
Ni45i 26.8 8.8 3.6 280 0.62 4.5 202
Ni58i 25.6 6.5 3.6 235 0.34 2.9 180
NiFe7i 14.8 4.6 3.8 223 0.48 4.3 194
NiMn6i 23.1 6.9 3.7 233 0.52 4.5 230
NiFe7Mn5i 13.2 4.5 4.0 255 0.62 4.9 226
NiFe6(I)Mn5(II)i 11.4 4.3 4.0 188 0.44 4.7 243
NiFe6(II)Mn4(I)i 13.0 4.4 3.8 228 0.60 5.2 242
a from XRD analyzing the Ni(-Fe) reflex at 2θ = 51.3 to 51.7° using the Scherrer
equation (cf. Eq. 3.4).
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single Mn-doped co-precipitated Ni-Al catalysts (cf. Chapter 4). The mean crystallite sizes
average between 3.4 to 4.0 nm for all catalysts. Since line broadening is evident, the values
should not be over-interpreted, but are in line with literature studies on co-precipitated Ni-Al
catalysts [136, 203]. In addition, it should be noted that line profiling was carried out on the
assumption of only one kind of Ni-Fe species being present. Transmission electron spectroscopy
for crystallite size determination was omitted due to strong ferromagnetic properties of the
reduced and subsequently passivated catalyst samples.

The BET surface areas of the co-precipitated catalysts range from approx. 240 to 290 m2 g−1
cat

and can be correlated to the total promoter loading. Ni44 features the highest BET surface
area (294 m2 g−1

cat). Low promoter loadings (Fe up to 5 wt.%, Mn up to 4 wt.%) hardly affect
the BET surface area, but higher promoter loadings lead to a slight decrease. The lowest BET
surface area is obtained for NiFe6Mn6 (238 m2 g−1

cat). All samples exhibit mesoporous structure.
The high BET surface areas are caused by the release of H2O and CO2 during calcination of
the hydrotalcites [298]. Fe and Mn generally can be incorporated into the hydrotalcite structure
[285], but, as seen from the XRD patterns in Figure 5.1, high Fe and/or Mn loadings seem to
modify the hydrotalcite structure. Besides the reduced content of Ni and Al and the correlated
decrease of structural CO3

2 – and H2O per mass, this modification may be the reason for
the decreased BET surface area for high promoter loadings. In addition, as seen in the XRD
patterns of the oxidized and reduced catalysts in Figure 5.2 and 5.3, both Fe and Mn seem to be
incorporated in the Ni-Al mixed oxide structure after calcination and therefore are part of the
porous system, but undergo (partial) reduction and therefore may be released from the porous
system, leading to pore destabilization and collapse. This is in agreement to an increase of the
pore radii from 4.6 nm for Ni44 with increasing promoter loading to a maximum of 7.9 nm for
NiFe6Mn6, effectively leading to higher total pore volumes (cf. Table 5.3).

Except for NiFe3Mn6, the CO2 uptake increases with rising Mn loading for constant Fe con-
tents. This is in agreement with the impact of doping Mn alone to a co-precipitated NiAlOx cat-
alyst (cf. Chapter 4). Mn seems to enhance the CO2 uptake capacity providing additional basic
adsorption sites for the acidic CO2 molecule [157, 268]. Similar conclusions can be drawn from
the data of the impregnated catalysts. Compared to Ni45i, the Ni surface area, BET surface area,
and the CO2 uptake decrease, which might be an effect of the second calcination treatment. The
additional treatment might lead to phase separation and weaker Ni-Al interactions in the mixed
oxide phase (cf. Figure 5.2), resulting in a decreased Ni dispersion on the reduced catalyst. In
comparison to Ni58i, again Fe doping in NiFe7i decreases the Ni surface area due to Ni-Fe
alloy formation (cf. Figure 5.3 B), while on NiMn6i the Ni surface area is slightly increased. In
contrast, the impregnation procedure leads to reduced BET surface areas. This might be caused
by water contact and the drying process. In accordance with previous results, Mn doping in
NiMn6i rises the CO2 uptake by 28 %, Fe in NiFe7i by 8 %. For the bi-doped impregnated
catalysts, the Ni dispersion stays constant around 4.4 %. The approximately 1.5 m2 g−1

cat lower Ni
surface area of NiFe6(I)Mn5(II)i therefore seems to be an artifact from the comparatively lower
Ni metal loading in NiFe6(I)Mn5(II)i shown in Table 5.2. For the co-impregnated NiFe7Mn5i
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catalyst, a BET surface area of 255 m2 g−1
cat is achieved, while the sequentially impregnated

samples feature a further decrease of the BET surface area. Interestingly, the CO2 uptakes of the
sequentially impregnated systems are similar, while for the co-impregnated sample it decreases
by 11 %. However, it is still 26 % higher than the CO2 uptake of the benchmark Ni58i.

Potential differences in CO2 binding strengths are evaluated by CO2-TPD. The patterns are
illustrated in Figure 5.9 and discussed in Section 5.5.2. In summary, three basic observations
from the CO2-TPD patterns can be made: first, both Fe and Mn lead to a decrease of the binding
energies of CO2 in monodentate carbonate. The effect of Fe on the basic site density of the
oxide material suggests that Fe3+ is not reduced quantitatively. Second, at low Fe loadings
in NiFe4Mn1, NiFe4Mn4, and NiFe3Mn6, rising Mn loading leads to a further decrease of
those binding energies. Third, at moderate and high Fe loadings, increasing Mn loading majorly
leads to an increase of the basic site density, especially for weak and medium basic sites. The
binding strengths of CO2 on the basic sites of the co-doped NiFe7Mn5i, NiFe6(I)Mn5(II)i, and
NiFe6(II)Mn4(I)i catalysts seem to be very similar, which is in accordance with their almost
identical elemental compositions (cf. Table 5.2).

5.3.2 Tests on Catalyst Performance

5.3.2.1 Activity Tests

The CO2 conversion-temperature characteristics of the co-precipitated bi-doped catalysts are
illustrated in Figure 5.4, grouped for approximately constant nNi/nFe ratios in A–C. All catalysts
show improved activity compared to the benchmark Ni44. For low Fe loadings (Figure 5.4 A
and B), increasing Mn loadings enhance the catalytic activity. When comparing Figure 5.4 A–C,
it becomes obvious that Mn loading becomes less significant with increasing Fe loading, mean-
ing that the impact of Mn is more pronounced at low Fe loadings. As a result, rising Mn loadings
hardly influence catalyst activity for a nNi/nFe ratio of approximately 5.5 in Figure 5.4 C. The
increase of catalytic activity by Mn promotion has extensively been discussed in Chapter 4. The
main reason was found to be an increase of the density of medium basic sites for CO2 adsorption
and utilization as well as a reduction of the binding energy of CO2 on these sites. Similar
observations can be made for the bi-doped co-precipitated catalysts, apparent from the CO2

uptake measured by static chemisorption in Table 5.3 and the CO2-TPD patterns (cf. Figure 5.9).

Pan et al. showed that on Ni/Ce0.5Zr0.5 catalysts monodentate formate derived from monoden-
tate carbonate on medium basic sites could be hydrogenated quicker than bidentate formate
derived from bicarbonate [128]. This indicates that the activity of Ni-based catalysts can be
increased by rising their medium basic site density. CO2-TPD suggests an increase of the
number of medium basic sites from NiFe5Mn1 to NiFe5Mn6 and from NiFe7Mn1 to NiFe6Mn6
with rising Mn content, which also follows the trend of their activity. However, it is supposed
that these medium basic sites need to be located close to the Ni centers, which supply H* for
hydrogenation. For high Fe loadings, the hydrogenation properties of the Ni centers might be
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Figure 5.4: CO2 conversion vs. reaction temperature plots for Ni44, NiFe4Mn1,
NiFe4Mn4, and NiFe3Mn6 (A), Ni44, NiFe5Mn1, NiFe5Mn4, and NiFe5Mn6 (B), Ni44,
NiFe7Mn1, NiFe6Mn4, and NiFe6Mn6 (C), Ni58i, NiFe7i, and NiMn6i (D), Ni58i,
NiFe7Mn5i, NiFe6(I)Mn5(II)i, and NiFe6(II)Mn4(I)i (E). Reaction conditions: H2/CO2/Ar =
4/1/5, Q = 150 NL g−1

cat h−1, mcat = 25 mg, p = 8 bar.

modified by Ni-Fe alloy formation, which would explain the diminished effect of Mn at high
Fe loadings (cf. Figure 5.4 C). For low Fe loadings, though, the beneficial effect of Mn doping
on the catalytic activity is clearly observable (cf. Figure 5.4 A). Figure 5.9 A suggests that
NiFe3Mn6 features the lowest density of medium basic sites among NiFe4Mn1, NiFe4Mn4,
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and NiFe3Mn6. However, the CO2 desorption signals are systematically shifted to lower tem-
peratures, which indicates a lower binding energy of CO2 adsorbed on these sites. This suggests
that, besides their density, also the decreased binding energy of CO2 on medium basic sites
might be beneficial for high methanation activity.

At high promoter loadings, a decrease of the catalytic activity is observed. For example, the
characteristic temperature for 50 % CO2 conversion increases from 245 °C for NiFe5Mn4 to
251 °C for NiFe6Mn4. This may be explained by the decreased Ni surface areas (due to reduced
Ni contents, cf. Tables 5.2 and 5.3) and the repressive effect of Mn on the reducibility of
Ni2+ found by TPR in Figure 5.8 A, but also indicates that Fe dominates at high loadings
and therefore represses the promoting effect of Mn. NiFe7Mn1, NiFe6Mn4, and NiFe6Mn6
feature similar catalytic activities, while for Ni5Mn1, Ni5Mn4, and NiFe5Mn6 a beneficial Mn
promoter effect is still evident. This suggests that the effect of Mn cannot be exploited for high
Fe loadings.

The catalytic activities of the Mn- and Fe-impregnated catalysts are depicted in Figure 5.4 D–E.
Figure 5.4 D compares the catalytic activities of the mono-doped catalysts in the temperature
variation cycle before aging (S1). Mn raises the catalytic activity compared to the benchmark
Ni58i, leading to an approximately doubled CO2 conversion up to 260 °C. This is supposed to
be caused by an improved CO2 management on the catalyst surface, obvious from an increased
CO2 uptake capacity shown in Table 5.3, which originates from a higher density of medium
basic sites (cf. Figure 5.9 D and Chapter 4), while, at the same time, the Ni dispersion is
increased by 6 %. The fact that the overall Ni metal surface area is decreased by 10 % indicates
that an improved CO2 management is more significant under the chosen conditions. NiFe7i, in
contrast, features a slightly deteriorated activity.

The effects of Fe- and Mn-doped in impregnated NiAlOx catalysts can be transferred to bi-
doped impregnated catalyst systems. All bi-doped catalysts show an improved activity com-
pared to the benchmark Ni58i (cf. Figure 5.4 E). In addition, catalyst behavior seems to
be strongly dependent on the synthesis procedure. The characteristic temperature value of
50 % CO2 conversion decreases from 254.9 °C for the benchmark Ni58i to 247.7 °C for the
co-impregnated NiFe7Mn5i. Not only the sequentially impregnated catalysts show compar-
atively improved activity, but also the impregnation order seems to have an influence. For
NiFe6(I)Mn5(II)i, 50 % CO2 conversion are obtained at 242.6 °C, while, when impregnating Mn
first, Fe second, another temperature reduction by 5.4 K can be achieved. As stated for the Mn-
doped catalyst sample, CO2 management seems to play a major role in the CO2 methanation
reaction, leading to an increase of catalytic activity. Consequently, NiFe6(II)Mn4(I)i, featuring
a CO2 uptake of 242 µmol g−1

cat, and NiFe6(I)Mn5(II)i (243 µmol g−1
cat) show the highest activity.

However, in CO2 methanation, both CO2 uptake and Ni surface area need to be considered.
Therefore, the fact that, despite the similar CO2 uptake, NiFe6(II)Mn4(I)i shows an improved
activity compared to NiFe6(I)Mn5(II)i may be explained by the decrease of Ni surface area
from 13.0 to 11.4 m2 g−1

cat. In contrast, for NiFe7Mn5i, at a Ni surface area of 13.2 m2 g−1
cat,
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the CO2 uptake seems to become limiting again. According to Figure 5.9, the nature of the
bidentate and monodentate carbonate sites seems to be similar, though. Most noteworthy, all
catalysts show selectivities higher than 99 % towards CH4 formation in the temperature range
from 200 to 400 °C, the major byproduct being C2H6 with a maximum yield of 0.5 % at 30 %
CO2 conversion.

5.3.2.2 Tests on the Thermal Stability of the Impregnated Catalysts

Figure 5.5 displays the temperature-conversion characteristics of the impregnated catalysts
before and after the aging treatment. While the thermal stability of Ni58i (cf. Figure 5.5 A)
is hardly influenced by Mn promotion (cf. Figure 5.5 C), Fe doping (cf. Figure 5.5 B) results in
an enhancement of the thermal stability of the catalyst system. Increase of thermal stability by
Fe promotion and enhancement of catalytic activity by Mn doping, respectively, are consistent
with effects shown in Chapter 4 for Mn- and Fe-doped NiAlOx catalysts prepared by co-
precipitation. For the bi-doped impregnated samples (Figure 5.5 D–F), the thermal stability
compared to the benchmark Ni58i is improved for all samples, indicating the beneficial effect
of Fe. The aging treatment results in a temperature difference of 23.5 K between S1 and S2
for 50 % CO2 conversion for the Ni58i benchmark catalyst, 13.1 K for NiFe7Mn5i, 16.3 K for
NiFe6(I)Mn5(II)i, and 18.4 K for NiFe6(II)Mn4(I)i. This means that the catalytic activity and the
thermal stability of the bi-doped impregnated catalysts behave countervailing. Analysis of the
reasons for the improved temperature stability of these Fe-promoted NiAlOx requires detailed
investigation of used catalyst samples under inert conditions to draw conclusions on the role of
Fe and to derive the structure-activity relationship.

5.3.3 Discussion of the Experimental Data

As illustrated in Figure 5.9 E, the CO2 binding strength on medium basic sites, which are
discussed to be essential in the CO2 methanation reaction [128], are similar for the bi-doped
impregnated catalysts. In addition, the TPR results in Figure 5.8 show the same characteristics.
Therefore, the differences in the catalytic performances observed in Figure 5.4 E may be as-
cribed to distinct locations of the promoters relative to the active Ni sites in dependence of the
preparation procedure.

The Ni-Al mixed oxide, from which, upon catalyst activation, Ni is removed, forming dispersed
Ni particles on the catalyst surface, is the base material for all the impregnated catalysts. By
varying the impregnation order, the location of the dopants related to the Ni particles after
activation might be controlled, assuming that the metal nitrate species are deposited majorly in
the pores on the surface of the calcined Ni-Al mixed oxide. When impregnating the NiAlOx

catalyst with Mn(NO3)2 nitrate, during the drying process dispersed Mn(NO3)2 crystals are
formed on the mixed oxide surface. It is supposed that in the subsequent impregnation step with
Fe(NO3)3 preferably Fe(NO3)3 crystallites in vicinity to manganese nitrate crystals are formed,
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Figure 5.5: CO2 conversion vs. reaction temperature plots before and after aging treatment
for Ni58i (A), NiFe7i (B), NiMn6i (C), NiFe7Mn5i (D), NiFe6(I)Mn5(II)i (E), and
NiFe6(II)Mn4(I)i (F). Reaction conditions: H2/CO2/Ar = 4/1/5, Q = 150 NL g−1

cat h−1, mcat =
25 mg, p = 8 bar.

the latter serving as crystal nuclei during the drying process. Consequently, when Ni is removed
from the mixed oxide phase, it first gets in contact with the element deposited first, in this case
Mn, which means that on the activated catalyst Mn species are located next to Ni particles,
while the interactions between Fe and Ni are less pronounced. This is in concordance to the
increased Ni surface area shown in Table 5.3, which indicates that the interactions between Ni
and Fe on the Ni surface are less distinct compared to NiFe7Mn5i and NiFe6(I)Mn5(II)i. CO2

adsorbed on the modified NiMnAlOx phase is in vicinity to H2 adsorbed on Ni particles and
therefore can efficiently react, leading to an enhancement of the methanation rate. As seen for
the Mn-doped catalyst system in Figure 5.4, this leads to an increase of the catalytic activity.
The influence of Fe is low but becomes obvious in a slight increase of the thermal stability of
such catalyst systems.
In contrast, when impregnating with Fe(NO3)3 first, Fe(NO3)3 crystals might serve as nuclei
for the crystallization of Mn(NO3)2. After Ni activation, this may lead to more pronounced
interactions between Ni and Fe, becoming evident in the decreased Ni surface area shown in
Table 5.3. The high CO2 uptake, nevertheless, indicates that a similar NiMnAlOx oxide phase is
formed. However, the adsorbed CO2 might not be fully utilized, since Fe might not supply the
H* atoms necessary for methanation taking place, which leads to a decrease of the methanation
activity of NiFe6(I)Mn5(II)i compared to NiFe6(II)Mn4(I)i. However, the interactions with Fe
result in an increase of the thermal stability. Adding both dopants at the same time in theory
leads to homogeneous mixing and distribution of both elements. It is apparent from Figure 5.5
that for such a system the influence of Fe prevails, while the increase of the catalytic activity
caused by Mn is comparatively low. Also, the CO2 uptake capacity is decreased, maybe due to
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Figure 5.6: Activity vs. stability diagram at 50 % conversion of CO2 for co-precipitated (A)
and impregnated (B) catalyst systems.

the mixing of Fe and Mn in those samples. In addition, again, the potential supply of CO2 might
not be fully exploited since some Fe particles hinder the contact between H* supplied at the Ni
particles and CO2 adsorbed on the Mn-rich phase, leading to a decreased activity compared to
NiFe6(II)Mn4(I)i.

Figure 5.6 comprehensively shows the activity and stability enhancements of the doped cat-
alysts with respect to their NiAlOx benchmark systems. For the co-precipitated samples in
Figure 5.6 A, the activity-stability characteristics are highly dependent on the promoter weight
fraction and on the nMn/nFe ratio. With respect to an increased catalyst activity at enhanced
thermal stability, Fe5Mn4, Fe5Mn1, and Fe6Mn4 perform best. Interestingly, NiFe4Mn4 and
NiFe6Mn6 feature very similar performance, indicating that the nMn/nFe ratio is a more sensi-
tive parameter during synthesis than the total content of Fe and Mn. For those catalyst samples
featuring a higher Mn than Fe loading, no significant improvement, or even a deterioration of
the thermal stability can be observed. Figure 5.6 B illustrates that the catalyst characteristics of
the impregnated catalysts are approximately circularly arranged around the reference catalyst
Ni58i. In this consideration, it must be mentioned that the absolute values in Figure 5.6 A and
B cannot be transferred to each other due to different benchmark catalyst systems. All in all,
the fact that both effects, the increase of activity by Mn promotion and the enhancement of
the thermal stability by doping Fe are no linear combination suggests an intense competition
between Fe and Mn, and that both promoters act at similar locations in vicinity to the active Ni
sites. Since Mn clearly interacts with the oxide matrix, while Fe seems to modify the metallic
Ni particles, it is supposed that both dopants act on the interface of the Ni particles and the
oxide matrix. Ni-Fe alloy formation leads to an improvement of catalyst stability under reaction
conditions, while Mn increases the density of medium basic sites and thereby the amount of
CO2 being supplied for hydrogenation as well as the binding energy of CO2 on these sites,
resulting in an enhancement of the methanation activity. Besides CO2 supply, however, an
electronic effect of Mn oxide species on the closely located Ni sites cannot be excluded. It is
therefore hypothesized that methanation preferentially takes places at potent perimeter sites.
The proposed elemental distribution of Ni, Fe, Mn, and Al after reduction is illustrated in
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Figure 5.7: Proposed schematic elemental distributions of Ni, Fe, and Mn on a bi-doped
co-precipitated NiAlOx catalyst after reduction, background: Ni-containing aluminum oxide
phase.

Figure 5.7.

Despite the additional effort in catalyst preparation, two advantages of impregnating NiAlOx

catalysts were found. First, NiMn6i features a slightly improved activity compared to the co-
precipitated NiMnAlOx catalyst (cf. Chapter 4), which might be caused by a better utilization of
Mn that is selectively doped on the surface of the mixed oxide catalyst rather than its unselective
distribution within the oxide matrix for the co-precipitated catalyst. Second, in contrast to co-
precipitated catalysts, for which the activity-stability performance is dictated by the elemental
composition of the catalysts, the activity and stability behavior for a constant nNi/nFe/nMn/nAl
ratio can be adjusted when doping a NiAlOx catalyst via impregnation.

5.4 Conclusion

By co-doping Fe and Mn onto an equimolar co-precipitated NiAlOx benchmark catalyst, cat-
alysts that feature increased activity in CO2 methanation, due to the effect of Mn, and, at the
same time, an enhanced stability under reaction conditions, caused by Fe promotion, can be
synthesized. The best performance was found for nickel-to-promoter ratios of nNi/nMn = 9.5
and nNi/nFe = 7. The enhanced activity by Mn promotion is attributed to an increase of the
density of medium basic sites and the reduction of the CO2 binding energy on those sites,
while the improved stability is assigned to the formation of Ni-Fe alloy particles at high Fe
loadings. While for co-precipitation the activity-stability performance is highly dependent on
the molar Fe/Mn and Ni/promoter ratios, the performance at a fixed elemental composition
can be adjusted by varying the impregnation order of Mn and Fe using the incipient wetness
impregnation technique, where the effect of the element deposited first prevails. This can be
used to selectively target a certain catalyst behavior for a fixed elemental composition. From
the interference of stability and activity effects it is concluded that Fe and Mn species compete
for active sites on the reduced catalyst. Since Mn interacts with the oxide phase, while Fe is
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contacted to the metallic Ni particles, it is supposed that both dopants act at the interface of the
Ni particles and the oxide matrix. Studies resolving structural changes during time on stream
could contribute to gain further insights and to possibly understand the role of the promoters
and promoter interaction.

5.5 Supplementary Material

5.5.1 Temperature-Programmed Reduction
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Figure 5.8: TPR profiles of the co-precipitated (A) and impregnated (B) catalysts and their
benchmark catalysts.

5.5.2 Temperature-Programmed Desorption of CO2

Four different CO2 signals originating from different carbonate species can be distinguished for
the Ni-Al catalyst in Figure 5.9 D: bicarbonate (centered around 90 °C), binding on weak basic
sites, bidentate carbonate (centered around 150 °C), monodentate carbonate (centered around
220 °C), binding on medium strength basic sites, and bridged/organic-like carbonate species,
binding on strong basic sites and featuring a broad high-temperature desorption signal [270].

The CO2-TPD patterns for NiFe4Mn1, NiFe4Mn4, and NiFe3Mn6 are illustrated in Fig-
ure 5.9 A. Compared to the pattern of the Ni-Al catalyst, the peaks attributed to CO2 from
bicarbonate and bidentate carbonate merge. With increasing Mn loading, the signal assigned
to CO2 originating from monodentate carbonate shifts to lower temperature, which indicates a
decrease of the binding strength of CO2 on the medium basic sites with increasing Mn loading.
The high CO2 uptake of NiFe4Mn4, also found by static CO2 chemisorption measurements
(cf. Table 5.3), seems to arise from an increased density of weak basic sites. The TPD patterns of
the catalysts featuring a Fe loading of 5 wt.% are illustrated in Figure 5.9 B. For these catalysts,
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Figure 5.9: TPD profiles: NiFe4Mn1, NiFe4Mn4, NiFe3Mn6 (A), NiFe5Mn1, NiFe5Mn4,
NiFe5Mn6 (B), NiFe7Mn1, NiFe6Mn4, NiFe6Mn6 (C), Ni45i, Ni58i, NiFe7i, NiMn6i (D),
and NiFe7Mn5i, NiFe6(I)Mn5(II)i, NiFe6(II)Mn4(I)i (E).

no peak shifts can be observed, but with rising Mn content an increased density of weak and
medium basic sites is found.

The same observation can be made for NiFe7Mn1, NiFe6Mn4, and NiFe6Mn6 (cf. Fig-
ure 5.9 C). The TPD pattern for the latter also indicates a higher amount of strong basic sites.
Especially the densities of strong and the medium basic sites are negatively affected by the
re-calcination of the Ni-Al catalyst (Ni58i, cf. Figure 5.9 D). No distinct signal arising from
monodentate carbonate can be observed for Ni58i. For NiMn6i and NiFe7i (Figure 5.9 D), the
desorption peaks attributed to CO2 from monodentate carbonate species are shifted to lower
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desorption temperatures, indicating a lower binding strength of CO2 on medium basic sites,
while for NiMn6i additionally a higher basic site density can be observed for all species. The
effects of Fe and Mn are similar to the co-precipitated counterpart catalysts (cf. Chapter 4).

Figure 5.9 E illustrates the TPD patterns of the co-doped catalysts NiFe7Mn5i, NiFe6(I)Mn5(II)i,
and NiFe6(II)Mn4(I)i. These catalysts feature almost identical elemental compositions (cf. Ta-
ble 5.2). It is noteworthy that, besides the high-temperature signal assigned to CO2 from bridged
carbonate species, the CO2 binding strengths on the basic sites on these catalysts seem to be
very similar. No temperature shifts in the desorption signals can be observed.

The high-temperature signal should not be over-interpreted, since at these conditions CO evolu-
tion, probably caused by the oxidation of Ni and Fe, was observed, leading to pressure changes
in the mass spectrometer. Overall, the static CO2 uptakes reported in Table 5.3 correlate well
with the basic site densities found by CO2-TPD.
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6 Targeted Fe-Doping of Ni-Al Catalysts
via the Surface Redox Reaction
Technique for Unravelling its
Promoter Effect in the CO2

Methanation Reaction

This chapter was published in similar form in

T. Burger, H. M. S. Augenstein, F. Hnyk, M. Döblinger, K. Köhler, O. Hinrichsen, "Targeted Fe-Doping

of Ni-Al Catalysts via the Surface Redox Reaction Technique for Unravelling its Promoter Effect in the

CO2 Methanation Reaction", ChemCatChem, 2020, 12, 649–662, DOI 10.1002/cctc.201901331.

Copyright 2019, the authors. Published by Wiley-VCH.

Abstract

In promoted catalyst systems, the location of dopants is of very high interest to investigate
promoter effects. A Ni/Al2O3 catalyst (wNi = 11 wt.%) prepared by deposition-precipitation and
a co-precipitated NiAlOx (nNi/nAl = 1) catalyst are modified with Fe by means of the surface
redox reaction technique and tested for activity under differential and integral conditions and for
thermal stability (aging at 500 °C, 8 bar, 32 h) in the methanation reaction of CO2. By applying
detailed material characterization studies comprising H2 and CO2 chemisorption, ICP-OES,
XRD, STEM-EDX, FMR, and BET, it is shown that the surface deposition techniques can be
used to selectively deposit Fe in the vicinity of Ni nanoparticles. Doping with Fe leads to an
increase of the catalytic activity, attributed to electronic effects through the formation of surface
Ni-Fe alloys, and, for the co-precipitated Ni-Al catalyst, to an enhancement of the apparent
thermal stability at higher Fe loadings, which is assumed to be caused by a dynamic variation
of Ni, Fe, and Al interactions depending on the reaction conditions.
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6.1 Introduction

The CO2 methanation reaction has recently gained interest for its role in the power-to-gas
concept [15]. Synthetic natural gas (SNG) can be stored and distributed in the natural gas grid
and therefore serve as a chemical energy storage to buffer fluctuations as well as regional and
seasonal dependencies of energy supply by renewables. The highly exothermal character of the
CO2 methanation reaction (∆RHo = -165.1 kJ mol−1) leads to a demand for both high catalytic
activity to achieve high CH4 yields at mild operating conditions and high thermal stability to in-
crease catalyst life-time by avoiding excessive catalyst deactivation, e.g. by sintering processes
[40], in industrial fixed-bed application.

Due to its high abundancy and low costs [85] as well as its high selectivity to methane formation
[296], Ni [25, 115, 302–304] is preferred over other active metals like Rh [60], Pd [305], Ru
[55], Pt, or Ir [306]. Fe has been claimed to enhance the activity of Ni-based catalyst systems
by electronic modification of the active Ni centers, forming Ni-Fe alloy particles (cf. [151,
152, 156, 157, 161] and Chapter 4). The effect of Fe on methanation kinetics, however, is
not conclusively clarified yet. In literature, the associative and the dissociative methanation
pathways are controversially discussed [167]. In associative methanation, CO2 adsorbs on the
catalyst surface on basic sites and undergoes hydrogenation at the interface of the Ni particles,
where H* is supplied [128, 163, 164, 304]. Therein, catalyst performance is critical to the
density and distribution of basic sites [128]. In the dissociative mechanism, both H2 and CO2

adsorb dissociatively [80, 166]. In this case, it is generally accepted that C-O bond cleavage is
rate-determining [170, 180, 307]. The reported effects of Fe, however, are manifold. Mebrahtu
et al. showed that the surface basicity can be tuned by varying the Fe loading in NiMgAlOx

catalysts [161]. The Nørskov group showed in a Brønsted-Evans-Polanyi relation approach that
Ni-Fe alloys feature improved C-O dissociation energies, leading to an improved methanation
performance [148, 155]. The computational approach was also transferred to experimental stud-
ies [153] and is in line with the findings for co-precipitated NiFeAlOx catalysts (cf. Chapters
4 and 5) and results from Hwang et al., who also claimed that Fe doping to Ni-Al xerogel
catalysts decreases the metal-support interactions [151]. In addition, beneficial effects of Fe on
the reducibility of NiO (cf. [149] and Chapter 4) and the Ni dispersion [149] were reported.

Besides the positive effect of Fe on the methanation activity, in Chapter 4 an enhancement of
the apparent thermal stability under aging conditions for co-precipitated NiFeAlOx catalysts at
sufficiently high nFe/nNi ratios was proved. However, the reasons for the stability improvement
are not clear yet. When applying conventional catalyst preparation techniques like impregnation
or (co-)precipitation for metal doping, the promoter may be distributed on the catalyst surface or
within the catalyst structure, and the location of the promoter relative to the active metal centers
is usually unknown. In addition, for its redox properties especially true for Fe, the promoter may
be present in different oxidation states (possibly also depending on its location), complicating
conclusive decisions on its effect and the structure-activity relationship. Therefore, this chapter
addresses the investigation of the promoting effect of Fe on Ni-Al catalysts selectively doped
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6.1 Introduction

Ni + 2Fe3+ −−→ Ni2+ + 2Fe2+

3Ni + 2Fe3+ −−→ 3Ni2+ + 2Fe

1

Figure 6.1: Doping of an activated Ni-Al catalyst with Fe by means of the surface redox
reaction method, black: Ni, orange: Fe, green: Fe2+, grey: oxidic Al-rich phase.

at the Ni centers by means of the surface redox reaction (SRR) method to better understand the
effect of Fe on Ni-Al catalysts in the CO2 methanation reaction exclusively on the Ni centers.

The surface redox reaction (SRR) method is a known material preparation procedure [308, 309],
but rather rarely used and has not been applied to Ni-Fe-Al systems in CO2 methanation so far.
It can be applied to selectively replace metal atoms on a material by atoms of a different metal
with a lower reduction potential in an appropriate solvent. In this work, Fe3+ ions dissolved
in EtOH are used to oxidize Ni atoms on an activated Ni-Al catalyst. Figure 6.1 illustrates the
reactions possible on a Ni particle under the chosen conditions. The Fe species are deposited
at the location where the electrons are supplied in the form of Fe0 or Fe2+, or maintain in
solution as Fe2+, while the generated Ni2+ ions go into solution. The synthesis procedure is
very sensitive to the washing process after the surface redox reaction to avoid any formation
of clusters of the oxidizing or oxidized ion species by adsorption from the liquid phase or by
impregnation during the drying process.

A Ni/Al2O3 catalyst prepared by deposition-precipitation and a co-precipitated NiAlOx catalyst
were taken as the template catalysts for the surface redox reaction. Besides the approach of dop-
ing Fe in a selective manner to the Ni nanoparticles, the comparison of the impact of Fe on two
differently synthesized Ni-Al template catalysts that vary in structure and sorption properties
may shine some light on the importance of particle-support interactions and morphology on the
promoter effect of Fe. The Ni loading of the precipitated Ni/Al2O3 catalyst was set to a typical
value of 11 wt.%. For the co-precipitated benchmark catalyst, the nNi/nAl ratio was set to 1
to provide data comparable to Chapter 4. The catalysts are labeled NiYxFeZ, where Y and Z,
respectively, denote the metal loadings, subscript x indicates that the catalyst was derived from
the co-precipitated NiAlOx catalyst.
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6.2 Experimental

6.2.1 Preparation of Template Catalysts

The Ni/Al2O3 template catalyst was prepared by deposition-precipitation. 200 mL of a 0.02 M
aqueous solution of Ni(NO3)2·6H2O (p.a., Merck) and of 1.3 M ammonia were added to
2.0 g Al2O3 (Sasol) in an open 500 mL Erlenmeyer flask with baffles. The suspension was
mixed on a rotary platform shaker (Heidolph) with 150 rpm at room temperature for 48 h. The
suspension was decanted and the solid was washed with DI water two times. After drying
at room temperature for 18 h, the catalyst precursor was calcined at 450 °C for 3 h with a
heating rate of 5 K min−1. For activation, the Ni/Al2O3 template catalyst was heated from room
temperature to 500 °C (at a linear heating rate of 2 K min−1) in 50 % H2 in Ar and held there for
1 h, before switching to a flow of 100 % H2 for another hour.

The NiAlOx template catalyst was prepared by co-precipitation at a constant pH of 9. 120 mL of
1 M aqueous solutions of Ni(NO3)2 ·6H2O (p.a., Merck) and Al(NO3)3 ·9H2O (p.a., Sigma-
Aldrich) were mixed and dropwise added to a 3 L double-walled glass vessel (volumetric flow
rate 2.5 mL min−1) containing 1 L of bi-distilled water stirred at 150 rpm. Two flow breakers
were positioned in the vessel for secondary mixing. The temperature was pre-adjusted to 30 °C
and kept constant during the synthesis by a thermostat, the pH was pre-adjusted to 9 by adding a
0.5 M mixture of 1 M solutions of Na2CO3 (Sigma-Aldrich) and NaOH (Merck). An Alphaline
Titrino Plus (Schott) was used to keep the pH constant at 9 ± 0.1 by adding the precipitation
agent throughout the synthesis. The suspension was aged for 18 h in the mother liquor at pH 9
and 30 °C while further stirring. Afterwards, the suspension was vacuum-filtered and the filter
cake was washed until the conductivity of the filtrate was similar to DI water. The filter cake
was dried at 80 °C for 18 h.

The catalyst was calcined in flowing synthetic air at 450 °C for 6 h with a linear heating rate
of 5 K min−1. The catalyst powder was pelletized with a pressure of 450 N cm−2, ground and
sieved to obtain a particle fraction of 150 to 200 µm. Detrimental effects on the porosity and
the surface area of the catalysts at this pelletizing pressure were experimentally ruled out. The
NiAlOx template catalyst was reduced in H2 at 500 °C for 5 h with a linear heating rate of
2 K min−1.

6.2.2 Doping of the Template Catalysts with Fe

For both template catalysts, three SRR-modified catalysts were synthesized. For doping by
means of the surface redox reaction technique, the activated catalyst was evacuated at 10−6 mbar
at the reduction temperature for 1 h to free the Ni sites from H* species and cooled down to room
temperature at 10−6 mbar. Fe(NO3)3·9H2O (p.a., Merck) was dissolved in degassed and dried
EtOH (p.a., Merck) before the solution was added to the activated catalyst under Ar (purity
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Table 6.1: Catalyst and precursor masses as well as solvent volumes used for the surface
redox reaction.

Catalyst mcat / g m(Fe(NO3)3·9 H2O) / g VEtOH / mL

Precipitated template catalyst Ni/Al2O3
Ni11-EtOH 1.0 - 25
Ni9Fe0.5 0.83 0.13 25
Ni7Fe1 0.83 0.81 25
Ni5Fe2 0.83 1.5 25

Co-precipitated template catalyst NiAlOx
Ni48x-EtOH 1.0 - 20
Ni39xFe4 1.0 3.8 20
Ni36xFe6 1.0 6.1 20
Ni27xFe9 1.0 8.6 20

5.0) atmosphere. The synthesis parameters are listed in Table 6.1. The suspension was stirred
at 300 rpm for 10 min. After filtration under Ar atmosphere, the catalyst was washed five times
with degassed DI water. The catalyst was then vacuum-degassed at room temperature for 1 h, at
80 °C for 1 h and then at 250 °C for another 3 h.

For better comparison, the template catalysts were subjected to the same procedure without Fe
being added, labeled -EtOH. The so modified catalysts Ni11-EtOH and Ni48x-EtOH serve as
benchmark catalysts throughout the studies. Catalyst testing and material characterization was
carried out on the SRR-modified catalysts as well as their benchmark catalysts, respectively. An
impact of EtOH on the physiochemical, morphological, and catalytic properties of the Ni-Al
catalysts has been excluded by blank experiments.

6.2.3 Material Characterization

6.2.3.1 Elemental Analysis

Elemental analysis was carried out via inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) on an Agilent 700. For sample preparation, approximately 50 mg of the
catalyst were dissolved in 50 mL of 1 M H3PO4 by sonication for 2 h at 60 °C. The samples
were cooled down and diluted in a ratio of 1 to 10 with bi-distilled water. The solutions were
filtered using 0.45 µm syringe filters (Pall). The multi-element standard IV (Merck) was used
to prepare metal standard solutions for 1, 10, and 50 ppm metal ion concentrations. Matrix
interactions and metal signal interference were excluded. The wavelengths tracked for quantifi-
cation were 230.299 nm (Ni), 396.152 nm (Al), 238.204 nm (Fe), and 568.263 nm (Na). All data
were averaged over five measurements. The Na signal in all samples was below the detection
limit (corresponding to a Na loading wNa < 10−3 wt.%), meaning that Na poisoning by the
co-precipitation agent can be excluded.
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6.2.3.2 X-ray Powder Diffraction Analysis

Ambient X-ray powder diffraction (XRD) was carried out on a Philips X’pert equipped with
Cu-Kα radiation and a monochromator. The powders were scanned with 0.017 ° step−1 and
83 steps min−1. XRD on reduced and spent catalyst samples was carried out on a STOE Stadi
P diffractometer using Cu-Kα radiation, a Ge(111) monochromator and a Dectris MYTHEN
1K detector. Approximately 5 mg of catalyst was transferred into glass capillaries (outer diam-
eter 0.5 mm) under Ar atmosphere. Diffractograms were taken in the range of 2θ = 5 to 90°
with 0.015 ° step−1 and a stepping rate of 45 steps min−1. The mean particle diameters were
calculated by line profiling (Pseudo Voigt function) using Highscore 3.0d, evaluating the reflex
caused by X-ray diffraction on the (020) plane at 2θ = 51.5 to 51.8° of Ni or (γFe,Ni) crystal-
lites, respectively. Nomenclature for Ni-Fe alloys was taken from Swatzendruber et al. [310].
Estimation of the (γFe,Ni) alloy particle composition was carried out by comparing the cal-
culated cell parameter of the fcc crystal lattice a, determined from the reflection caused by
diffraction at the (020) plane at 2θ = 51.5 to 51.8°, to tabulated values [310]. From the XRD
step-width, the absolute error in the atomar Ni/Fe composition of the (γFe,Ni) crystallites can
be estimated to ±0.7 at.%.

6.2.3.3 Scanning Transmission Electron Microscopy / Energy-Dispersive X-ray
Spectroscopy

To evaluate the relative positions of Fe and Ni on the oxidized SRR-modified catalysts, energy
dispersive X-ray (EDX) spectroscopy in scanning transmission electron microscopy (STEM)
mode was carried out at 300 kV on a FEI Titan Themis microscope equipped with a Super-X
EDX detector. 1 mg of catalyst powder was dispersed in bi-distilled H2O and sonicated for
10 min. After sedimentation of the larger particles, 3 µL of the suspension were dropped onto a
carbon film coated copper grid. The droplet was removed after an adsorption time of 10 s using
filter paper.

6.2.3.4 Temperature-Programmed Reduction

Temperature-programmed reduction (TPR) profiles were recorded by thermal gravimetric ana-
lysis/mass spectrometry (TG-MS) on a NETZSCH ST 409. The parameters were chosen in
accordance with Malet and Caballero [218] and Monti and Baiker [219]. 50 mg of catalyst were
heated in a flow of 60 mL min−1 Ar to 350 °C with a linear heating rate of 5 K min−1. After
cooling down to room temperature, the sample was heated to 850 °C in 5 % H2 in Ar with
a total volumetric flow rate of 70 mL min−1 and a linear heating rate of 5 K min−1. To gather
the TPD patterns, the H2O signal at m/z 18 was evaluated. Data was smoothed using a Loess
filter with a span of 0.03. For determination of the reduction temperatures, the signals were
deconvoluted by Gaussian peak fitting.
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N2 Physisorption

N2 physisorption experiments on activated and spent catalyst samples were carried out at 77 K
samples on a Quantachrome NOVAtouch. For the determination of the BET surface area, the
p/p0 range between 0.05 and 0.3 was taken for evaluation. For the catalysts derived from the
precipitated Ni/Al2O3 catalyst, the total pore volume was taken from the data point at p/p0 =
0.995. For the Al2O3-based catalysts, the pore size distribution was determined applying the
BJH method on the adsorption branch since the samples exhibited type IV isotherms featuring
a H2 hysteresis. The N2 physisorption characteristics of the samples derived from the co-
precipitated template catalyst can be classified into type IV isotherms featuring a H3 hysteresis,
which is a hint for plate-like particles or slit-like pores. Therefore, the conventional theories
on the pore volume and pore sizes determination cannot be applied [221]. For this reason,
reporting of the total pore volumes and the pore size distributions for the NiAlOx-based catalyst
is omitted.

6.2.3.5 H2 and CO2 Chemisorption

H2 and CO2 chemisorption experiments were conducted on an Autosorb 1C (Quantachrome).
For the pre-treatment, the fresh catalysts were activated in H2 at 500 °C for 5 h (linear heating
rate 2 K min−1). Adsorption equilibration time was set 2 min (H2) and 10 min (CO2), respec-
tively. A dissociative adsorption mechanism of H2 on Ni was applied for the calculation of the
specific metal surface area [252]. As generally accepted in literature [253, 254], it was assumed
that under the chosen conditions H2 exclusively adsorbs on Ni and not on Fe. Furthermore, in
preliminary studies it was ensured that the adsorption of CO2 at the chosen conditions was not
kinetically hindered on the samples.

6.2.3.6 Paramagnetic/Ferromagnetic Resonance Spectroscopy

Paramagnetic/ferromagnetic resonance (EPR/FMR) spectra of the activated catalysts were
recorded on a JEOL JES-RE 2X at X-band frequency at temperatures between 113 and 473 K,
a microwave frequency of 9.4 GHz, a microwave power < 0.2 mW, and a modulation fre-
quency of 100 kHz. The microwave frequency was measured with a microwave frequency
counter Advantest R5372. The catalyst samples were transferred into glass capillaries (diameter
0.5 mm) after activation (fresh catalyst samples) without contact to air. The integrated intensity
was determined by double integration of the resonance signals of a weighed catalyst sample
calibrated to a known standard (Mn2+/MgO). Conclusions on FMR data of the aged catalyst
samples are difficult to interpret due to factors like particle size and shape [287] (owed to
possibly different susceptibilities to sintering), possible adsorbates on the catalyst surface [290]
as well as modified particle-support interactions [289] during aging, influencing ferromagnetic
characteristics like magnetic intensity and anisotropy.
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6.2.3.7 Temperature-Programmed Desorption of CO2

CO2-TPD was carried out in a setup described elsewhere [134]. 50 mg of catalyst powder was
reduced at 480 °C in 5 % H2 in He for 5 h (linear heating rate 2 K min−1). After purging with
He for 1 h, the catalyst bed was cooled down to 35 °C in He. The catalyst was treated with CO2

for 30 min at 35 °C, before weakly adsorbed CO2 was removed by purging with He for 30 min.
The TPD was carried out from 35 °C to 480 °C with a linear heating rate of 6 K min−1 using
He (Westfalen, 6.0) carrier gas (100 mL min−1). Due to unknown adsorption and desorption
kinetics, fitting of the CO2 desorption signal was omitted.

6.2.4 Catalyst Testing Procedure

Catalyst testing was carried out in a setup described in [24] and Section 3.3. 50 mg of catalyst
in the particle size fraction from 150 to 200 µm were thoroughly mixed with 450 mg purified
SiC (ESK) and placed in the isothermal zone of a 4 mm diameter glass-lined tube reactor. The
absence of heat and mass transfer limitations for this specific particle size range under the
chosen conditions had been excluded beforehand, both experimentally and by evaluating heat
and mass transport criteria (cf. Appendix A) [24, 311–313]. The axial position of the catalyst bed
was fixed by 4 mm quartz wool plugs. To track bed temperature during reaction, a thermocouple
was placed at the end of the diluted catalyst bed. The catalysts were activated in situ in H2 (Q =
60 NL g−1

cat h−1) by heating to 500 °C with a linear heating rate of 2 K min−1 and holding this
temperature for 5 h. Initially, the catalyst was subjected to methanation conditions at 8 bar and
250 °C at 150 NL g−1

cat h−1 (H2/CO2/Ar = 4/1/5) for 2 h. After this start-up phase, the temperature
was varied stepwise from 175 to 500 °C at 8 bar to resolve data on the activity of the catalyst
in the form of its CO2 conversion vs. temperature characteristics (labeled S1). In the following,
the catalyst was subjected to an aging treatment at 500 °C and 8 bar for a duration of 32 h.
After this artificial aging treatment, a second temperature variation cycle (S2) was carried out
in order to resolve data indicating the apparent thermal stability of the catalyst under reaction
conditions. The temperature program is shown in Figure 6.10. Data accuracy was checked in
replicate experiments. To provide a clean surface prior the characterization of spent samples,
the catalyst bed was heated up to 350 °C in Ar (Q = 60 NL g−1

cat h−1) and held there for 1 h.
Furthermore, after cool-down, the sample was removed from the setup under inert atmosphere
and vacuum-degassed at 350 °C for 1 h.

The activation energies for CH4 formation before and after aging were determined under
differential conditions with the CO2 conversion ranging from 2 to 10 % by evaluating the
slope of the logarithmic CH4 formation rate plotted against 1/T . In advance, it was checked
that the reaction orders of H2 and CO2 do not change in this regime. Experimental errors
were calculated by Gaussian error propagation. The calculated and reported errors were higher
than the errors observed in replicate experiments. The purity of all gases (Westfalen) was
5.0. The gas flow exiting the backpressure regulator was diluted with Ar in a ratio of 1 to 8.
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6.3 Results and Discussion

All tubing was heated to prevent water from condensation. An Emerson MTL-4 gas process
analyzer was used for online tracking of the molar gas composition (CO2, CO, H2O, CH4, and
H2). For each measurement point, the parameters were kept constant for 45 min. Steady-state
conditions were reached after 20 min. The actual product gas composition was averaged over
150 s (300 data points). Byproduct analysis was performed on a PerkinElmer Clarus 580 gas
chromatograph equipped with two columns and FID detectors. C, H, and O balances were
closed by ±3 wt.%. Conversions X and yields Y were calculated according to Eqs. 6.1 to
6.3, taking volume contraction into account according to Eq. 6.4 (derived from Section 3.3
on the basis of CO2). Yields of the hydrocarbon byproducts were calculated from the FID
response corrected by the sensitivity factors [238]. Selectivities were calculated according to
Eq. 6.5. Enthalpy and entropy data for the calculation of equilibrium data were determined
from the Shomate equation (cf. Appendix B) The calculation itself was carried out by the ∆G
minimization method (cf. Appendix C).

X(j) =
ṅin (j) – ṅout(j)

ṅin (j)
=

xPGA,in (j) ·
(
V̇in + V̇dil

)
– xPGA,out (j) ·

(
V̇out + V̇dil

)
xPGA,in (j) ·

(
V̇in + V̇dil

) , j = CO2,H2

(6.1)

Y (i) =
xPGA,out (i) ·

(
V̇out + V̇dil

)
xPGA,in(CO2) ·

(
V̇in + V̇dil

) , i = CH4,CO (6.2)

Y(H2O) = 2 · xPGA,out (H2O) ·
(
V̇out + V̇dil

)
xPGA,in (H2) ·

(
V̇in + V̇dil

) (6.3)

V̇out =
V̇in ·

(
1 – 2 · xPGA,in (CO2)

)
+ 2 · V̇dil ·

(
xPGA,out (CO2) – xPGA,in (CO2)

)
1 – 2 · xPGA,out (CO2)

(6.4)

S(k) =
Y(k)

X(CO2)
,k = CxHy,CO (6.5)

6.3 Results and Discussion

6.3.1 Evaluation of Fe Deposition During the Surface Redox Reaction

The metal loadings and the molar element ratios of the catalysts prepared from the template
catalysts are listed in Table 6.2. For all SRR-modified catalysts, the amount of the Fe precursor
substance Fe(NO3)3·9 H2O used during synthesis (cf. Table 6.1) correlates well with the Fe
loading on the catalyst. At the same time, a decrease of the Ni loading is observed, owed to
the exchange of Ni with Fe. The catalysts originating from the co-precipitated NiAlOx catalyst
feature nNi/nFe ratios of 9.3, 5.7, and 3.0, respectively, making them comparable to the co-
precipitated NiFeAlOx catalysts prepared in Chapter 4.

The exchange ratio ∆NFe/∆NNi describes the number of Fe atoms that are deposited on the
catalyst per removed Ni atom. As depicted in Figure 6.1, two competing reaction mechanisms
need to be considered: Fe3+ may either be reduced to Fe0 (∆NFe/∆NNi = 2/3), which is deposited
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Table 6.2: Metal loadings and elemental ratios determined by ICP-OES.

Catalyst wNi / wFe / nFe/nNi / nNi/nAl / nFe/nAl / ∆NFe/∆NNi /
wt.% wt.% - - - -

Precipitated template catalyst Ni/Al2O3
Ni11-EtOH 11.0 - - 0.114 - -
Ni9Fe0.5 8.7 0.5 17.2 0.095 0.006 0.31
Ni7Fe1 6.6 1.0 6.0 0.073 0.012 0.31
Ni5Fe2 5.3 1.8 2.8 0.054 0.019 0.32

Co-precipitated template catalyst NiAlOx
Ni48x-EtOH 48.1 - - 1.04 - -
Ni39xFe4 38.7 3.6 10.3 0.84 0.08 0.39
Ni36xFe6 36.4 6.1 5.7 0.74 0.13 0.42
Ni27xFe9 27.5 8.6 3.0 0.58 0.19 0.41

on top or the perimeter of the Ni particle, or to Fe2+, which may either be deposited on perimeter
sites (∆NFe/∆NNi = 2), or stay in solution.

The second pathway seems to be the prominent one in this approach, since, for all catalysts,
∆NFe/∆NNi is lower than the expected minimum value of 2/3. This also indicates that a consid-
erate amount of Fe3+ is reduced to Fe2+, remaining in solution rather than being deposited on
the surface. In agreement, the presence of Fe2+ in the solution was experimentally qualitatively
proved by Turnbull’s blue formation after adding [Fe(CN)6]3 – (Merck, p.a.). The molar amount
of Al in the samples stayed constant in all catalysts, no Al3+ leaching in EtOH could be observed
by ICP-OES. Suspending the samples in H2O, in contrast, led to significant leaching of Al3+

as well as γ-AlO(OH) formation (proved by XRD, not shown) for experiment times exceeding
24 h, which is consistent to processes occurring during hydrothermal treatments, however, re-
ported in literature [248]. Therefore, the washing times after the SRR treatment in H2O were
kept as short as 2 min. Washing the catalysts five times in fresh degassed water, however, proved
to be crucial to wash away redundant Fen+ (n = 2, 3) and Ni2+ species from the liquid phase,
and to re-dissolve clusters nucleated on the Al-containing oxide surface. The Fe and Ni contents
in the fifth washing filtrate were checked to be below 0.05 mg g−1

cat by ICP-OES, highlighting
that both the amount of Fe species being adsorbed on the surface and the amount of Ni and
Fe being re-impregnated on the catalyst surface during drying can be neglected. Besides, the
combination of this washing procedure and the degassing at 250 °C ensured that no remaining C
species originating from EtOH remained on the catalyst, as checked by BET and CHN analysis
in pre-studies.

The constant exchange ratios of ∆NFe/∆NNi (0.31 to 0.32) for the catalysts originating from
the precipitated Ni/Al2O3 template catalyst and 0.39 to 0.42 for the ones stemming from the
co-precipitated NiAlOx template catalyst prove that the doping process via the SRR technique
is reproducible. The offset of about 0.1 between the template catalysts may result from the
differences in the Ni particle size (e.g. accessible Ni sites) and morphological properties.
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6.3.2 Scanning Transmission Electron Microscopy /

Energy-Dispersive X-ray Spectroscopy

Due to their strong ferromagnetic character after reduction (cf. also Section 6.3.4), no STEM
images or EDX data of the activated or aged catalyst samples could be collected. The local
atomic distributions of Ni, Fe, and Al in calcined Ni5Fe2, resolved by STEM-EDX, are ex-
emplarily shown in Figure 6.11, local intensity distributions of Ni-Kα , Al-Kα , and Fe-Kα

in Figure 6.2. As expected for a classical supported Ni/Al2O3 catalyst, clear NiO clusters in
the range of 6 nm can be observed. Fe is not statistically distributed on the surface, but rather
located on concentrated spots in close neighborhood to Ni-rich sites (cf. Figure 6.2 A). On
the Fe-rich spots, the Ni signal is reduced (e.g. Figure 6.11, Area 1), which is consistent to the
replacement mechanism proposed in Figure 6.1. As apparent from Figure 6.2 B and Figure 6.12,
on Ni27xFe9, in contrast, Ni and Al are more homogeneously distributed. The central areas
in Figure 6.12 A and 6.12 B feature a very homogeneous distribution of both Al and Ni.
No distinct NiO clusters can be observed, which highlights the different morphologies of a
supported Ni/Al2O3 and a co-precipitated NiAlOx catalyst. Moreover, Figure 6.12 C indicates
that different phases exist, one that is rich in Ni2+ and one that is rich in Al3+ and poor in Ni2+.
Fe, again, seems to be co-localized rather with Ni2+ than with Al3+. Elemental analysis data
(by EDX) of selected spots in Figure 6.2 are shown in Section 6.5.2. Based on the STEM-EDX
observations on the Ni5Fe2 and Ni27xFe9 samples and on the strong correlation of ∆NFe/∆NNi,
one can conclude that the replacement mechanism proposed in Figure 6.1 is valid.

Figure 6.2: HAADF-STEM image and local EDX intensity distribution of Ni-Kα (blue),
Al-Kα (red), and Fe-Kα (green) in the Ni5Fe2 (A) and Ni27xFe9 (B) catalysts in their
calcined (oxidized) state.
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6.3.3 Structural Characterization

The uncalcined NiAlOx template catalyst features a hydrotalcite structure. The structural and
morphological properties of this takovite-like [Ni0.5Al0.5(OH)2][(CO3)0.25·nH2O] material
have been extensively discussed in Chapter 4 and 5 as well as [284].

Figure 6.3 shows the XRD patterns of the calcined Ni-Al catalysts prior to the SRR treatment.
For the calcined Ni/Al2O3, the characteristic γ-Al2O3 reflections appear at 2θ = 37.6, 39.5,
45.9, and 67.0° (JCPDS 10-0475), the NiO reflections at 2θ = 37.3, 43.3, 61.9, 75.4, and 79.4°
(JCPDS 78-4029). The presence of these two crystalline phases in the precipitated catalyst
is typical for a classical supported catalyst, where NiO clusters are dispersed on the Al2O3

support, in accordance with STEM-EDX. In contrast, for the co-precipitated NiAlOx catalyst
the reflections attributed to NiO are shifted towards the respective peaks of γ-Al2O3, which
indicates that Al3+ is incorporated into the NiO crystal lattice, leading to lattice shrinkage (2θ =
36.9, 44.1, 63.9, 76.2, and 81.0°).

Besides the obvious presence of this crystalline NiO-rich phase, Alzamora et al. proposed the
co-existence of a second X-ray amorphous Al-rich Ni-containing alumina-like phase [139],
which is consistent to the previously discussed observations from STEM-EDX in Figure 6.12.
This structure is common to hydrotalcite-derived materials [139, 314] and greatly varies from
the one of the precipitated Ni/Al2O3 catalyst. Noteworthy, no bulk NiAl2O4 spinel phase can
be found by XRD for any of the catalysts.

The XRD patterns of the reduced reference catalysts Ni11-EtOH and Ni48x-EtOH are shown in
Figure 6.4. The characteristic fcc Ni peaks evolve at 2θ = 44.50, 51.85, and 76.38°. From
the Scherrer equation (cf. Eq. 3.4), the Ni crystallite sizes can be estimated to 6.1 nm for
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Figure 6.3: XRD patterns of the Ni/Al2O3 and the NiAlOx catalyst after calcination (NiO
JCPDS 78-4029, γ-Al2O3 JCPDS 10-0475, NiAl2O4 JCPDS 10-0339).
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Figure 6.4: XRD patterns of the Ni11-EtOH reference catalyst as well as the
Ni/Al2O3-derived Fe-doped catalyst samples after activation (A) and the Ni48x-EtOH
reference catalyst as well as the NiAlOx-derived Fe-doped catalyst samples after activation
(B) (Ni ICCD 96-901-3002, γ-Al2O3 JCPDS 10-0475).

Ni/Al2O3-EtOH and 3.4 nm for Ni48x-EtOH. It needs to be mentioned that this low particle
diameter for the co-precipitated catalyst is close to the application limit of the Scherrer equation,
but nevertheless is consistent with particle size distributions obtained by transmission electron
microscopy studies in literature [136, 203].

The catalyst samples are not reduced quantitatively. While the remaining NiO species seem to
be X-ray amorphous or too little to be detected by XRD for Ni11-EtOH in Figure 6.4 A, their
presence in Ni48x-EtOH is still evident from Figure 6.4 B. Albeit the reflections caused by
the NiO-rich mixed oxide shift towards alumina during reduction (cf. Figure 6.4 B, reflections
at 2θ = 36 and 66°), which indicates the partial removal of Ni2+ during catalyst activation,
some Ni2+ remains in this freshly formed crystalline Al3+-rich oxide phase, since its changed
reflection signal still does not meet the reflection positions of γ-Al2O3.

For all Fe-promoted samples, no distinct reflexes caused by Fe species can be observed in the
XRD patterns. However, with increasing Fe loading, for both the catalysts derived from the
Ni/Al2O3 (cf. Figure 6.4 A) and the NiAlOx (cf. Figure 6.4 B) template catalysts, shifts of the
111, 200, and 220 fcc Ni reflexes to lower diffraction angles can be observed. The corresponding
increase of the lattice constant a can be explained by the insertion of Fe atoms into the crystal
lattice of fcc Ni, effectively leading to the formation of (γFe,Ni) alloy particles [253]. The bulk
composition of the alloy particles can be estimated by line profiling and comparison to tabulated
values [310]. From the step width, an absolute error of 0.7 % can be assumed for xFe, detailed
data is given in Table 6.9. While for Ni9Fe0.5 the bulk of the particles only contains 2.5 at.%
Fe, the Fe content stepwise increases to 4 at.% for Ni7Fe1 and 8 at.% for Ni5Fe2. Comparison
to the overall nNi/nFe ratios in the catalyst (cf. Table 6.2) shows that the nNi/nFe ratio in the bulk
alloy particles is significantly higher, which suggests that the majority of Fe atoms is located on
the outer surface in vicinity to or on top of the Ni-rich (γFe,Ni) particles, in the form of a Ni-Fe
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surface alloy or Fe2+, not contributing to the alloy formation in the bulk of the particles.

A similar picture is found for the catalysts derived from the NiAlOx template catalyst. However,
the degree of bulk alloying is significantly higher. For Ni39xFe4, the bulk of the (γFe,Ni)
particles contains 11 at.% Fe, which further increases to 15.5 at.% for Ni36xFe6 and 21 at.% for
Ni27xFe9. The molar Ni/Fe ratios in the particles are much closer to the overall nNi/nFe ratios
listed in Table 6.2. These observations suggest that for the NiAlOx-derived (co-precipitated)
catalysts Ni-Fe alloy formation under reductive conditions (500 °C, H2) seems to be preferred
compared to Ni/Al2O3-derived (precipitated) catalysts, which might be caused by particle size
effects or different stabilization of the particles on the oxidic phases.

6.3.4 Paramagnetic/Ferromagnetic Resonance Spectroscopy

A further indicator for the composition of the metal particles on the reduced catalysts is the
change of the magnetic properties resolved by paramagnetic/ferromagnetic resonance spec-
troscopy (FMR). All activated catalyst samples show spectra, line intensities, and thermomag-
netic behavior typical for ferromagnetic particles, but with varying parameters for the differ-
ent iron contents. These differences in the magnetizations (Irel), ∆Bpp, shift of g values, or
anisotropy of the FMR spectra are described in the literature by variations of the Ni particle size
and interactions with the support or adsorbed molecules [287, 289, 290].

Ni11-EtOH (cf. Figure 6.13 A) features a significantly higher anisotropy (at T = 133 K) of the
FMR spectrum compared to Ni48x-EtOH (cf. Figure 6.14 A). For Ni5Fe2 (cf. Figure 6.13 B),
a severe impact of Fe can be observed. The anisotropy of the FMR spectrum, evident from the
decrease of ∆Bpp (at 133 K, cf. Figure 6.13 C) is significantly reduced, while the magnetization
(Irel) increases. This behavior can be explained by the interference of the ferromagnetic charac-
teristics of Ni and metallic Fe, possibly by Fe atoms located on the surface of Ni particles.

The drastic changes of the ferromagnetic characteristics between the activated Ni48x-EtOH (cf.
Figure 6.13 A) and Ni27xFe9 (cf. Figure 6.14 B) are absolutely analogous to the co-precipitated
Ni-Fe-Al catalyst (cf. Chapter 4) and can only be explained by a substantial ferromagnetic
contribution of metallic Fe and the assumption of the formation of Ni-Fe alloy particles. This is
reflected by the strong increase of all relevant criteria as anisotropy of the FMR spectra and ∆g,
of magnetization (Irel), and ∆Bpp (at 133 K, cf. Figure 6.14 C) for Ni27xFe9 and is reported in
detail in Chapter 4 (and literature cited therein) and in Section 6.5.4.

6.3.5 Catalyst Reducibility

Figure 6.5 A illustrates the TPR profiles for the Ni/Al2O3-derived catalysts, Figure 6.5 B
the ones of the NiAlOx-derived catalysts. For Ni/Al2O3, a broad asymmetric reduction signal
ranging from 360 to 760 °C, caused by two overlapping reduction peaks centered at 520 and
615 °C, respectively, and a shoulder at 780 °C can be observed. The peak at 520 °C can be
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Figure 6.5: TPR profiles of the Ni/Al2O3 template catalyst as well as the Ni/Al2O3-derived
Fe-doped catalyst samples (A) and the NiAlOx template catalyst as well as the
NiAlOx-derived Fe-doped catalyst samples (B).

attributed to the reduction of Ni2+ weakly interacting with γ-Al2O3, while the peak centered at
615 °C is supposed to be caused by the reduction of Ni2+ that more strongly interacts with γ-
Al2O3 [94]. The third, high-temperature peak at 780 °C indicates the presence of Ni2+ possibly
captured in a spinel-like structure [104]. Thereby, the presence of such Ni2+ species seems to be
limited to the catalyst surface, as significant amounts of bulk spinel formation can be excluded
on the basis of XRD shown in Figure 6.3. The NiAlOx template catalyst features three reduction
signals. The small low-temperature signal at T = 150 °C has previously been assigned to Ni3+

in the outer layers of the catalyst structure [253]. In addition, two overlapping high temperature
signals can be observed. The larger reduction signal centered at 585 °C originates from the
reduction of Al3+-containing NiO, while the smaller signal at higher temperature (680 °C) is
caused by the reduction of Ni2+ incorporated in the Al3+-rich oxide phase [137, 315, 316].

For all Fe-doped catalysts, clear signals that can be assigned to the stepwise reduction of Fe3+ to
Fe can be found. This suggests that the SRR-modified catalysts get re-oxidized in the degassing
step by NO3

– , that probably forms the counter ion of Fe2+ species located near the perimeter of
the metal particles, but also indicates the presence of metallic Fe on the catalysts after reduction
at 500 °C. The reduction of Fe3+ on the Fe-promoted Ni/Al2O3-derived catalysts occurs in
the temperature range between 250 to 500 °C. The first peak centered at 330 °C corresponds
to the reduction of Fe3+ to Fe2+, the shoulder at 420 °C marks the reduction of Fe2+ to Fe0.
The reduction signals of Fe are superimposed by the three reduction signals of NiO previously
discussed and increase with rising Fe loading.

Similar observations can be made for the Fe-doped NiAlOx-derived catalysts. The shoulders at
350 and 410 °C can be attributed to the reduction of Fe3+ and Fe2+, respectively. The reduction
peaks, however, are further superimposed by the reduction of Ni2+ from the Ni-rich Ni-Al
mixed oxide, that is shifted to lower temperature with decreasing Ni loading. The decrease
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of the reduction signal from Ni36xFe6 to Ni27xFe9 is caused by the decrease in Ni loading,
superimposing the reduction signal of Fe3+.

6.3.6 Catalyst Sorption Properties

6.3.6.1 N2 Physisorption

The catalysts derived from the precipitated Ni/Al2O3 template catalysts feature type IV N2

adsorption isotherms with H2 hysteresis loops. The BET surface area amounts to 182 m2 g−1
cat

for the Ni11-EtOH reference catalyst. With increasing Fe content, the BET surface area stepwise
increases to a maximum of 198 m2 g−1

cat for Ni5Fe2 (cf. Table 6.3, index 1: before aging).
The pore diameter first stays constant at 7.8 nm, but increases to 8.6 nm for Ni5Fe2. At the
same time, for Ni5Fe2 a slightly increased pore volume (0.43 mL g−1

cat compared to 0.39 to
0.40 mL g−1

cat) is observed. Despite the approach of a mild drying process (cf. Section 6.2.1), this
increase in porosity can be attributed to the rapid evolution of NOx during degassing after the
surface redox reaction inside the pores, which may lead to further pore formation or rupture of
small pores. The amount of NOx released during the degassing step (which is proportional to
the Fe loading) can be correlated to the increase of the BET surface area and the pore volume.

The BET surface areas of the hydrotalcite-derived catalysts are significantly higher. For the
reference Ni48x-EtOH catalyst, a BET surface area of 263 m2 g−1

cat is obtained. For all Fe-
modified catalysts, the BET surface area stays constant at 300 m2 g−1

cat. The lower BET surface
area of Ni48x-EtOH can be explained by the difference in the processes occurring during
the thermal pre-treatments. While the Fe-modified catalyst samples are re-oxidized during
the degassing by NO2 as stated above, Ni48x-EtOH stays in its reduced state. In the second
reduction treatment, Ni48x-EtOH seems to undergo some aging, leading to a decrease of the
specific BET surface area. For the Fe-modified catalysts, in contrast, the mixed oxide phase is
reconstructed during oxidation, and re-reduction leads to a similar BET surface area as obtained
after the first reduction step. In accordance with this hypothesis, the specific BET surface area
of the NiAlOx template catalyst after the first reduction amounts to 300 m2 g−1

cat. This indicates
that (a) Fe does not have an influence on the structural characteristics of the oxidic phase after
catalyst activation and that (b), within the investigated range, the nNi/nAl ratio, which decreases
with increasing Fe loading from Ni48x-EtOH to Ni27xFe9 according to Table 6.2, does not have
a significant impact on the porosity and the characteristics of the oxidic phase after reduction.

In summary, the results from material characterization are in line with the proposed pathway
for the surface redox reaction and support the hypothesis that, after catalyst activation, the Fe
species interact with the Ni particles rather than with the oxidic phase.

6.3.6.2 H2 Chemisorption

The metal surface area determined by H2 chemisorption is set equal to the Ni surface area (cf.
Table 6.3, index 1: before aging), since H2 adsorption on Fe can be neglected under the chosen
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conditions [253, 254]. H2 adsorption at a recommended temperature of 200 °C to account for
exposed Fe atoms [255], moreover, resulted in significant H2 spill-over, making the determina-
tion of the metal surface area impossible. Moreover, CO chemisorption could not be applied,
since the adsorption stoichiometry of CO on Fe is known to be structure-dependent [255, 256]
and therefore a priori unknown.

For Ni11-EtOH, a Ni surface area of 7.7 m2 g−1
cat is found. With increasing Fe loading, the Ni

surface area decreases, reaching a minimum of 2.3 m2 g−1
cat for Ni5Fe2. This trend is consis-

tent with the NiAlOx-derived catalyst samples. The very high Ni surface area of Ni48x-EtOH
(SNi = 42.5 m2 g−1

cat) strongly decreases with the introduction of Fe as a function of Fe loading.
Ni27xFe9 features a Ni surface area of 8.2 m2 g−1

cat. Based on this trend, three major conclusions
can be drawn: first, the samples prepared from the co-precipitated NiAlOx template catalyst
show much higher Ni surface areas compared to the classical supported Ni/Al2O3-based cata-
lysts, which has its reason in the unique characteristics of the hydrotalcite-derived oxide, leading
to the stabilization of small Ni particles even at high Ni loadings [203]. Second, with increasing
Fe loading, also the amount of Fe species exposed on the surface, blocking H2 adsorption sites
on Ni, is likely to increase for each template catalyst. This trend in the H2 adsorption capacity
is a typical feature for Ni-Fe alloy particles [253] and therefore consistent with the presence
of (γFe,Ni) nanoparticles supported by XRD and FMR. Analogous findings were made for co-
precipitated Ni-Fe-Al catalysts for a nNi/nFe ratio > 6 (cf. Chapter 4 and 5). Finally, the effect
of Fe on the Ni surface area is consistent with the assumption that the Fe atoms were deposited
in the neighborhood of the Ni sites during the surface redox reaction.

6.3.6.3 CO2 Chemisorption and Temperature-Programmed Desorption

The surface basicity of the catalyst materials as well as the CO2 binding strength are important
parameters in catalyst development for the activation of CO2. Especially medium basic sites
were proposed to play an important role in CO2 processing under the assumption of an asso-
ciative CO2 methanation pathway via hydrogenation of CO2 adsorbed on the support material
at the particle-support interphase [128]. In this study, the overall CO2 uptake of the catalysts is
determined by static CO2 chemisorption, while the binding strength and basic site distribution is
investigated by CO2-TPD. It should be mentioned that the total CO2 uptake does not completely
match the uptake determined by CO2-TPD, since some of the weakly adsorbed CO2, which is
accounted for in static chemisorption experiments, is already removed during the initial purging
step prior to the TPD. As shown in Table 6.3, the total CO2 uptake for the catalysts derived
from Ni/Al2O3 is approx. 230 µmol g−1

cat, independent from the Fe loading. Since the total CO2

uptake primarily mirrors the CO2 adsorbed basic sites of the oxidic phase, this is a hint that Fe
species do not modify the surface basicity of the Al2O3 support, but rather interact with the Ni
particles in accordance with XRD, FMR, and H2 chemisorption.

Figure 6.6 A illustrates the corresponding temperature-programmed desorption patterns for the
Ni/Al2O3-derived catalysts. Four CO2 desorption signals can be distinguished: CO2 bound to
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Figure 6.6: CO2-TPD patterns of the Ni11-EtOH reference catalyst as well as the
Ni/Al2O3-derived Fe-doped catalyst samples (A) and the Ni48x-EtOH reference catalyst as
well as the NiAlOx-derived Fe-doped catalyst samples (B).

weak basic sites (peak centered at 90°), CO2 bound to medium basic sites as bidentate carbonate
(maximum desorption peak at 150 °C) and monodentate carbonate (desorption peak at 225 °C)
as well as CO2 adsorbed on strong basic sites in the form of “organic-like” carbonates with
the maximum desorption signal at 320 °C (cf. [270]). The disturbed desorption signal at 390 to
410 °C stems from a negative contribution of CO2 oxidizing the surface of the metal particles,
leading to CO formation.

Within the error range, the TPD patterns of the Fe-doped Ni/Al2O3-derived catalysts are very
similar, which is especially true for the distribution of basic sites. The majority of CO2 is bound
as bicarbonate on weak basic sites. With decreasing Ni loading, the density of monodentate
carbonate sites slightly decreases. The formation of these basic sites is known to be promoted
by remaining Ni2+ in the catalyst structure [141]. The declining density of these sites therefore
may go hand in hand with the decrease of Ni2+ remaining unreduced during catalyst activation
with increasing Fe loading due to the surface redox reaction.

The CO2 adsorption characteristics of the NiAlOx-derived catalysts depicted in Figure 6.6 B, in
contrast, differ significantly. For the reference Ni48x-EtOH, the total CO2 uptake is
261 µmol g−1

cat. Rising Fe loading and decreasing Ni loading then result in a decrease of the CO2

uptake, reaching a minimum of 167 µmol g−1
cat for Ni27xFe9. This behavior can be explained

from the CO2 desorption patterns in Figure 6.6 B. For the Ni48x-EtOH reference catalyst, four
distinct CO2 desorption signals can be found. With increasing Fe loading, one can observe a
stepwise decrease of the medium and strong basic sites, while the density of weak basic sites
increases only slightly. As stated above, Ni2+ is known to be responsible for the formation of
medium and strong basic sites on AlOx. With an increasing degree of Ni replacement by the
introduction of Fe during the surface redox reaction, the effective nNi/nAl ratio in the mixed
oxide phase after catalyst activation continuously decreases with rising Fe loading, effectively
leading to a lower density of medium and strong basic sites. The binding strength of CO2 on
those sites, however, seems to be unaffected. The decrease of the total CO2 uptake capacity for
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the hydrotalcite-derived catalysts therefore can be considered as an artifact from the surface
redox reaction and is supposed to be caused by the decreasing nNi/nAl ratio rather than a
detrimental effect of Fe.

6.3.7 Catalyst Performance

The activity for CO2 methanation was determined under integral as well as under differential
conditions. Figure 6.7 illustrates the CO2 conversion vs. temperature characteristics (S1) for the
catalysts derived from the precipitated Ni/Al2O3 (A) and the co-precipitated NiAlOx (B) cata-
lysts. For all catalysts, thermodynamic equilibrium gas composition is achieved at 400 °C. All
catalysts exhibited excellent selectivity towards methane formation (cf. Figure 6.16 and 6.17).
For the Ni/Al2O3-based catalysts, the maximum selectivities to C2H6 (0.4 %), C3H8 (0.1 %),
and CO (2.8 %) were found at approx. 50 % CO2 conversion. Due to their higher activity, for the
catalysts based on NiAlOx, the maximum selectivities (also in the CO2 conversion range from
50 to 60 %) were 0.9 % towards C2H6, 0.2 % towards C3H8 and 2.5 % towards CO, merely
independent from the Fe content of the catalyst.

To compare the activities of the catalysts under integral conditions, the characteristic temper-
ature necessary to obtain a CO2 conversion of 50 % can be evaluated. Based on this consid-
eration, the activity rises in the order Ni11-EtOH (321.7 °C) < Ni9Fe0.5 (320.9 °C) < Ni7Fe1
(317.5 °C) < Ni5Fe2 (311.9 °C). This order is opposed to the trends of both the Ni loading
(cf. Table 6.2) and the Ni surface area (cf. Table 6.3). Moreover, since properties like the CO2

uptake/basic site density and CO2 binding strength as well as the characteristics of the Al2O3

support stay constant, this trend can only be explained by the effect of the Fe promoter on
the active sites during CO2 methanation in accordance with the theory of (γFe,Ni) nanoparticle
formation. Fe may tune the C-O dissociation ability of the active sites, as found in computational
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Figure 6.7: CO2 conversion vs. temperature plots for the Ni11-EtOH reference catalyst as
well as the Ni/Al2O3-derived Fe-doped catalyst samples (A) and for the Ni48x-EtOH
reference catalyst as well as the NiAlOx-derived Fe-doped catalyst samples (B).
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analyses based on a Brønsted-Evans-Polanyi approach on the most active nanoparticle step
sites by Andersson et al. for CO methanation [148, 154] and CO2 methanation [154]. Thereby,
it is assumed, in agreement to the general opinion in literature, that the cleavage of the C-
O bond (hydrogen-assisted or via direct C-O dissociation) is the rate-determining step in the
methanation reaction [24, 148, 154, 180]. Their investigations are limited to the assumption of
a constant bulk composition of the nanoparticles, which, however, may undergo changes under
aging conditions.

Interestingly, the behavior under differential conditions suggests a different trend. As shown in
Table 6.3, the apparent activation energy increases with rising Fe loading from 72.5 kJ mol−1

for Ni11-EtOH to 76.9 kJ mol−1 for Ni7Fe1 and 84.0 kJ mol−1 for Ni5Fe2, which is a clear
indicator for the modification of the active sites by the introduction of Fe. The unexpected
coupling of a rising activity despite an increasing apparent activation energy can be explained by
a distinct compensation effect [317]. The increase in the apparent activation energy can thereby
be caused by an increase of the change of the entropy of the transition complex according to
Eyring’s theory [318, 319], or, more likely, by the simultaneous occurrence of CO2 methanation
on surface centers that involve different activation energies. In the latter case, the determination
of the activation energy based on the Arrhenius equation would then yield an average activation
energy over all active sites.

The catalytic activities of the NiAlOx derived catalysts can be explained in a similar manner.
The activity under integral conditions rises in the order Ni27xFe9 (273.5 °C) < Ni48x-EtOH
(265.9 °C) < Ni39xFe4 (262.8 °C) < Ni36xFe6 (261.2 °C). For Ni27xFe9, obviously, the ben-
eficial effect of the Fe promoter can no longer compensate the decrease of the Ni surface
area and the CO2 uptake due to the loss of medium basic sites, which are characteristics
that were proved to be essential for high methanation activity over co-precipitated catalysts
[134]. This effectively leads to a decrease of catalyst activity. A picture similar to Ni/Al2O3

can be drawn when evaluating the activity behavior under differential conditions. Here, the
apparent activation energy increases from 75.5 kJ mol−1 for Ni48x-EtOH to 85.6 kJ mol−1 for
Ni36xFe6 and 89.7 kJ mol−1 for Ni27xFe9. It is noteworthy that, compared to the Ni/Al2O3-
derived catalysts, the activation energies of the NiAlOx-derived catalysts for a constant nNi/nFe
molar ratio seem to be systematically increased by approx. 4 kJ mol−1, which might have its
reason in different characteristics of the nanoparticles depending on the synthesis procedure.
Wright et al. [263], for example, showed that in reduced co-precipitated Ni-Al catalysts Al,
possibly in the form of (AlO2)– [265], may be incorporated in the nanoparticles, forming a
paracrystalline Ni phase, which might modify the properties compared to crystalline Ni. At
this point, it should be mentioned that the calculation of TOF values to compare the intrinsic
activities of the catalysts was omitted since the number of active sites could not be determined
(cf. Section 6.3.6.2).
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6.3.8 Stability of the Catalysts under Aging Conditions

To test the stability of the catalysts under harsh methanation conditions at high temperature
and elevated pressure, the catalysts were subjected to an aging treatment in thermodynamic
equilibrium at 500 °C and 8 bar for a duration of 32 h. To evaluate the activity after the aging
treatment and to resolve data on catalyst stability, thereafter the CO2 conversion vs. temperature
characteristics were recorded again (S2).

Figure 6.8 A–D illustrates the CO2 conversion vs. temperature characteristics before and after
the aging treatment for the catalysts derived from the precipitated Ni/Al2O3 catalyst. With
increasing Fe loading, the curve recorded after aging is shifted further to higher temperatures.
The difference between the characteristic temperatures necessary to obtain a CO2 conversion
of 50 % , ∆T (X(CO2) = 50 %), can serve as a measure for the apparent stability of the catalyst.
∆T increases from 18.3 K for Ni11-EtOH to 23 K for Ni9Fe0.5, 25.7 K for Ni7Fe1, and 30.8 K
for Ni7Fe2. The reference catalyst Ni11-EtOH is the most stable one, and the apparent stability
decreases the higher the Fe loading.
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Figure 6.8: CO2 conversion vs. temperature plots for the Ni/Al2O3- (A-D) and
NiAlOx-based (E-G) catalysts before (black squares) and after aging (orange circles).

121



6 Targeted Fe-Doping of Ni-Al Catalysts via the Surface Redox Reaction Technique for Unravelling its
Promoter Effect in the CO2 Methanation Reaction

The material properties after aging are listed in Table 6.3 (index 2: after aging). The CO2

uptakes after aging are in the same order of magnitude and range from 119 µmol g−1
cat for Ni11-

EtOH to 135 µmol g−1
cat for Ni7Fe1. The BET surface areas decrease to approx. 146 m2 g−1

cat for
all catalysts, while the total pore volumes stay approximately constant. The mean pore diameter
increases to 10.9 nm for all catalysts. As shown in Table 6.3, for all Ni/Al2O3-based catalysts,
the Ni surface area decreases significantly during aging. The decrease amounts to 75 % for
Ni11-EtOH and Ni9Fe0.5, 70 % for Ni7Fe1, and 60 % for Ni5Fe2.

At the same time, evaluation of the XRD patterns after reduction reveals that the bulk compo-
sition of the (γFe,Ni) particles is altered during aging, leading to a slightly higher degree of
alloying. For these samples, the molar Ni/Fe ratio in the Ni-Fe alloy after aging is closer to the
total molar nNi/nFe ratio, which is shown in Table 6.2. For Ni9Fe0.5, the alloy contains 4.5 at.%
Fe (previously 2.5 at.%), for Ni7Fe1 6 at.% (previously 4 at.%), while it increases from 8 at.% to
10.5 at.% for Ni5Fe2. The activation energies stay approximately constant; one could, however,
suspect a small decrease at high Fe loadings. By a slightly higher degree of alloying, the surface
concentration of the Fe-modified active sites might decrease (extent increasing with rising Fe
loading), effectively leading to a decrease of the activity after aging, opposite to the trend in
initial activity of the Fe-doped Ni/Al2O3-based catalysts.

The catalysts derived from the precipitated NiAlOx catalysts (cf. Figure 6.8 E-H) feature a
significantly different behavior. The differences of the characteristic temperatures necessary
for 50 % CO2 conversion before and after aging amount to 12.6 K for Ni48x-EtOH, 13.9 K
for Ni39xFe4, 11.0 K for Ni36xFe6, and 4.4 K for Ni27xFe9. Similar to the Ni/Al2O3-based
catalyst, the properties of the oxidic phase, BET surface area (approx. 125 m2 g−1

cat) and the total
CO2 uptake (approx. 125 m2 g−1

cat) decrease to the same values for all catalysts. The loss of Ni
surface area ascribed to sintering can be calculated to 56 % for Ni48x-EtOH. For Ni39xFe4, it
amounts to 56 %, 53 % for Ni36xFe6, and only 24 % for Ni27xFe9. The change in Ni surface
area can be ascribed to two different effects: first, particle sintering may occur, as evident from
the increase of the (γFe,Ni) crystallite size shown in Table 6.3, but also to a redistribution
of the Fe centers on the metal surface, blocking or releasing H2 adsorption sites on Ni. The
bulk composition of the (γFe,Ni) particles undergoes significant changes during aging: for the
Fe-containing NiAlOx-based catalysts, the Ni/Fe ratios within the bulk alloy decrease. XRD
analysis suggests that after the aging treatment the bulk of the (γFe,Ni) alloy particles contains
6.5 at.% Fe in Ni39xFe4 (previously 11 at.%), 9 at.% Fe in Ni36xFe6 (previously 15.5 at.%), and
11 at.% Fe in Ni27xFe9 (previously 21 at.%), which can be interpreted as partial de-alloying of
the metal particles [320].

To confirm the effect of the aging treatment on the composition of the metal particles, FMR was
exemplarily carried out on the aged Ni27xFe9 catalyst. The aging procedure led to clear changes
in the ferromagnetic characteristics, reflected in particular by a strong decrease in anisotropy
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(∆Bpp) and ∆g of the main component, while a remaining background indicates residual Ni-
Fe alloyed particles. The ferromagnetic contribution of iron is clearly reduced indicating de-
alloying and possibly partial oxidation of Fe. Due to the complex interactions of metal particle
sintering (cf. Table 6.3), particle composition, as well as possible changes of metal particle shape
and particle stabilization effects on the oxidic phase over aging, however, conclusive statements
or interpretations are not possible at the current state.

In accordance with the change in the alloy bulk composition over aging, differences in the ap-
parent activation energies can be observed. While the apparent activation energy is constant for
Ni48x-EtOH and Ni39xFe4, where the influence of Fe, in line with studies using co-precipitated
Ni-Fe-Al catalysts (cf. Chapter 4), might be too low, it increases by 4.1 kJ mol−1 for Ni36xFe6
and 7.4 kJ mol−1 for Ni27xFe9 over the aging treatment. These drastic changes once more
indicate the presence of a compensation effect, caused by the change in the concentrations
of exposed Fe sites due to dynamic variation of the (γFe,Ni) bulk composition under aging
conditions. At the same time, the segregation process may lead to (a) the generation of new
active sites and (b) a decrease in the sintering rate of the Ni sites, resulting in an improved
apparent catalyst stability. A decisive statement on the exact composition of the active sites and
the role of possible Fe2+ formation [320] during the segregation process, however, cannot be
made.

Detailed time-resolved studies on catalyst activity as a function of aging time, coupled with
detailed material characterization under inert conditions to further resolve structure-activity
relationships are carried out in Chapter 7. With respect to this, it should be noted that the
selectivities towards CH4 or any of the by-products remained merely unchanged over aging,
which is an indicator that no isolated Fe clusters on the catalyst surface were formed caused by
the (partial) segregation of Ni-Fe during aging (cf. Figure 6.17).

6.3.9 Effect of Catalyst Aging on (γFe,Ni) Nanoparticle Composition

and Fe Surface Enrichment on the Catalytic Activity

It can be concluded that, depending on the nature of the oxidic phase, the composition of
the (γFe,Ni) nanoparticles can undergo changes under harsh methanation conditions. These
modifications influence the nature and the number of active sites, leading to (a) differences in
catalyst activity and (b) changes of the (apparent) stability under methanation conditions. Within
the investigated nNi/nFe range, a high surface concentration of exposed Fe atoms, either for the
freshly activated catalyst or by (partial) segregation of a Ni-Fe alloy, leads to an enhancement
of the catalytic activity of the material. This increase in activity is accompanied by an increase
in the apparent activation energy, caused by the modification of the active sites.

In fact, for each state, a relation between the apparent activation energy and the bulk (γFe,Ni)
nanoparticle composition can be found, which is depicted in Figure 6.9. With increasing Fe
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Figure 6.9: Trend of the apparent activation energy with (γFe,Ni) bulk composition.
Dashed lines are a guide to the eye.

content in (γFe,Ni), the apparent activation energy rises for both the Ni/Al2O3- and the NiAlOx-
based catalysts. The (partial) segregation of the Ni-Fe particles during aging of the NiAlOx-
based catalysts leads to an increase of Fe sites on the surface and consequently to an increase
of the apparent activation energy.

6.4 Conclusion

The surface redox reaction was successfully applied to selectively dope metallic Ni centers with
Fe on a classical supported Ni/Al2O3 catalyst prepared by deposition-precipitation and a co-
precipitated NiAlOx catalyst. Activity and (apparent) catalyst stability were found to strongly
depend on the surface concentration of Fe species on alloyed (γFe,Ni) nanoparticles formed
after catalyst activation.

For the Ni/Al2O3-derived catalysts, an increase of the catalytic activity with increasing Fe
loading was found, but aging revealed a decrease of the (apparent) stability under methanation
conditions, possibly caused by a slightly deeper degree of alloying after aging. For the NiAlOx-
derived catalysts, in contrast, a substantial enhancement of the apparent thermal stability upon
an aging treatment with increasing Fe loading was found, linked to the (partial) segregation of
the previously alloyed Ni-Fe particles. For all catalysts containing Fe in considerate amounts
(nNi/nFe approx. 6), a distinct compensation effect regarding the apparent activation energy was
observed, strongly dependent on the surface concentration of Fe and most likely caused by the
simultaneous occurrence of the methanation reactions over different active sites.

Further studies will focus on the time resolution of the deactivation behavior and modification
of the aging conditions to decouple sintering and de-alloying effects. Material characterization
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studies under inert conditions at different states of deactivation may contribute to further eluci-
date the structure of the active sites on the (partly) deactivated Fe-promoted NiAlOx catalysts.
Besides the surface redox reaction technique, also organometallic approaches may allow to draw
a comprehensive picture of the deactivation behavior of Fe-promoted Ni-Al catalysts.

6.5 Supplementary Material

6.5.1 Experimental Setup, Activity, and Stability Measurements
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Figure 6.10: Temperature program for catalyst reduction and testing.

Conditions:

• Activation: Q = 60 NL g−1
cat h−1, H2, t = 5 h, 5 K min−1

• Start-up phase: Q = 150 NL g−1
cat h−1, Ar/H2/CO2 = 5/4/1, p = 8 bar

• S1: Q = 150 NL g−1
cat h−1, Ar/H2/CO2 = 5/4/1, p = 8 bar

• Aging: Q = 150 NL g−1
cat h−1, Ar/H2/CO2 = 5/4/1, p = 8 bar

• S2: Q = 150 NL g−1
cat h−1, Ar/H2/CO2 = 5/4/1, p = 8 bar

• Purging: Q = 60 NL g−1
cat h−1, Ar, t = 1 h, p = 1 bar
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6.5.2 Scanning Transmission Electron Microscopy /

Energy-Dispersive X-ray Analysis

Figure 6.11: STEM-EDX images of Ni5Fe2 catalyst: HAADF image, atomic distributions
of Al (red), Ni (blue), and Fe (green).

Table 6.4: Fractions determined by EDX from STEM images for Figure 6.11 A.

Catalyst Atomic fraction / Atomic error / Mass fraction / Mass error / Fit error /
% % % % %

Area 1
O 61.40 7.44 46.77 3.43 0.44
Al 31.59 7.32 35.57 7.49 0.67
Ni 5.81 1.05 14.80 2.25 0.24
Fe 1.21 0.22 2.86 0.43 0.50

Area 2
O 60.40 6.81 43.44 2.99 1.17
Al 28.63 6.51 30.44 6.36 0.84
Ni 19.41 1.64 22.63 3.40 1.22
Fe 1.56 0.28 3.49 0.55 5.24
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Table 6.5: Fractions determined by EDX from STEM images for Figure 6.11 B.

Catalyst Atomic fraction / Atomic error / Mass fraction / Mass error / Fit error /
% % % % %

Area 1
O 69.83 8.23 58.74 4.37 2.43
Al 27.30 6.30 33.79 7.17 3.17
Ni 1.43 0.44 4.00 1.17 24.98
Fe 1.44 0.43 3.74 1.06 23.99

Area 2
O 66.51 7.71 53.47 3.83 1.47
Al 28.89 6.61 34.33 7.21 1.45
Ni 3.74 0.69 10.05 1.61 5.52
Fe 0.86 0.22 2.14 0.52 19.29

Area 3
O 62.69 8.89 51.89 4.52 0.85
Al 35.66 8.68 43.64 9.43 1.37
Ni 1.18 0.24 3.27 0.56 6.41
Fe 0.47 0.11 1.20 0.25 13.94

Table 6.6: Fractions determined by EDX from STEM images for Figure 6.11 C.

Catalyst Atomic fraction / Atomic error / Mass fraction / Mass error / Fit error /
% % % % %

Area 1
O 65.77 8.08 53.37 4.05 1.57
Al 30.49 71.0 36.58 7.75 1.91
Ni 3.21 0.62 8.72 1.45 6.54
Fe 0.53 0.20 1.33 0.49 33.67

Area 2
O 66.88 8.48 56.02 4.40 1.41
Al 31.13 7.31 38.54 8.21 1.90
Ni 1.29 0.29 3.61 1.73 13.28
Fe 0.70 0.21 1.83 0.51 23.44

Area 3
O 66.46 8.31 55.10 4.26 1.41
Al 30.90 7.23 37.87 8.05 1.89
Ni 1.18 0.27 3.27 0.68 14.13
Fe 1.46 0.32 3.76 0.73 11.85
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Figure 6.12: STEM-EDX images of Ni27xFe9 catalyst: HAADF image, atomic
distributions of Al (red), Ni (blue), and Fe (green).

Table 6.7: Fractions determined by EDX from STEM images for Figure 6.12 A.

Catalyst Atomic fraction / Atomic error / Mass fraction / Mass error / Fit error /
% % % % %

Area 1
O 61.68 5.60 41.80 2.33 0.85
Al 21.44 4.66 21.48 4.41 1.15
Ni 7.53 1.22 17.07 2.48 1.79
Fe 9.34 1.51 19.64 2.85 1.78

Area 2
O 61.23 5.94 40.58 2.46 0.82
Al 21.04 4.63 20.62 4.26 0.73
Ni 14.56 2.40 32.37 4.72 0.50
Fe 3.17 0.52 6.52 0.96 1.43
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Table 6.8: Fractions determined by EDX from STEM images for Figure 6.12 C.

Catalyst Atomic fraction / Atomic error / Mass fraction / Mass error / Fit error /
% % % % %

Area 1
O 61.18 8.71 49.75 4.32 0.36
Al 36.39 8.86 43.75 9.45 1.00
Ni 1.87 0.37 5.10 0.81 1.41
Fe 0.56 0.11 1.40 0.23 3.38

Area 2
O 64.61 6.59 47.87 2.98 0.68
Al 25.53 5.67 27.96 5.79 0.82
Ni 8.25 1.39 20.46 3.01 0.51
Fe 1.61 0.27 3.70 0.55 1.41

6.5.3 X-ray Diffraction Analysis: Composition of (γFe,Ni)

Nanoparticles

Table 6.9: Atomar particle composition of fresh and aged catalysts according to the 200
reflection position, estimated absolute error of xFe based on ∆2θ /step = 0.015°: ±0.7 at.%.

Catalyst fresh aged
2θ / ° a / Å xFe / at.% Ni/Fe / - 2θ / ° a / Å xFe / at.% Ni/Fe / -

Precipitated template catalyst Ni/Al2O3
Ni9Fe0.5 51.82 3.525 2.5 39 51.76 3.530 4.5 21.2
Ni7Fe1 51.78 3.528 4 24 51.73 3.531 6 15.7
Ni5Fe2 51.70 3.533 8 11.5 51.66 3.536 10.5 8.5

Co-precipitated template catalyst NiAlOx
Ni39xFe4 51.63 3.538 11 8.1 51.71 3.533 6.5 14.4
Ni36xFe6 51.56 3.542 15.5 5.5 51.68 3.535 9 10.1
Ni27xFe9 51.47 3.548 21 3.8 51.64 3.537 11 8.1

6.5.4 Paramagnetic/Ferromagnetic Resonance Spectroscopy

As stated in Section 4.2.2.10, for the Fe-doped catalyst, the significance of intensities/magneti-
zations measured below 273 K are of limited value due to substantial integrated intensity at zero
field for X-band frequency. The spectra and magnetic data derived have been compared to the
calcined catalysts (before reduction) with (potentially) ferromagnetic properties. The oxidized
samples showed at least two orders of magnitudes lower magnetizations (integrated intensities)
and magnetic anisotropies clearly different from the Ni and Ni-Fe systems. Thus, their contribu-
tion to the ferromagnetic resonance spectra of the reduced catalysts can be neglected for these
particular samples. The thermomagnetic curves of the pure Ni alumina catalyst qualitatively
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agree well with those reported for metallic Ni nanoparticles supported on (diamagnetic) oxides
[286–288]. The FMR spectra after activation are illustrated in Figure 6.13 A for the Ni11-
EtOH reference catalyst and Figure 6.13 B for Ni5Fe2. Figure 6.13 C compares the ∆Bpp

values for both catalysts reflecting the changes in the magnetic anisotropy. The corresponding
characteristics for Ni48x-EtOH and Ni27xFe9 are shown in Figure 6.14. Figure 6.15 shows the
FMR spectra and the ∆Bpp values as a function of recording temperature for the aged Ni27xFe9
catalyst.
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Figure 6.13: EPR/FMR spectra of the catalysts Ni11-EtOH (A) and Ni5Fe2 (B) after
activation; ∆Bpp values for both catalysts as function of the recording temperature (C).
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Figure 6.14: EPR/FMR spectra of the catalysts Ni48x-EtOH (A) and Ni27xFe9 (B) after
activation; ∆Bpp values for both catalysts as function of the recording temperature (C).
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Figure 6.15: EPR/FMR spectra (A) and ∆Bpp values as function of the recording
temperature (B) for Ni27xFe9 after aging (500 °C, 8 bar, 32 h, Ar/H2/CO2 = 5/4/1).
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6.5.5 Byproduct Formation
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Figure 6.16: CO2 conversion and yields of C2H6, C3H8, and CO for Ni11-EtOH (A) and
Ni48x-EtOH (B).
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Figure 6.17: CO2 conversion and yields of C2H6, C3H8, and CO for Ni5Fe2 (A) and
Ni27xFe9 (B).
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Abstract

Commercial application of the CO2 methanation reaction demands for the development of
catalysts that feature an enhanced stability under hydrothermal reaction conditions to increase
catalyst lifetime. By time-resolved aging studies, it is shown that the improved deactivation
resistance of co-precipitated NiFeAlOx catalysts compared to NiAlOx is obtained by a tem-
poral increase of the intrinsic catalytic activity of NiFeAlOx, provoked by aging at elevated
temperature and pressure in thermodynamic equilibrium. Detailed structural characterization of
freshly reduced and aged catalysts resolves that aging triggers the partial segregation of (γFe,Ni)
nanoparticles initially formed during catalyst activation, accompanied by the oxidation of Fe.
Thereby, the intrinsic catalytic activity increases, which can be explained by the generation
of redox-active Fe2+ sites that offer an additional reaction pathway for CO2 activation. The
deactivation behavior of a NiFeAlOx catalyst can be described by a superimposition of activity
increase related to Fe2+ site formation and activity decrease due to the loss of active sites by
particle and oxide phase sintering.
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7.1 Introduction

As one of the key technologies in the power-to-gas process, the methanation reaction of CO2

has been brought up as a possible approach to generate substitute natural gas (SNG), which
can be stored in the existing natural gas grid and used for power generation on demand [241].
Therein, surplus energy from renewables is used for hydrogen production by water electrolysis,
which is then reacted with CO2, e.g. stemming from conventional power plants based on fossils,
to form SNG.

Since the CO2 methanation reaction is accompanied by volume contraction, it is usually carried
out at elevated pressure to achieve high yields of CH4 in thermodynamic equilibrium.

CO2 + 4H2 CH4 + 2H2O ∆RHo = –165.1kJmol–1
∆RGo = –113.5kJmol–1 (7.I)

Ni [87, 303, 321], Ru [306, 322], and Rh [60, 306] have been reported to be active in catalyzing
CO2 methanation. Most often, Ni-based catalysts are applied for reasons of metal cost and
availability [85]. Besides, Ni features a very high selectivity towards CH4 formation (cf. [24,
296, 323] and Chapters 4 to 6. Commonly utilized promoters to enhance the activity of Ni-
based catalysts are CeO2 [71, 91], ZrO2 [71], La2O3 [99] and MnOx (cf. [94, 99, 324] and
Chapter 4 and 5). Moreover, beneficial effects of Fe promotion on catalyst activity have been
reported [150–152, 161], but the reasons for this effect have not been fully understood yet.
Increased reducibility [149], improved metal-support interactions, and optimization of the CO
dissociation energy by electronic effects [151, 161], caused by the formation of Ni-Fe alloy
particles (cf. [109, 150, 152] and Chapter 4, 5, and 6) have been suggested to explain this
phenomenon. The experimentally observed activity enhancement has also been confirmed in
computational studies [154]. Despite the known activity of Fe and Ni-Fe in the Fischer-Tropsch
reaction [108], in most studies no significant negative impact of Fe on the selectivity towards
CH4 formation has been observed for nNi/nFe ratios higher than 2 (cf. [154, 161] and Chapter
4). Mutz et al. [152], however, experienced significant CO selectivities (up to 30 %) at CO2

conversions less than 20 % over a 17 % Ni3Fe catalyst prepared by deposition-precipitation.

Fe has also been tested as active component in the methanation reactions. Vannice et al. [77]
compared the specific activities of different Al2O3-supported catalysts in CO methanation and
found a higher specific activity of Fe/Al2O3 compared to Ni/Al2O3. However, at a CH4 selec-
tivity of about 70 %, significant hydrocarbon byproduct formation was observed, and the high
specific activity of Fe resulted from a very low metal surface area. Kirchner et al. [325] studied
various iron oxide catalyst samples in CO2 methanation and found that, depending on feed gas
composition and iron oxide modification, CO2 methanation is accompanied by carbonization of
Fe. The catalytic activity of γ-Fe2O3 was ascribed to γ-Fe3C and χ-Fe5C2 build-up. Yet, strong
CO formation was accompanied with the carbonization process; at a GHSV of 30 000 h−1, the
selectivity to CH4 was between 8 to 20 %, decreasing with rising GHSV . Fe5C2 formation in
plain Fe (oxide) catalysts under methanation conditions was also found in [326, 327].
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The highly exothermal character of the CO2 methanation reaction leads to a demand for highly
thermostable catalysts to resist deactivation phenomena caused by hotspot formation in indus-
trial fixed-bed application. Hotspot formation leads to rapid establishment of thermodynamic
equilibrium gas composition due to the high reaction rate, resulting in high steam contents that
may further promote (irreversible) changes of catalyst structure and deactivation. For Ni-Al-
based catalyst systems, possible deactivation phenomena may comprise hydrothermal sintering
of Ni crystallites [134] as well as modification of the alumina phase [134, 248]. In addition,
for alloyed bimetallic catalysts, surface segregation and/or partial oxidation of the metals under
reaction conditions may occur [328].

Besides the increase of the methanation activity, in Chapter 4 it was shown that Fe doping
enhances the apparent stability of co-precipitated NiAlOx catalysts, with an optimum promoter
effect at a nNi/nFe ratio around 5. Moreover, the promoter effect of Fe selectively doped on
the Ni sites on a classical supported Ni/Al2O3 and a co-precipitated NiAlOx catalyst were
compared by introducing the surface redox reaction method for CO2 methanation catalysts.
In Chapter 6 it was illustrated that apparent thermal stability of co-precipitated NiAlOx depends
on the composition of the active Ni-Fe nanoparticles and the dynamic change of elemental
metal particle composition over aging. Kim et al. [320] and Theofanidis et al. [329] found that
Fe improves the stability of Ni/MgAlOx dry reforming catalysts by reducing the C* deposition
rate on the active sites via a FeOx-Fe redox mechanism, highlighting the distinct dynamics
of FeOx surface species in syngas chemistry. Serrer et al. [159] investigated a 17 % Ni3.2Fe
catalyst and deduced from experiments under dynamic reaction conditions that Fe protects the
Ni sites from oxidation in a H2 dropout scenario.

This chapter deals with the fundamental understanding of the aging behavior of a co-precipi-
tated, highly-loaded, industrial-type NiFeAlOx catalyst (nNi/nFe/nAl = 5.5/1/5.5) by linking
detailed and time-resolved characterization studies to kinetic data. To draw conclusions on the
improved apparent stability of Fe-doped NiAlOx catalysts and the underlying structure-activity
relationship, the catalysts are thoroughly characterized after certain times on stream without
exposure to air. The study gives new insights into the dynamically changing role and working
mechanism of the Fe promoter and into structural changes taking place under methanation
conditions, as a function of aging time and temperature. It illustrates the dynamics of active
sites under reaction conditions and consequences on catalytic activity and may be transferred to
similar reactions carried out over Ni-Fe catalysts.
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7.2 Materials and Methods

7.2.1 Catalyst Synthesis

A NiFeAlOx and a reference NiAlOx catalyst were prepared from the respective nitrate salts by
co-precipitation at pH 9 and 30 °C, using a 1 M mixture of Na2CO3 and NaOH. The catalysts
were prepared similarly to the catalysts in Chapter 4 with a molar nNi/nFe/nAl ratio of 5.5/1/5.5.
The detailed synthesis procedure can be found in Section 7.5.1. In the following, the two
catalysts are referred to as NiAlOx and NiFeAlOx.

7.2.2 Catalyst Characterization

Catalyst composition was determined by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES). The basic material properties like metal surface area, reducibility, ba-
sic site density and distribution, as well as structure and morphology of the two catalysts
were evaluated by H2 chemisorption, transmission electron microscopy (TEM), temperature-
programmed reduction (TPR), CO2 chemisorption, temperature-programmed desorption of
CO2 (CO2-TPD), N2 physisorption, and X-ray powder diffraction (XRD).

To develop an understanding of the promotional effect of Fe on the apparent thermal stability of
co-precipitated NiFeAlOx observed in Chapter 4, the catalysts were subjected to methanation
feed gas at the temperature Ta for the time ta and re-characterized by H2 chemisorption, TEM,
N2 physisorption, and CO2 chemisorption. To get specifically insights into the composition of
the active metal particles, the catalysts were further characterized by XRD, ferromagnetic/para-
magnetic resonance (FMR), and Mössbauer spectroscopy before and after aging. The detailed
characterization procedure for each technique is reported in Section 7.5.2.

7.2.3 Experimental Setup, Evaluation of Activity, and Catalyst Aging

50 mg of the calcined catalyst with a particle diameter from 150 to 200 µm were thoroughly
mixed with 450 mg of purified SiC (ESK) and put into a glass-lined tube reactor with 4 mm
diameter. The catalyst bed was fixed by quartz wool plugs and placed in the isothermal zone
of a tube furnace. The setup described in [24] and Section 3.3 was used for catalyst testing. A
thermocouple was placed in the catalyst bed to track the reaction temperature.

To ensure the catalysts are compared under differential conditions (X(CO2) < 15 %) free from
influence of thermodynamics (neglection of the backwards reaction), the catalysts were sub-
jected to a well-defined temperature program, which is listed in Table 7.1 and illustrated in
Figure 7.6. For activation, the catalyst was heated from room temperature to 485 °C with a
linear rate of 2 K min−1 in 5 % H2 in Ar (50 mL min−1) and held there for 5 h. After cooling
down to 230 °C in 5 % H2 in Ar, the initial catalyst activity after reduction was measured under
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Table 7.1: Variation of process parameters for the determination of catalyst activity and
aging.

Feed (H2/CO2/Ar) Q / NL g−1
cat h−1 T / °C p / bar t / h

Activation 5/0/95 130 485 1 5
Activity test 4/1/75 600 230–210 4 1
Aging 4/1/5 18 350, 400, 450 8 0, 6, 40, 72

differential reaction conditions at 4 bar and 600 NL g−1
cat h−1 (H2/CO2/Ar = 4/1/75, GHSV =

800 000 h−1). These conditions are used as reference point for all kinetic data reported in this
chapter. Intra- and inter-particle heat and mass transport limitations were checked to be negli-
gible under these conditions, both experimentally and theoretically (via the respective criterion
equations [311–313]) (cf. Section 7.5.4).

To trigger deactivation processes, the catalyst was heated with a linear rate of 5 K min−1 to
the respective aging temperature (350, 400, and 450 °C) at 8 bar and held there for 2 h in the
initial deactivation treatment and for 4 h in all further aging treatments. To age the whole
catalyst bed under H2O- and CH4-rich gas while keeping realistic H2/CO2/Ar = 4/1/5 feed
gas composition, the space velocity was reduced to 18 NL g−1

cat h−1 (GHSV = 24 000 h−1). In
reference experiments at 450 °C, it was checked that under these conditions thermodynamic
equilibrium was achieved after approx. 10 % of catalyst bed, so 90 % of the catalyst bed were
aged under the same (thermodynamically governed) H2O- and CH4-rich gas composition.

To re-evaluate catalyst activity in the kinetic regime under conditions free from product or
equilibrium limitations and to resolve the effect of aging on the intrinsic catalyst activity, the
catalyst bed was then cooled back down to 230 °C to the reference point conditions. This
procedure was repeated to obtain catalysts aged for 0, 6, 40, and 72 h. The heating and activity
measurement procedure were checked to have no notable influence on the aging behavior of the
catalyst.

All gases were supplied by Westfalen with a purity of 5.0. Online gas analysis was carried out
using an Emerson MTL-4 process gas analyzer (IR for CO2, CO, CH4, and H2O, TCD for H2).
Downstream the backpressure regulator, Ar (volume flow V̇dil) was dosed to the volume flow
V̇in entering or V̇out leaving the reactor, respectively, to obtain an overall volume flow of approx.
500 mL min−1 entering the process gas analyzer (PGA). Data points for volume concentrations
xPGA for feed and product gas species were taken at steady state conditions (waiting time
45 min, monitored by the PGA) and averaged over the last 150 s (300 data points). To prevent
water condensation, all tubing was heated to 200 °C. For Fischer-Tropsch byproduct analysis, a
Clarus 580 (PerkinElmer) gas chromatograph equipped with two flame ionization detectors and
columns was used. Element balances (C, H, and O) were closed by ±3 %. Volume contraction
due to the conversion of 5 moles to 3 moles (cf. Reaction 7.I) was taken into account (cf. Eq. 7.1
to 7.4). The selectivity S of C-containing products (cf. Eq. 7.5) was calculated from their yield
Y (cf. Eq. 7.2) and the CO2 conversion X(CO2) (cf. Eq. 7.1).
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X(j) =
ṅin (j) – ṅout(j)

ṅin (j)
=

xPGA,in (j) ·
(
V̇in + V̇dil

)
– xPGA,out (j) ·

(
V̇out + V̇dil

)
xPGA,in (j) ·

(
V̇in + V̇dil

) , j = CO2,H2

(7.1)

Y (i) =
xPGA,out (i) ·

(
V̇out + V̇dil

)
xPGA,in(CO2) ·

(
V̇in + V̇dil

) , i = CH4,CO (7.2)

Y(H2O) = 2 · xPGA,out (H2O) ·
(
V̇out + V̇dil

)
xPGA,in (H2) ·

(
V̇in + V̇dil

) (7.3)

V̇out =
V̇in ·

(
1 + 2 · xPGA,in (CH4)

)
+ V̇dil ·

(
2 · xPGA,in (CH4) – 2 · xPGA,out (CH4)

)
1 + 2 · xPGA,out (CH4)

(7.4)

S(k) =
Y(k)

X(CO2)
,k = CxHy,CO (7.5)

Catalyst activity was tracked via the weight time yield of CH4 WTY(CH4)(ta), calculated
from the differential net production rate of CH4 ṅ(CH4)(ta) at the reference point according
to Eq. 7.6. For better comparison, the WTY(CH4)(ta) is normalized to the weight time yield
initially obtained after catalyst activation, WTY(CH4)(ta = 0 h).

WTY(CH4)(ta) =
ṅ(CH4)(ta)

mcat
(7.6)

Before removing the aged samples from the setup, the apparent activation energy was deter-
mined by measuring the net production rates of CH4 under differential conditions (X(CO2) <
15 %) from 230 to 210 °C in 5 K steps (holding time 60 min each). The apparent activation
energy was obtained from the linear form of the general rate law. Errors were calculated based
on Gaussian error propagation. Validity was checked by replicate experiments.

To free the catalyst surface from adsorbates, the catalyst was then flushed in Ar at 350 °C for
1 h. The aged catalysts were removed from the setup under Ar atmosphere and stored in a
glovebox to prevent oxidation or surface passivation of the nanoparticles. The transfer to all
characterization units was carried out under Ar atmosphere.

7.3 Results and Discussion

7.3.1 Characterization Prior to Catalysis and Aging Tests

Since for co-precipitated catalysts the structure and the morphology of the precipitate as well
as of the final catalyst is well-known to strongly depend on the nNi/nAl ratio [24, 258], both
catalysts were prepared with a nNi/nAl ratio of 1 rather than preparing catalysts with a constant
Ni loading.
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A Ni loading of 36.8 wt.% in the calcined NiAlOx catalyst was determined by ICP-OES. For
NiFeAlOx, a Ni loading of 34.9 wt.% and a Fe loading 4.8 wt.% was found, resulting in a
nNi/nAl ratio of 5.5 as desired. The Na+ content was below the detection limit (< 10−3wt.%) for
both samples, indicating that the washing procedure was sufficient to quantitatively remove
Na+ from the precipitates. Therefore, any effect of Na+ on the catalytic performance can
be excluded. The co-precipitated catalyst precursors feature a distorted takovite-like structure
[Ni0.5FeyAl0.5(OH)2+2y][(CO3)0.25+y/2 ·nH2O] (y = 0 for NiAlOx, 0.09 for NiFeAlOx)
(cf. Section 7.5.5.1 and Chapter 4). During calcination at 450 °C, mixed metal oxide structures
were formed for both catalysts. XRD (cf. Section 7.5.5.1 and Chapter 4) and TPR (cf. Section
7.5.5.2 and Chapter 4) indicate that a crystalline NiO phase, distorted by the incorporation of
Al3+ and, for NiFeAlOx, possibly also Fe3+, co-exists with an amorphous Ni-containing Al3+-
rich phase.

During catalyst activation, Ni particles were formed for NiAlOx, evident from the evolution of
fcc Ni reflexes in the XRD pattern in Figure 7.10. The degree of reduction of Ni2+ at 485 °C
can be calculated to 57 % from TPR (cf. Section 7.5.5.2). The incomplete reduction of Ni2+

is in line with X-ray diffraction, which shows the presence of a Ni2+-poor Ni-Al mixed metal
oxide after catalyst activation (cf. Figure 7.10). From the Scherrer equation, applied to the 200
Ni reflection at 2θ = 51.84°, a mean metal crystallite size of 3.2 nm can be determined. In good
agreement, evaluation of the metal particle size distribution by TEM (cf. Figure 7.14 A) yields
a mean Ni particle size of 4.2 ± 1.3 nm. The Ni surface area calculated from H2 chemisorption
is 30.1 m2 g−1

cat. For NiFeAlOx, in contrast, XRD data suggest the formation of (γFe,Ni) metal
nanoparticles during activation at 485 °C, evident from a shift of the fcc Ni reflections to lower
diffraction angles (cf. Figure 7.10). From the 200 fcc (γFe,Ni) reflection at 2θ = 51.34°, the Fe
content in the bulk of (γFe,Ni) after activation at 485 °C can be estimated to 28 at.% [310]. This
is in line with TPR, where, compared to NiAlOx, an additional reduction signal at 280 °C can
be assigned to the reduction of Fe3+ to Fe2+. Fe2+ is subsequently reduced to Fe, possibly
alleviating the reduction process of Ni2+ [149], which is evident from a shift of the Ni2+

reduction peak to lower temperature (cf. Figure 7.11). The overall degree of reduction of Ni2+

and Fe3+ can be calculated to 60 %. Similar to NiAlOx, the mean crystallite size (by XRD) is
estimated to 3.2 nm, the mean particle size (by TEM, cf. Figure 7.14 C) 4.3 ± 1.3 nm. The H2

chemisorption gives a Ni surface area of 20.1 m2 g−1
cat, which suggests that part of the Fe atoms

is exposed, since H2 adsorption on Fe is negligible at 35 °C [253, 254].

Both activated catalysts feature type IV isotherms with a H3 hysteresis, which is typical for
aggregates of plate-like particles giving rise to slit-shaped pores [225]. The specific BET surface
area of the activated NiAlOx catalyst is 293 m2 g−1

cat, the one of NiFeAlOx 266 m2 g−1
cat. The total

CO2 uptake capacity determined by static CO2 chemisorption amounts to 199 µmol g−1
cat for

NiAlOx and 219 µmol g−1
cat for NiFeAlOx. CO2-TPD (cf. Figure 7.13) suggests the presence of

weak (CO2 bound as bicarbonate), medium (CO2 bound as mono- and bidentate carbonate) and
strong (CO2 bound in a bridged, organic-like carbonate) basic sites. For NiFeAlOx, the density
of medium basic sites is decreased, while the density of weak basic sites is higher compared to
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NiAlOx. Besides, for NiFeAlOx the signals are shifted to lower desorption temperatures, which
indicates a lower binding strength of CO2 on the respective sites. The clear effect of Fe on
the basic density and strength may be caused by un- or partly reduced Fen+ (n = 2, 3) species
interacting with and modifying the CO2 binding sites on the oxidic phase. This observation
is in accordance with infrared spectroscopy (cf. Figure 7.12), where, for NiFeAlOx, increased
bicarbonate and decreased mono- and bidentate carbonate bands are found. Besides, the spectra
show distinct bands in the 2100 to 1700 cm−1 region, which can be assigned to carbonyl bound
linearly (approx. 2010 to 2000 cm−1), bridged (approx. 1890 cm−1), and in a three- or fourfold
hollow mode (approx. 1860 to 1800 cm−1) to metal centers. This suggests that Ni and (γFe,Ni)
are able to dissociate CO2 already at 40 °C [330]. DFT studies show that the ability for CO2

adsorption and dissociation on Ni surfaces is in the order Ni(110) > Ni(100) > Ni(111) [331].
The kinetic barrier for the dissociation of CO2 on Ni(100) thereby is reported to be 0.33 eV
[330]. The intensities of the carbonyl bands in the IR spectra are much higher for NiFeAlOx,
especially the band assigned to linearly bound carbonyl, which is a hint that Fe significantly
contributes to CO2 adsorption and dissociation and/or modifies the adsorption and dissociation
properties of Ni. In this context, Liu et al. found in DFT studies that the adsorption of CO2 on
a (100) surface is more favorable on Fe than on Ni [332].

7.3.2 Catalyst Performance

Figure 7.1 A illustrates the trend of weight time yields of CH4 (WTY(CH4)) over NiAlOx and
NiFeAlOx, aged at 450 °C. For NiAlOx, with a fast initial deactivation in the first 2 h to 76 %,
an exponential-like decrease of WTY(CH4) can be observed, levelling out at 50 % of the initial
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Figure 7.1: WTY(CH4) vs. aging time for NiAlOx compared to NiFeAlOx, recorded under
differential conditions at 230 °C, 4 bar, 600 NL g−1

cat h−1, H2/CO2/Ar = 4/1/75, and aged at
450 °C, 8 bar, 18 NL g−1

cat h−1, H2/CO2/Ar = 4/1/5 (A); WTY(CH4) over NiFeAlOx as a
function of aging time, recorded under differential reaction conditions at 230 °C, 4 bar,
600 NL g−1

cat h−1, H2/CO2/Ar = 4/1/75, and aged at different temperatures, 8 bar,
18 NL g−1

cat h−1, H2/CO2/Ar = 4/1/5, normalized to WTY(CH4)(ta = 0 h) (B).
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WTY(CH4) after 32 h aging time. In contrast, for NiFeAlOx, first a substantial increase of the
WTY(CH4) over the first 6 h to 122 % takes place. From 6 h onwards, a decrease similar to
NiAlOx takes place, but 90 % of the initial activity are still maintained after 72 h aging time.

Figure 7.1 B displays the temperature dependence of the aging behavior for NiFeAlOx. In
contrast to aging at 450 °C, the activity increase is even higher when aging at 400 °C, where
the catalyst reaches the highest normalized WTY(CH4) (129 % of the initial value) after 16 h,
slightly decreasing to 116 % when aging up to 72 h. For an aging temperature of 350 °C, the
activity increase takes place even slower, reaching 119 % after an aging time of 20 h, from
where this level is maintained up to 72 h. Based on these results, it can be concluded that, in
contrast to NiAlOx, where a monotonous decrease of catalyst activity induced by deactivation
processes can be observed for all aging temperatures, for NiFeAlOx a second process takes
place. Since this phenomenon exhibits a distinct temperature dependence, it can be regarded as
an activated kinetic process. However, also the extent of the activity increase varies with aging
temperature. At elevated temperature, deactivation processes similar to NiAlOx in Figure 7.1 A
are promoted. As seen in Figure 7.1 B, during aging at 350 °C no apparent catalyst deactivation
can be observed, but deactivation is fast when aging at 450 °C. At 350 °C aging temperature,
the loss of catalyst activity due to the deactivation processes seems to be cancelled out by the
activity increase provoked by the Fe promoter.

The selectivity to CH4 formation was higher than 95 % for all data points. Besides CO forma-
tion, owed to the reverse of the water-gas shift reaction at high GHSV [333], no other reaction
products were observed. In Chapter 4, it was shown that at a lower GHSV (200 000 h−1, based
on the total gas flow of H2/CO2/Ar = 5/4/1), allowing integral rather than differential reactor
operation, the yield of CO remained below 0.7 % between 175 to 400 °C in the whole conversion
range up to thermodynamic equilibrium, before CO yield rises due to thermodynamics. Similar
to Chapter 4, the Fe-doped catalyst did not feature an enhanced activity to CO formation
compared to NiAlOx. Sehested et al. [154] and Mebrahtu et al. [161] consistently found a
significant negative impact of Fe on CH4 selectivity for nNi/nFe ratios less than 2, which is
much lower than the nNi/nFe ratio of 5.5 applied in this study.

7.3.3 Evolution of Catalyst Properties under CO2 Methanation

Reaction Conditions

Figure 7.2 illustrates the XRD patterns of the catalysts in their initial (ta = 0 h) and deactivated
(ta = 6, 40, and 72 h) states. For NiAlOx, upon aging an increase of the Ni reflections at 2θ =
44.4, 51.8, and 76.4° can be observed. Crystallite size analysis indicates that this is caused by
a rise of dC from 3.2 to 4.8 nm (cf. Table 7.2) during the first 40 h of aging, suggesting that
Ni particle sintering is one of the deactivation processes contributing to the loss of activity
shown in Figure 7.1 A. This is in line with the trend of the Ni surface area (cf. Table 7.2),
which drops by approx. 50 % during the first 6 h and remains at about 12 m2 g−1

cat after 40 h
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Figure 7.2: X-ray diffractograms of the activated and deactivated NiAlOx and NiFeAlOx
catalysts aged at Ta = 450 °C for varying aging times (JCPDS: NiO 78-0429, Ni 87-0712).

aging time. Particle size analysis by TEM (cf. Figure 7.14 A, B) confirms an increase of the
mean Ni particle diameter from initially 4.2 ± 1.3 nm to 10.1 ± 1.2 nm after aging for 72 h.
Besides, the reflection assigned to the mixed oxide phase shifts from 2θ = 64.8° for the fresh
catalyst to 2θ = 66.1°, which indicates a further phase transformation. This might be caused by
segregation through the additional removal of Ni2+ ions from the mixed oxide structure, leading
to the formation of an alumina-like structure. N2 physisorption (cf. Table 7.2) indicates that this
potential segregation process in the mixed oxide phase is accompanied by oxide phase sintering.

Table 7.2: Catalyst characterization data including results from BET as well as H2 and CO2
chemisorption for different aging times: Ni surface area SNi, dispersion of Ni DNi, mean
crystallite size dC, mean metal particle size dP, BET surface area SBET, and CO2 uptake
U(CO2).

Catalyst ta / Ta / SNi / DNi / da
C / db

P / SBET / UCO2 /
h °C m2 g−1

cat % nm nm m2 g−1
cat µmol g−1

cat

NiAlOx 0 - 30.1 12.2 3.2 4.2 ± 1.3 293 199
6 450 15.3 6.2 4.2 n. d. 207 123
40 450 12.2 5.0 4.8 n. d. 131 84
72 450 12.1 4.9 4.8 10.1 ± 1.2 132 82

NiFeAlOx 0 450 20.1 8.6 3.2 4.3 ± 1.3 266 219
6 450 13.4 5.8 3.7 6.6 ± 1.2 130 121
40 450 6.8 2.9 4.4 9.0 ± 1.2 110 87
72 450 5.4 2.3 5.3 10.3 ± 1.2 108 84
72 350 9.0 3.9 4.0 n. d. 191 140
72 400 8.1 3.5 4.7 n. d. 131 109

a mean crystallite diameter dC determined from XRD, (γFe,Ni) reflection at 2θ = 51.3 to 51.8°.
b mean particle size dP obtained from fitting a lognormal distribution to TEM data (cf. Figure 7.14).
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A strong decrease of the BET surface area from initially 293 to 132 m2 g−1
cat after aging for 72 h

can be observed. Simultaneously, the CO2 uptake capacity decreases from 199 to 82 m2 g−1
cat,

which indicates that aging under these hydrothermal-like conditions leads to a drastic decrease
of basic site density. Compared to Figure 7.1 A, the trend of WTY(CH4) over time qualitatively
follows the decrease of the Ni surface area, the BET surface area, and the CO2 uptake capacity,
but none of these parameters is linearly correlated to WTY(CH4). Interestingly, however, for
constant catalyst activity after 40 h of aging, all these three catalyst property descriptors also
remain constant. It is therefore hypothesized that, although the loss of Ni surface area may
merely contribute to deactivation, catalyst activity of NiAlOx also depends on the properties of
the oxidic phase. It is an indicator that the sites active for CO2 methanation might be located
at the interphase of Ni particles and the oxidic phase (cf. Chapter 5). The trends of catalytic
activity and the material descriptors of the reference NiAlOx catalyst are qualitatively in line
with a study on Ni-Al catalysts [134]. The Ni surface area of the NiFeAlOx catalyst drops from
20.1 to 13.4 m2 g−1

cat during the first 6 h of aging. In contrast to NiAlOx, where the Ni surface
area stays constant from 40 h of aging onwards, for NiFeAlOx the Ni surface area undergoes a
further decrease from 6.8 m2 g−1

cat after 40 h to 5.4 m2 g−1
cat after 72 h of aging. This decrease is

in accordance with an increase of the crystallite size dC determined from XRD (cf. Figure 7.2),
as well as the mean metal particle size dP from TEM (cf. Table 7.2, Figure 7.14 C–E). Similar
to the unpromoted reference catalyst, the BET surface area and the CO2 adsorption capacity
of NiFeAlOx remain approximately constant from 40 h of aging onwards. The further drop in
activity from 40 to 72 h therefore can be ascribed to metal particle sintering.

As deduced from XRD (cf. Figure 7.2), the reduction of NiFeAlOx leads to the formation of
(γFe,Ni) alloy particles. With increasing aging time, however, the initial 200 reflection position
(2θ = 51.34°) shifts to higher diffraction angles, illustrated in Figure 7.2. After 6 h of aging,
the 200 reflection appears at 2θ = 51.5°, after 72 h of aging at 2θ = 51.59°. This is a strong
hint that the Fe content in the bulk of the alloy is stepwise reduced during aging by (partial)
segregation of the (γFe,Ni) particles. From comparison of the reflection positions to tabulated
data [310], one can deduce that the Fe content in the bulk of the (γFe,Ni) particles gradually
decreases from initially 28 at.% to 19.5 at.% after 6 h of aging, 17 at.% after 40 h, and 14.5 at.%
after 72 h of aging. Besides, the reflection of the former crystalline mixed oxidic phase at 2θ =
64.8° (cf. Figure 7.2) is shifted to 2θ = 66.1°, in analogy to NiAlOx, which indicates that the
transformation processes of the oxidic phase occurring during aging are similar for NiAlOx and
NiFeAlOx.

For further investigations on the nature of the Fe species after activation and after aging for 6 h,
Mössbauer spectra of the catalyst samples were taken under inert conditions. The spectra are
shown in Figure 7.15. After reduction, in accordance with XRD results, 28 % of the Fe species
are observed to be metallic with a hyperfine field of 28.6 T and an isomer shift of −0.12 mm s−1,
typical for Fe incorporated an Ni-Fe alloy [334]. The magnetically split broad signal is most
probably caused by Fe3+ (47 %), which, similar to the calcined catalyst, might still interact
with the oxidic phase after reduction. Besides, a third, broad component with an isomer shift of
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about 1 mm s−1 is required to describe the spectrum, fitted as a magnetically split sextet with a
hyperfine field of about 10 T. From the isomer shift it can be deduced that this signal originates
from Fe2+ species (25 %). In an oxidic system, the Fe2+ might form wüstite (FeyO), which
orders at low temperatures and then gives rise to complicated, unresolved magnetic hyperfine
spectra [335–337]. After 6 h under aging conditions, the spectrum changes significantly. The
amount of Fe3+ stays constant, but the average hyperfine field increases from 36 to 39 T. This
indicates a change in the environment of the Fe3+ species and, assuming that Fe3+ is present
in the oxide phase after catalyst activation, might be caused by the phase transformation of the
Al3+-rich oxidic phase during aging observed in Figure 7.2. In contrast, the spectrum shows a
lower amount of metallic Fe (19 %), which means that about a third of the metallic Fe species
got oxidized during 6 h of aging, forming Fe2+ species (34 %) on the surface of the catalysts,
most likely in close neighborhood to the metal particles. The amount of Fe getting oxidized
during 6 h at 450 °C in reactant gas can be calculated to 0.43 wt.% (based on the calcined
material). The ratio of the freshly formed Fe2+ within the first 6 h to the exposed Ni atoms
(with a dispersion of 5.8 %, cf. Table 7.2) can be calculated to 0.2, the ratio to the Ni perimeter
sites (assuming hemispheres with a diameter of 6.6 nm, cf. Table 7.2) 0.7. This indicates that
an increase of Fe2+ by 9 % may have a significant impact on the active sites of the catalyst.
The hyperfine field of the metallic Fe slightly decreases to 28.3 T, which may be due to a
slight decrease of the Fe/Ni ratio in the alloy [334]. Therefore, Mössbauer analysis confirms
the observation of (γFe,Ni) segregation from XRD and suggests that Fe is partially oxidized
during aging. To get further experimental proof of Fe2+ on the aged catalyst systems, total
X-ray scattering experiments were carried out for NiFeAlOx aged for 0, 6, 40, and 72 h, shown
in Figure 7.3.
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Figure 7.3: Total X-ray scattering data collected for the activated (0 h aging) and aged (6
and 72 h aging) NiFeAlOx catalyst samples, aging temperature Ta = 450 °C, λ =
0.161 669 Å (Ni: JCPDS 87-0712, Fe1 – xO: ICDD 01-079-1971, γ-Al2O3: JCPDS 10-0425).
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Upon aging for 6 h, reflection signals appear at 2θ = 3.69, 6.01, and 7.06°, suggesting the forma-
tion of disordered wüstite (Fe1–xO, ICDD 01-079-1971) species. Noteworthy, the reflections get
more diffuse upon further aging and do not follow the trend of particle sintering evident from
the intensity increase of all other reflections. This could be interpreted as a hint that wüstite
formation takes place in a thin, film-like structure on the outer catalyst surface, since it does
not feature sintering characteristics of typical crystal particles. The absence of diffractions in
standard XRD in Figure 7.2 suggests that the crystallites are very small, low in quantity or
located on the outer surface of the catalyst. The appearance of the wüstite reflections goes hand
in hand with the shift in the reflection positions of (γFe,Ni). After reduction, the reflection
attributed to the (200) plane of (γFe,Ni) appears at 2θ = 5.21°. After 6 h aging time, it is shifted
to 2θ = 5.24°, after 72 h aging time to 2θ = 5.25°. This confirms the findings of partial (γFe,Ni)
segregation under aging conditions from standard XRD shown in Figure 7.2 and the formation
of Fe2+ species found by Mössbauer spectroscopy.

The evolution of the ferromagnetic properties of NiAlOx and NiFeAlOx over aging, resolved
by FMR, are shown in Figure 7.16 and 7.17, respectively. After reduction, NiFeAlOx fea-
tures a higher magnetic anisotropy than NiAlOx, evident from the higher linewidths ∆Bpp for
NiFeAlOx (260 mT vs. 145 mT for NiAlOx, at T = −140 °C, cf. Table 7.4). In combination with
the difference in magnetic intensity by a factor of two, this can be interpreted by the formation
of alloyed Ni-Fe particles. Over aging, the normalized intensity increases to a factor of four after
6 h and five after 40 h, before it decreases back to four after 72 h. The changes in the magnetic
intensity indicate a change in the Ni-Fe particle composition, while for NiAlOx, the magnetic
intensity remains constant. Guirado-Lopez et al. showed that the magnetic properties of Ni-Fe
clusters strongly depend on the atomic composition and chemical order. Reduced magnetiza-
tions were found for particles that feature Fe-rich cores, while random alloys and core-shell
configurations with a Ni-rich core featured high magnetizations [338]. This observation is in
line with the theory of the decreasing Fe concentration in the bulk of the (γFe,Ni) particles
evident from XRD in Figure 7.2 and total X-ray scattering in Figure 7.3. The complex trend
of the magnetic intensity in Table 7.4 therefore may be explained by a superimposition of an
intensity increase caused by structural changes and rearrangement of Fe in the metal particles
due to Fe enrichment on the surface, and a decline, originating from the oxidation of Fe. At the
same time, the magnetic anisotropy changes over aging. For NiFeAlOx, ∆Bpp decreases from
260 mT after reduction to 230 mT after 40 h, and ultimately to 170 mT after 72 h. For NiAlOx,
in contrast, one can monitor an increase from 145 to 270 mT. At this point, it needs to be
mentioned that the reasons for anisotropy changes can be manifold. Possible explanations are
changes in metal particle size or shape [287] as well as particle-support interactions [289], i.e.
parameters that may change over aging. Also, remaining adsorbates on the metal surface were
found to have an influence on the magnetic anisotropy [290]. Therefore, conclusive statements
on the exact reasons for the anisotropy change are not possible at the current state, but the effects
may be manifold and opposing each other.
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Figure 7.4: X-ray diffractograms of NiFeAlOx aged for ta = 72 h at different temperatures.

In Figure 7.4, the XRD patterns of the NiFeAlOx catalysts aged for 72 h at different temper-
atures are compared. Also for the samples aged at 350 and 400 °C, shifts of the reflections
assigned to the oxide phase and metal phase similar to Figure 7.2 can be observed, which
suggests that Ni-Fe alloy segregation already takes place at aging temperatures as low as 350 °C.
The bulk of the (γFe,Ni) particles is estimated to contain 14 at.% Fe after aging at 350 °C for 72 h
and 17 at.% Fe after aging at 400 °C, respectively. The intensities of the reflections in Figure 7.4
rise with aging temperature, suggesting an increase of crystallinity of the metal particles. The
crystallite size dC rises from 4.0 nm (Ta = 350 °C) over 4.7 nm (Ta = 400 °C) to 5.3 nm (Ta =
450 °C), clearly showing the temperature influence of crystallite size growth and only a small
growth rate at an aging temperature of 350 °C. In accordance, the declining Ni surface area,
BET surface area as well as CO2 uptake capacity (cf. Table 7.2) during aging follow the same
trend, which indicates that aging at lower temperatures provokes the same aging mechanisms as
aging at 450 °C, but slows down the deactivation rate. Most noteworthy, the FMR spectra of the
catalyst aged for 72 h at 400 °C (cf. Figure 7.17 E) look very similar to the ones of the catalyst
aged for 6 h (cf. Figure 7.17 B) and 40 h at 450 °C (cf. Figure 7.17 C), which clearly shows that
the changes of the (γFe,Ni) particles over aging time is an activated process, therefore being
facilitated at higher temperatures. The decrease of basic site density, however, seems to be more
temperature-sensitive than the decrease of the Ni surface area as well as of the BET surface
area.

Table 7.3 lists the apparent activation energies for NiAlOx and NiFeAlOx, determined from an
Arrhenius approach after different aging times as indicated in Figure 7.1 A. For NiAlOx, the
apparent activation energy remains constant at around 75 kJ mol−1, which is a typical value for
CO2 methanation over Ni-based catalysts [87]. The constant value over aging is a hint that the
nature of active sites does not change during aging and that the decrease of the methanation rate
can be related to a decrease of the Arrhenius pre-factor by common deactivation mechanisms

148



7.3 Results and Discussion

Table 7.3: Apparent activation energies after different aging times.

Catalyst ta / h Ta / °C EA,app / kJmol–1

NiAlOx 0 - 76.2 ± 1.4
6 450 73.9 ± 3.6
40 450 75.0 ± 2.5
72 450 73.7 ± 2.1

NiFeAlOx 0 - 89.5 ± 1.4
6 450 104.8 ± 3.8
40 450 104.2 ± 2.7
72 450 101.9 ± 1.2
72 350 99.7 ± 1.9
72 400 102.3 ± 0.9

like the loss of active sites due to sintering processes, as shown in Table 7.2. In contrast, for
NiFeAlOx an apparent activation energy of 90 kJ mol−1 is found after reduction. Moreover, the
apparent activation energy rises to approximately 102 kJ mol−1 within the first 6 h of aging,
from where it stays constant. For the catalyst samples aged for 72 h at different temperatures,
similar apparent activation energies of about 102 kJ mol−1 were found. The increase of intrinsic
catalytic activity of NiFeAlOx during the first 6 h shown in Figure 7.1 A appears to be in
strong contrast to the observed increase of the activation energy by 11 %. In an Arrhenius
approach, three possible reasons for this behavior (compensation effect) were suggested [317]:
a) compensation of a lower energy of adsorption of the educts by an easier excitation of the
bonds between the activated complex and the catalyst, b) the presence of at least two types of
active sites that feature different activation energies, and a changing composition thereof, c)
compensation effect due to a tunnel effect. For case b), the overall rate constant can be written
as linear combination of Arrhenius approaches for different active sites. If the density of the
more active sites decreases, e.g. by a thermal treatment, compensation effects may occur [317].
The appearance of a distinct compensation effect for NiFeAlOx therefore suggests that aging
promotes the formation of new active sites, which contribute to the CH4 formation rate, most
probably by offering an additional reaction pathway. These in situ formed sites obviously feature
a higher activation barrier for CO2 methanation compared to methanation over conventional Ni
or (γFe,Ni) particles (cf. Table 7.3).

7.3.4 Re-activation of NiFeAlOx

In Figure 7.10, it is shown that re-reduction of a re-calcined NiFeAlOx catalyst restores the
original (γFe,Ni) metal particle composition and crystallite size. To investigate the influence
of a re-reduction process on partially segregated Ni-Fe alloy particles, a catalyst sample aged
for 6 h was re-reduced in 5 % H2 in Ar for 5 h before re-evaluating its catalytic performance.
This procedure was repeated two times. The trend of WTY(CH4) over aging time, normalized
to the initial WTY(CH4) obtained after the first reduction process, is shown in Figure 7.5.
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Figure 7.5: Cycles of tracking the WTY(CH4) over NiFeAlOx at T = 230 °C with
intermediate aging at Ta = 450 °C for 6 h, then re-activation in 5 % H2 in Ar.

During the first 6 h, the intrinsic catalytic activity increases consistent to Figure 7.1, reaching a
normalized WTY(CH4) of 1.17. After 6 h, the catalyst was re-reduced, resulting in a drop of the
normalized WTY(CH4) to 0.91. In a second aging cycle for 6 h, the normalized WTY(CH4)
increases back to 1.16. A second re-reduction step decreases the WTY(CH4) to 0.87. The
enhanced catalytic activity, in agreement to Figure 7.1 and Table 7.3, is accompanied by an
increase of the apparent activation energy. From initially 88.4 ± 1.7 kJ mol−1, it increases to
99.9± 1.0 kJ mol−1, after re-activation it is reduced back to 88.4± 1.7 kJ mol−1. The second 6 h
aging treatment leads to an increase back to 99.1 ± 1.6 kJ mol−1. After the second re-activation
step (85.4 ± 0.6 kJ mol−1), the initial activation energy is approximately restored.

To track the changes in (γFe,Ni) particle composition and crystallite size, the X-ray diffraction
pattern of the NiFeAlOx catalyst re-reduced two times is shown in Figure 7.18. The reflection
signal of the (200) plane appears at 2θ = 51.6°, which corresponds to a Fe content of 14.5 at.%.
This composition is similar to the catalyst sample aged for 72 h at 450 °C (cf. Table 7.2) and
clearly suggests that the initial (γFe,Ni) bulk particle composition (28 at.% Fe) is not restored.
Instead, it seems to be unaffected by the re-activation treatment. Therefore, it is safe to conclude
that the increase of the intrinsic activity and the activation energy are not directly correlated
to the (γFe,Ni) particle bulk composition (also some minor impact might exist), but to the
formation of the Fe2+ species as found in total X-ray scattering experiments in Figure 7.3 and
Mössbauer spectroscopy in Figure 7.15 B.

The decrease of the normalized WTY(CH4) from 1 to 0.91 can be attributed to (under the chosen
re-activation conditions comprising no intermediate re-calcination step) irreversible sintering
processes, as evident from the increase of the mean crystallite diameter dC from 3.2 to 4.2 Å (cf.
Figure 7.18). The mean crystallite size of 4.2 Å fits well to the data in Table 7.2 and indicates that
re-reduction (without intermediate calcination) does not lead to re-dispersion of the (γFe,Ni)
particles.
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7.3.5 Discussion of the Promotional Effect of Fe in the CO2

Methanation Reaction

It is generally accepted that the rate-determining step in CO and CO2 methanation involves the
dissociation of the C-O bond. The C-O bond cleavage thereby can either run H*-assisted (via
COHx intermediates) [170, 171, 180], or directly without H* being involved [176–178, 307].
However, some studies also give hints that the hydrogenation of C* is rate-limiting [176, 190].

It was found that Fe has several effects on the macroscopic catalytic performance of NiAlOx

catalysts. First, doping with Fe leads to an increase of the apparent catalyst activity. The
higher apparent activation energy over NiFeAlOx after reduction indicates that Fe modifies
the active sites of the catalysts, evident from the formation of (γFe,Ni) particles. This may also
influence the reaction mechanism. In a Brønsted-Evans-Polanyi approach investigating steps
on closed packed surfaces, Bligaard et al. [155] and Andersson [148] et al. found that, due
to the comparatively weak CO adsorption, for Ni C-O dissociation (which can be H*-assisted
[180]) is rate-limiting, while the stronger adsorption of CO on Fe leads to rate limitation by
the hydrogenation of C* and O*. In a volcano approach, Ni-Fe alloys feature higher activity
compared to Ni and Fe by a trade-off between the activation energy of C-O dissociation and the
(adsorbed) CO dissociation energy [148]. Since the adsorption of CO is stronger on Ni-Fe than
on Ni [148], the higher apparent activation energy over Ni-Fe compared to Ni (cf. Table 7.3,
aging time 0 h) can be explained by an increasing impact of C* and O* hydrogenation to the
kinetics of the overall process.

Catalyst characterization by total X-ray scattering, Mössbauer spectroscopy and FMR showed
a decrease of the alloying of the bulk of the (γFe,Ni) particles, leading to surface enrichment
with Fe and its partial oxidation, forming a wüstite phase. It is well known that wüstite is
a non-stoichiometric structure consisting of Fe2+, Fe3+ and O2 – and is generally described
as FeyO, with y ranging from 0.88 to 0.95 at atmospheric pressure [339]. y also depends on
temperature and gas atmosphere [340]. The Fe2+ deficit is compensated by the incorporation
of Fe3+, resulting in a defect structure. However, the observed lattice parameter of 4.36 Å (cf.
Figure 7.3) is larger than expected for a structure with the composition FeyO (y = 0.9 to 1) [339].
This may indicate that besides Fen+ (n = 2, 3) some Ni2+ ions are incorporated in the structure,
possibly stemming from the co-oxidation of Ni closely interacting with Fe after reduction or
unreduced Ni2+ species, leading to lattice expansion.

The Tamaura group showed that H2-reduced magnetite (MxFe3 – xO4 – δ , M = Fe, Co, Ni [341],
δ denoting the degree of reduction) is able to decompose CO2 to carbon and oxygen [342–347].
They proposed a redox mechanism, in which carbon is deposited on the surface, related to the
oxidation of Fe2+ to Fe3+, while O2 – is incorporated into the cation-excess crystal lattice [345].
It was hypothesized that the high reduction potential of Fe2+ for CO2 is directly correlated to the
mobility of O2 – in the iron oxide [342, 345]. Carbon adsorbed on the surface is subsequently
hydrogenated to CH4 [341, 346, 347]. The original state is then restored by the re-reduction of

151



7 Enhanced Activity of Co-Precipitated NiFeAlOx in CO2 Methanation by Segregation and Oxidation
of Fe

Fe3+ and the formation of H2O. Other than in the studies of Tamaura et al., who used H2-treated
magnetite for the generation of those active Fe2+ sites, in this study these active sites seem to
be generated by the partial segregation and oxidation of Fe from the (γFe,Ni) nanoparticles.

Similarly, Kim et al. [320] and Theofanidis et al. [329] found that Fe2+ segregated from Ni-Fe
alloy particles is able to remove C* deposited on Ni(Fe) sites in dry reforming by COx formation
via Fe2+-Fe3+ redox chemistry in FeyO. It can be hypothesized that in CO2 methanation atmo-
sphere the reverse reaction, resulting in CO2 activation on FeyO, takes place. The hypothesis of
redox-active Fe2+ sites participating in the methanation reaction and contributing to the overall
reaction rate is consistent to the observed compensation effect [317]. Regeneration of NiFeAlOx

after 6 h of aging causes Fe2+ to be re-reduced to metallic Fe, which closes the additional
reaction pathway provided by Fe2+ (evident from the decrease of the activation energy), leading
to a decrease of catalyst activity (cf. Figure 7.1).

The high activation energy of the Fe2+ promoted reaction pathway is supposed to arise from an
unfavorable kinetic barrier of the hydrogenation step of carbon adsorbed on these sites and the
involvement of a solid-gas reaction. Since Mössbauer spectroscopy (cf. Figure 7.15) suggests
the presence of a small part of Fe2+ already after catalyst activation, the complete absence of
these additional reaction sites directly after catalyst activation cannot be excluded. However, due
to lower percentage of Fe2+ as well as their unknown location, their contribution, if present, is
supposed to only play a minor role compared to CO2 methanation over (γFe,Ni).

7.4 Conclusion

The improved apparent stability of Fe-promoted co-precipitated NiAlOx catalysts in the CO2

methanation reaction was shown to be caused by a temporal increase of the intrinsic catalytic
activity triggered by catalyst exposure to aging conditions, resolved by intermediate kinetic
measurements away from equilibrium conditions. The increase in intrinsic activity is provoked
by the simultaneous (partial) segregation of (γFe,Ni) particles initially formed during catalyst
activation and in situ formation of active Fe2+ sites under aging conditions, as proved by XRD
analysis and Mössbauer spectroscopy. These sites are hypothesized to provide an additional,
alternative reaction pathway via CO2 activation on disordered FeyO. Since sintering effects,
which lead to a decrease of the metal surface area, CO2 adsorption capacity, and the BET surface
area, cause a countervailing reduction of catalyst activity, aging of NiFeAlOx at a moderate
temperature of 400 °C resulted in the highest temporal activity increase. This highlights that
the promotional effect of Fe on the methanation activity of co-precipitated NiAlOx is highly
sensitive to the pretreatment procedure and implies that the activity of co-precipitated NiFeAlOx

can be enhanced by a suitable temperature program.
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7.5 Supplementary Material

7.5.1 Catalyst Synthesis

The catalysts were prepared by co-precipitation at constant pH 9. 1 M solutions of
Ni(NO3)2 (Ni(NO3)2·6H2O, Merck), Al(NO3)3 (Al(NO3)3·9H2O, Merck), and Fe(NO3)3

(Fe(NO3)3·9H2O, Merck), respectively, were mixed to an overall volume of 120 mL. The
mixture was fed with a flow rate of 2.5 mL min−1 to a 3 L-sized glass vessel, which contained 1 L
of bi-distilled water at pH 9 and 30 °C. The precipitation agent, an equimolar mixture of 1 M
NaOH (Merck) and 1 M Na2CO3 (Merck), was automatically dosed by a titrator (Alphaline
Titrino Plus, Schott) to keep the pH constant at 9 ± 0.1. All reagents were p.a. purity. After
aging at pH 9 and 30 °C for 18 h in the mother liquor, the suspension was vacuum-filtered
and washed until the pH of the fresh filtrate was 7 and the conductivities of the fresh filtrate
and of bi-distilled water were in the same order of magnitude. The filter cake was dried at
80 °C for 18 h in air, before it was calcined in flowing synthetic air at 450 °C for 6 h (linear
heating rate 5 K min−1). For all further studies, the particle fraction from 150 to 200 µm was
used, obtained by pelletizing (pressure 450 N cm−2), grinding and sieving. Any effects of the
pelletizing process on the porous structures of the catalysts were excluded beforehand.

7.5.2 Catalyst Characterization

7.5.2.1 Inductively Coupled Plasma-Optical Emission Spectroscopy

Elemental analysis was carried out by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) on an Agilent 700. Approximately 50 mg of the calcined catalyst samples
were sonicated in 1 M H3PO4 for 4 h. After cooling down, the volume was adjusted to 50 mL
and the solutions were diluted 1 to 10 with bi-distilled water, before filtering using 0.45 µm
filters (Pall). Multi-element standards (ICP standard IV, Merck) were prepared for 50, 10, 1,
and 0.1 ppm metal ion concentrations. Matrix effects and metal signal superimpositions were
excluded. The wavelengths used for data evaluation were 230.299 nm (Ni), 396.152 nm (Al),
238.204 nm (Fe), and, to check the Na content of the catalysts, 588.995 nm (Na). All data were
collected five times.

7.5.2.2 Temperature-Programmed Reduction

Temperature-programmed reduction (TPR) experiments were conducted using a Quantachrome
ChemStar TPx. Approximately 50 mg of catalyst were positioned in a U-shaped quartz reactor
with a thermocouple placed in the catalyst bed. The procedure included heating to 485 °C
(2 K min−1) in 5 % H2 in Ar (100 mL min−1), holding for 5 h, and cooling down to room
temperature in He. For temperature-programmed oxidation, the activated catalyst was heated
in 10 % synthetic air in He (50 mL min−1) to 450 °C (5 K min−1) and held there for 6 h before
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cooling down to room temperature in Ar. The whole TPR process was repeated with a fresh
catalyst, heating up to 1000 °C and holding 30 min. H2 consumption was tracked using a thermal
conductivity detector (TCD). Evolving H2O and CO2 were frozen out in an acetone / liquid N2

slurry trap. Degrees of reduction were calculated from the integral H2 consumption using CuO
for TCD calibration, assuming all nickel and iron species in the calcined catalysts were initially
present in the form of Ni2+ and Fe3+ (cf. Chapter 4). The reduction signals were fitted using
Gaussian peak functions.

7.5.2.3 H2 and CO2 Chemisorption

H2 and CO2 chemisorption experiments were carried out on a Quantachrome Autosorb 1 at
35 °C. Before and after each measurement, the reduced and deactivated catalysts were vacuum-
degassed at 350 °C for 1 h (heating rate 5 K min−1). Sorption equilibration time was set 2 min
for H2 chemisorption and 10 min for CO2 chemisorption. The extrapolation method to zero
pressure was used for the calculation of the metal surface area (from H2 chemisorption) and
the CO2 uptake, respectively. For H2 adsorption, a dissociative adsorption mechanism with
one H atom adsorbing on one Ni atom was assumed [252]. H2 adsorption on Fe under the
chosen conditions was neglected due to its kinetic limitation [253, 254]. H2 chemisorption at a
recommended temperature of 200 °C to track Fe sites [255] resulted in significant spillover onto
the Al3+-containing oxidic phase and was therefore omitted. Metal surface area determination
by CO chemisorption was also omitted, since adsorption of CO on Fe is known to be structure-
dependent [255, 256] and therefore allows no conclusion on the metal surface area. The Ni
dispersion was calculated from the specific H2 uptake U(H2), the Ni loading lNi, and the molar
mass of Ni MNi.

DNi =
NNi,ex
NNi

=
2 ·UH2

lNi
MNi

(7.7)

7.5.2.4 N2 Physisorption

The total surface area was calculated from N2 physisorption data recorded on a NOVA 4000e
(Quantachrome) at 77 K, applying the BET method in the p/p0 range from 0.05 to 0.3 .
The reduced and deactivated catalysts were vacuum-degassed for 1 h at 350 °C (heating rate
5 K min−1) beforehand. Sorption equilibration time was 3 min. Since the catalysts exhibited
type IV isotherms featuring type H3 hystereses, care must be taken in the evaluation of mean
pore diameters and the pore volumes [221, 225].

7.5.2.5 X-ray Powder Diffraction Analysis

X-ray powder diffraction (XRD) analysis for the calcined samples was carried out on a Philips
X’pert using Cu-Kα radiation, a Ni filter, and a monochromator. For in situ measurements, the
sample was heated in 5 % H2 in N2 to 480 °C with a linear heating rate of 2 K min−1, held there
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for 5 h and cooled down to room temperature. Afterwards, the sample was heated to 450 °C
with a linear heating rate of 5 K min−1 in synthetic air and held there for 6 h. After cooling
down, a second reduction treatment was performed. Diffractograms were taken in the scanning
range from 2θ = 5 – 90° with 0.02 ° step−1 and 50 steps min−1. XRD analyses for reduced and
deactivated catalyst samples were carried out on a STOE Stadi P diffractometer using Cu-Kα

radiation, a Ge(111) monochromator, and a Dectris MYTHEN 1K detector. 5 mg of the catalyst
sample were transferred into glass capillaries (diameter 0.5 mm, WJM-Glas) in Ar atmosphere
and sealed. Data were recorded for 2θ = 5 – 90° with 0.015 ° step−1 and 45 steps min−1. For
selected catalyst samples, total X-ray scattering data were collected at I15 at the Diamond Light
Source with a fixed energy of 76.69 eV (wavelength of 0.161 669 Å). Line profiling was carried
out using Pseudo Voigt functions (Highscore 3.0d). Interplanar distances d were calculated
according to Bragg’s law (cf. Eq. 3.1). Mean crystallite sizes were obtained evaluating the 200
reflection of the metal crystallites (cf. Eq. 3.4). The calculated cell parameters were compared to
tabulated values [310] to estimate the respective composition of the Fe-Ni alloy particles. Based
on the step width during the diffraction measurements, the absolute error in the estimated Ni/Fe
composition can be estimated to be 0.7 at.%.

7.5.2.6 Transmission Electron Spectroscopy

For transmission electron spectroscopy (TEM), approx. 1 mg of the catalyst samples were
suspended in bi-distilled H2O and sonicated for 10 min. After sedimentation of the larger
particles, 3 µL of the suspension were dropped onto a copper grid coated with carbon film. The
droplet was removed using a filter paper after 10 s. TEM was carried out on a Tecnai F30 with
an acceleration voltage of 300 kV. The measured particle diameters were fitted to lognormal
distributions to obtain data on average particle diameters and standard deviations.

7.5.2.7 Fourier Transform Infrared spectroscopy

Fourier transform infrared spectroscopy for CO2 adsorption on the activated catalysts was
carried out on a Bruker Vertex 70 spectrometer. The calcined catalyst powder was shaped to
a pellet of 1 cm diameter and activated in situ at 450 °C for 5 h (linear heating rate 5 K min−1).
Subsequently, the chamber was evacuated and kept at 10−7 mbar for 18 h. CO2 was dosed into
the cell to the desired pressure (0.1, 1, and 10 mbar). For each pressure, the cell was evacuated
to 10−7 mbar after 10 min of equilibration before the IR spectrum was recorded. After pellet
removal, the background was collected.

7.5.2.8 Temperature-Programmed Desorption of CO2

The freshly reduced catalysts were studied by temperature-programmed desorption of CO2

(CO2-TPD). 50 mg of catalyst were activated in situ in 5 % H2 in He by heating to 485 °C
with a linear rate of 2 K min−1 and kept there for 5 h. Then, the catalyst was purged with He
for 1 h. After cool-down to 35 °C, CO2 was adsorbed for a duration of 30 min with a flow rate
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of 50 mL min−1. To remove any physisorbed CO2, the catalyst bed was purged with He for
another 30 min. TPD was performed in a stream of 100 mL min−1 He with a linear heating rate
of 6 K min−1 up to 480 °C. The signals of CO and CO2 fragments were tracked online via an
OmniStar mass spectrometer (Pfeiffer Vacuum). Due to unknown ad- and desorption kinetics,
fitting of the desorption signals was omitted.

7.5.2.9 Ferromagnetic/Paramagnetic Resonance Spectroscopy

Ferromagnetic and paramagnetic resonance spectra of the reduced and deactivated catalysts
were recorded on a JEOL JES-RE 2X at X-band frequency at temperatures between 113 to
473 K, microwave frequency 9.4 GHz, microwave power < 0.2 mW, and a modulation frequency
of 100 kHz. The microwave frequency was measured with a microwave frequency counter
Advantest R5372. For the Fe-containing catalysts, the significance of intensities/magnetizations
measured below 273 K are of limited value due to substantial integrated intensity at zero field
for X-band frequency.

7.5.2.10 Mössbauer Spectroscopy
57Fe Mössbauer measurements were performed in transmission geometry with a source of 57Co
in a rhodium matrix at 4.2 K in a liquid helium bath cryostat. The Mössbauer absorbers were
prepared in N2 atmosphere and transferred into the liquid helium bath of the cryostat without
exposure to air. Mössbauer spectra were fitted with Lorentzian lines grouped into appropriate
patterns. In addition to magnetic sextets and electric quadruple doublets, patterns corresponding
to Gaussian distributions of magnetic hyperfine fields were used. Isomer shifts are given as
measured with respect to the source having the same temperature as the absorber. For the
conversion to isomer shifts with respect to metallic iron at room temperature, 0.245 mm s−1

have to be added to these values.

7.5.3 Temperature Program for Catalyst Activity Tracking over Aging
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Figure 7.6: Temperature program for the time-resolved aging study.
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7.5.4 Exclusion of Heat and Mass Transport Effects on Kinetic Data

7.5.4.1 Theoretical Proof of the Absence of Heat and Mass Transport Limitations

To theoretically evaluate possible influence of internal and external heat and mass transport
effects on the reported apparent weight time yields of CH4, the respective heat and mass
transport criteria (Eqs. A.1 to A.4, cf. Appendix A) were checked. Although Koschany et
al. recently showed that the reaction orders of CO2 and H2 in CO2 methanation over the
Ni-Al catalyst are well below 1 in the investigated temperature window [24], n is set 1 in
this consideration in a conservative approach for all species i. The maximum catalyst particle
diameter used in the experimental was 200 µm. The activation energy was conservatively set
120 kJ mol−1 [24, 87]. The catalyst bulk density was measured to be 500 kg m−3. This low
bulk density is an artifact from the low pelletizing pressure, chosen at 450 N cm−2. At higher
pressures, an impact on pore volume and BET surface area was observed in N2 physisorption
measurements. From the total pore volume, approximated from N2 physisorption at p/p0 =
0.995, and the catalyst bulk density, the internal catalyst pellet porosity was calculated. Bed
voidage was set 0.45, the tortuosity was set 4 in a conservative approach. Catalyst pellet
conductivity was estimated to be 0.15 W m−1 K−1 [24], a very conservative value regarding
the metal loading of about 50 wt.% of the reduced catalyst. From characterization data and
theoretical investigations it was deduced that the initial state of the catalyst is most sensitive
to potential internal limitation effects, since during aging the pore size increases due to pore
rupture, leading to a smaller impact of Knudsen diffusion and therefore faster intra-particle
mass transport (cf. Eq. A.6). From N2 physisorption measurements, the average pore diameter
was approximated to 12.2 nm. All four criteria (cf. Eq. A.1 to A.4) were fulfilled under the
chosen experimental conditions, justifying the assumption that heat and mass transport effects
can be excluded and that the reported data reflect the kinetic properties of the catalyst. The most
critical effect was found to be intra-particle mass transport limitation for CO2. The Weisz-Prater
criterion for intra-particle mass transport (cf. Eq. A.3) of CO2 reached a maximum value of
0.21 < 1 in this conservative assumption. All other criteria were fulfilled by a factor of at least
15.

7.5.4.2 Experimental Proof of the Absence of Heat and Mass Transport Limitations

Internal and external transport effects were also checked experimentally by altering catalyst
particle diameter at high space velocities as well as volumetric flow rate at fixed space velocities,
respectively. For the evaluation of possible intra-particle heat and mass transport limitations,
the NiFeAlOx catalyst (higher activity) was pelletized, crushed and sieved to particle fractions
of 100 to 150 µm, 150 to 200 µm, 200 to 250 µm, and 250 to 355 µm. Possible limitation was
evaluated by comparing the yields of CH4 at the conditions shown in Table 7.1 (total volumetric
flow rate 500 mL min−1, H2/CO2/Ar = 4/1/75, 50 mg catalyst, 230 °C, 4 bar) for the different
catalyst particle fractions. Figure 7.7 illustrates the obtained CH4 yields as a function of the
maximum particle diameter in the corresponding particle fraction. The standard deviation of the
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Figure 7.7: Yield of CH4 for different maximum particle diameters (100 to 150 µm, 150 to
200 µm, 200 to 250 µm, and 250 to 355 µm), orange marks the data point used for the kinetic
measurement.

CH4 yields amounts to 1.3 % rel., which means that internal mass and heat transport limitations
can be ruled out.

For the evaluation of the possible impact of inter-particle heat and mass transport effects on the
reported data, the volumetric flow rate was varied from 300 to 500 mL min−1 while keeping the
space velocity constant by varying the catalyst bed length accordingly (30 to 50 mg catalyst).
The particle fraction used was 150 to 200 µm. Feed gas composition was H2/CO2/Ar = 4/1/75,
the temperature was set 230 °C, the total pressure 4 bar. The yields of CH4 as a function of the
total volumetric flow rate are illustrated in Figure 7.8. No effect of the flow rate on the yield
of CH4 can be observed, which means that the reported data is not affected by external heat or
mass transport effects. The standard deviation amounts to 1.3 % rel. In both experimental series
no impact on CH4 formation was observed, confirming that any heat and mass transport effects,
both intra- and inter-particle, on the kinetic data (WTY(CH4)) and the activation energies (under
differential measurement conditions at T = 230 °C and high space velocity) can be ruled out.
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Figure 7.8: Yield of CH4 as a function of total volumetric flow rate at constant space
velocity SV , orange marks the data point used for the kinetic measurement.
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7.5.5 Characterization Results and Discussion

7.5.5.1 X-ray Powder Diffraction

Structure of the Precipitate

Figure 7.9 illustrates the XRD patterns of the co-precipitated
[Ni0.5FeyAl0.5(OH)2+2y][(CO3)0.25+y/2 ·nH2O] (y = 0, 0.09) catalyst precursors. The XRD re-
flections indicate the formation of a modified takovite structure, where Al3+ ions partly replace
Ni2+ ions in hydroxide octahedra. Charge compensation is supplied by the incorporation of
CO3

2 – in the interlayers. Shifts in the position of the reflections relative to takovite (JCPDS:
15-0087) are caused by the deviation of the nNi/nAl ratio from 3 [24]. For NiAlOx, the positions
of the basal 003 and 006 reflections appear at 2θ = 11.76 and 23.08°, which indicates some
distortion of the interlayer between the brucite-like layers, even more pronounced for NiFeAlOx

(2θ = 11.68 and 22.91°). Evaluation of the mean values of the 003 and 006 reflections reveals
a mean interlayer distance c of 22.8 Å for NiAlOx and 23.0 Å for NiFeAlOx, respectively. The
difference in the interlayer distance suggests that the excess of positive charge by the partial
replacement of some Ni2+ by Fe3+ in the gaps of the OH– octahedra might be compensated
by an increased amount of CO3

2 – located in the interlayers, leading to a slight increase of the
interlayer distance. Evaluation of the 110 reflections at 2θ = 62.36° results in a lattice parameter
a of 2.976 Å for both samples, indicating that the replacement of Ni2+ and Al3+ by Fe3+ in the
brucite-like layers does not have a significant impact on the mean lattice parameter a. The results
from XRD on the precipitates are consistent to Chapter 4.
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Figure 7.9: XRD patterns of the co-precipitated catalyst precursors (JCPDS: Takovite
15-0087).
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Structure of the Calcined and Reduced Catalyst Materials

Figure 7.10 illustrates XRD patterns of the two catalysts in their oxidized and reduced states.
During calcination (A), for NiAlOx a mixed oxide phase of Ni and Al is formed, becoming
evident from shifts of the NiO reflections towards the reflections of γ-Al2O3 (JCPDS 10-0425).
Evaluation of the 220 reflection at 2θ = 63.80° indicates a lattice constant of ac = 4.12 Å for the
modified cubic NiO crystal lattice. For NiFeAlOx, a slight systematic shift to lower diffraction
angels can be observed, possibly caused by the incorporation of Fe3+ ions into the mixed oxide
lattice [253]. Therefore, a minimal increase of the lattice parameter ac to 4.13 Å is found.

Activation (B) of NiAlOx leads to the formation of metallic Ni crystallites, evident from reflec-
tions at 2θ = 44.56, 51.84, and 76.50°. In addition, the positions of the reflections caused by
the former mixed oxide are further shifted towards γ-Al2O3, indicating a decrease of the Ni2+

content in the mixed oxide. However, the reflection positions do not meet any pure aluminum
oxide phase, which suggests that Ni2+ is not removed quantitatively from the bulk of the mixed
oxide. Similar observations can be made for NiFeAlOx. However, for the reduced NiFeAlOx,
the diffraction signals attributed to the metallic Ni reflections are shifted to lower diffraction
angles, e.g. from 2θ = 51.84° (200 fcc Ni reflection) to 2θ = 51.34°. This implies that some
lattice expansion by the incorporation of metallic Fe into Ni takes place, suggesting that under
the chosen activation conditions (γFe,Ni) alloy particles [310] are formed. From the reflection
position, the Fe content in the bulk of the (γFe,Ni) alloy particles can be estimated to be 28 at.%
[310]. In addition, the reflection positions of the former mixed oxide phase change similar to the
ones of NiAlOx. The mean metal crystallite sizes dC estimated applying the Scherrer equation
(cf. Eq. 3.4) to the 200 reflections are 3.2 nm for both catalysts.
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Figure 7.10: XRD patterns of the co-precipitated precursors after calcination (A), reduction
(B), second calcination (C), second reduction (D) (JCPDS: NiO 78-0429, Ni 87-0712,
γ-Al2O3 10-0425).
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A second oxidation treatment at 450 °C (C) results in the re-formation of the mixed oxide phase
(A). The reflections caused by the metal particles disappear, indicating quantitative oxidation.
However, in comparison to (A), for both materials the reflections attributed to the mixed Ni-
Al oxide are shifted further towards NiO, which suggests that the amounts of Al3+ in the
Ni(Fe)AlOx crystal lattice in the re-oxidized samples are lower than before the initial reduction
treatment. This can be interpreted that oxidation of the Ni particles led to the formation of
NiO-rich domains in the mixed oxides, containing less Al3+ than in the initial calcined cata-
lysts (A). As a consequence of mass balance, this is a strong indicator that, in addition to the
mixed oxide phase being evident from XRD, a second amorphous Al3+-containing phase, which
might also contain Ni2+ ions, might be present in the calcined catalyst. This is consistent to a
structural model by Alzamora et al. [139] derived for hydrotalcites calcined at low temperature.
In addition, the intensity of the reflections is higher than in (A), which might arise from an
increased degree of crystallinity, possibly attributed to less lattice distortion by Al3+ or increased
crystallite sizes.

For NiAlOx, a second activation treatment (D) restores the state of the initially reduced catalyst
(B). The comparison of diffractogram (D) and (B) shows that the increased crystallinity due to
the changed structure of the oxidic catalyst does not have a notable impact on the Ni crystallite
size of the reduced catalyst. In addition, this might indicate that for these mixed oxide-derived
catalysts a re-dispersion of the Ni particles by oxidation and reduction may be possible. In
contrast, for NiFeAlOx, a shift of the reflection for the mixed oxide phase from 2θ = 65.1° (B)
to 2θ = 65.5° (D) can be observed, which may result from partial segregation of Ni2+, Fe3+,
and Al3+ in the mixed oxide phase during re-oxidation in (C). However, the initial composition
of the (γFe,Ni) particles (28 at.% Fe) is restored. The mean crystallite size dC is 3.2 nm for both
catalysts. Most noteworthy, in all diffractograms no reflections corresponding to bulk spinel
NiAl2O4 can be detected.

7.5.5.2 Catalyst Reducibility

Figure 7.11 illustrates the TPR profiles of NiFeAlOx and the reference NiAlOx, which are
consistent to Chapter 4 and 5. Both catalysts exhibit broad reduction signals ranging from 300
to 750 °C. The non-symmetric shapes suggest the co-reduction of differently stabilized Ni2+

species in both samples. As claimed by Puxley et al. [138], this peak shape might be caused by
the reduction of Ni2+ from an Al3+-containing NiO phase (with the Gaussian peak maximum
at 438 °C, 41 %) and Ni2+ incorporated in an aluminum oxide phase (Gaussian peak maximum
at 540 °C, 58 %) as discussed in Section 7.5.5.1.

For NiAlOx, an additional weak reduction signal appears at 140 °C, which has previously been
assigned to small amounts of Ni3+ species in external layers [253]. In accordance to its absence
in the diffractograms in Figure 7.10, no reduction signal for spinel NiAl2O4, which would
be expected at temperatures higher than 800 °C according to literature [92, 348, 349], can be
detected.
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Figure 7.11: Temperature-programmed reduction patterns for NiAlOx and NiFeAlOx,
normalized to catalyst mass.

For NiFeAlOx, an additional reduction signal with the maximum at 257 °C appears, that can
be assigned to the reduction of Fe3+ to Fe2+. According to literature [253], the Fe2+ species
are subsequently reduced to Fe0, with the H2 consumption peak hidden under the broad Ni2+

reduction signal. Gaussian peak fitting resolves the maximum of the Fe2+ reduction signal
at 373 °C. Compared to NiAlOx, the fitted peak of the Ni2+ reduction signal from the low-
temperature signal is shifted to 431 °C, indicating that the presence of Fe species alleviates the
reduction of the nickel oxide phase [149], possibly by interaction with Ni species through the
formation of (γFe,Ni) alloy phase as evident from XRD in Figure 7.10 [253].

Comparison of the areas of the reduction signals obtained for the activation conditions applied in
the catalytic tests (485 °C, 5 h) reveals that the degree of reduction is 57 % for NiAlOx and 60 %
for NiFeAlOx. The low degree of Ni2+ reduction in both catalysts is attributed to incomplete
activation of Ni2+ incorporated in the Al3+-rich oxidic phase (high-temperature reduction peak
in Figure 7.11) and is in line with XRD in Section 7.5.5.1.

7.5.5.3 Basicity of the Catalysts

In Figure 7.12 A, the IR spectra of the activated NiAlOx and NiFeAlOx catalyst are compared.
The carbonate species adsorbed on basic sites of the amphoteric oxide phase are merely similar
for both catalysts. For NiFeAlOx, to the detriment of monodentate (1560 to 1510 cm−1, 1400 to
1360 cm−1) and bidentate carbonate (1630 to 1610 cm−1, 1340 to 1320 cm−1), a slightly higher
amount of bicarbonate species (1650, 1480, and 1220 cm−1) [269] can be observed. In literature,
a high CO2 uptake capacity of the oxide phase has been shown to be beneficial for CO2

methanation (cf. [157] and Chapter 4), with medium basic sites (mono- and bidentate carbonate)
[269] being most important [69, 128]. Thereby, an associative methanation pathway is assumed,
in which monodentate formate stemming from monodentate carbonate can be hydrogenated
faster than bidentate formate originating from bicarbonate [128].
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Figure 7.12: Infrared spectra of the in situ activated NiAlOx and NiFeAlOx at 40 °C, dosing
pressure p(CO2) = 0.1 mbar, normalized to pellet mass and beam area (A), infrared spectra
of NiAlOx for different dosing pressures at 40 °C (B), infrared spectra of NiFeAlOx for
different CO2 dosing pressures at 40 °C (C).

Significant differences evolve for the bands in the wavenumber range from 2100 to 1700 cm−1,
attributed to carbonyl bands originating from CO2 dissociatively adsorbed on the metal sites.
For NiFeAlOx, the ratio of adsorbed carbonyl to adsorbed carbonate is much higher compared
to NiAlOx. This suggests that metallic Fe contributes to the dissociative adsorption of CO2.
However, when evaluating the binding mode, it seems like the proportion of CO being bound
linearly (band at 2010 to 2000 cm−1) is higher than for NiAlOx, which indicates that Fe pri-
marily contributes to linear binding of CO. Shoulders for bridged and three- as well as fourfold
hollow adsorbed CO might be attributed to CO being simultaneously bound to Ni and Fe metal
atoms. Furthermore, Fe might modify the electronic state of Ni, changing the CO2 dissociation
and/or CO binding properties of Ni. This becomes obvious from shifts of the three bands to
higher wavenumbers by 6 cm−1, which effectively indicates a higher bond strength of the C-O
bond. However, it can be assumed that this shift is caused by adsorbate interactions due to the
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higher amount of carbonyl adsorbed on NiFeAlOx. This effect is similar to Figure 7.12 B–C,
where the bands assigned to carbonyl on the metal sites are shifted to higher wavenumbers
with increasing dosing pressure (increasing coverage). Similar shifts with increasing adsorption
pressure can be observed for the band centers of the bidentate carbonate species.

The results from CO2-TPD (cf. Figure 7.13) are in line with the observations from infrared
spectroscopy. Four overlapping CO2 desorption signals appear for both catalysts. The low-
temperature signal with the maximum around 90 °C can be attributed to CO2 evolved from
bicarbonate species formed on weak basic sites. Bicarbonate formation is characteristic for
CO2 adsorption on transition aluminas [351] that expose both AlIV and hydroxyl groups [352],
CO2 is bound on these sites in a bridged configuration. In accordance to infrared spectroscopy
from Figure 7.12 A, the density of weak basic sites seems to be increased for NiFeAlOx. The
signals in the medium temperature range from 120 to 300 °C can be assigned to CO2 desorption
from medium-strength basic sites, bound as monodentate or bidentate carbonate [269, 270].

Both, bidentate carbonate (CO2 desorption peak centered at about 150 °C) and monodentate
carbonate (CO2 desorption peak centered at about 220 °C, order of assignment according to
[141, 269, 270]) site densities are lower for NiFeAlOx. Mono- and bidentate carbonate species
were reported to form at coordinatively unsaturated exposed O2 – sites [270], which may be
created for reasons of charge compensation due to the incorporation of Al3+ into NiO as found
in XRD in Section 7.5.5.1, similar to the incorporation of Al3+ in MgO in [269]. This is
consistent to the observation that mono- and bidentate formation on transition aluminas is very
scarce [352]. The proposed role of Ni2+ for medium site density agrees well with [141] and
Chapter 6, where an increase was observed with rising Ni loading in co-precipitated NiAlOx
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Figure 7.13: CO2-TPD patterns of NiAlOx (black) and NiFeAlOx (orange), CO2 adsorbed
at 35 °C for 30 min, simplified structures according to [270], different binding
configurations are given in [350].
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The broad desorption signal at temperatures higher than 300 °C may be attributed to bridged/
organic-like carbonate species bound to strong basic sites [270]. These carbonate structures
are bridged across two adjacent Al3+ coordination spheres [352]. From their investigations of
various aluminum oxides, Morterra and Magnacca [352] deduced that bridged, “organic-like”
carbonate does not form when only AlIV coordinated sites are present, but that hexagonally
coordinated Al3+ ions may give rise to the basicity of some surface oxygen sites in their
coordination sphere.

Besides the differences in basic site densities, the binding energies of CO2 on the medium
and strong basic sites on NiFeAlOx seem to be decreased compared to NiAlOx, obvious from
the shift of the CO2 desorption signals to lower desorption temperatures, possibly alleviating
hydrogenation or decomposition and formation of carbonyl on the metal sites. Since the sites
for (bi)carbonate formation, in contrast to carbonyl, are supposed to be exclusively located on
the oxidic phase, the difference of basic sites densities on the oxidic phase is supposed to result
from un- or partly reduced Fen+ (n = 2, 3) species, varying the properties for CO2 adsorption on
these sites. All observations in CO2–TPD are consistent to previous studies on co-precipitated
Ni-based co-precipitated catalysts in Chapters 4, 5, and 6.

7.5.6 Transmission Electron Microscopy

Figure 7.14: TEM images of NiAlOx, freshly reduced (A) and aged for 72 h at 450 °C (B),
and for NiFeAlOx, freshly reduced (C), and aged for 6 (D), 40 (E), and 72 h (F) at 450 °C.
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7.5.7 Mössbauer Spectroscopy

Figure 7.15: Mössbauer spectra of NiFeAlOx, freshly reduced (A), and aged for 6 h at
450 °C (B). The spectra were recorded at 4.2 K with the 57Co/Rh source at the same
temperature as the absorber.

7.5.8 Paramagnetic/Ferromagnetic Resonance Spectroscopy

0 100 200 300 400 500 600 700 800

In
te

ns
ity

 / 
a.

u.

B0 / mT

133 K

233 K

293 K

433 K

A

0 100 200 300 400 500 600 700 800

In
te

ns
ity

 / 
a.

u.

B0 / mT

133 K

233 K

293 K

433 K

B

Figure 7.16: FMR spectra of NiAlOx, freshly reduced (A) and aged for 72 h at 450 °C (B).

Table 7.4: Normalized magnetic intensities and linewidths from FMR of NiAlOx and
NiFeAlOx in their freshly reduced and aged states.

Catalyst ta / h Ta / °C Normalized intensity / - ∆Bpp / mT

NiAlOx 0 - 1 145
72 450 1 270

NiFeAlOx 0 - 2.1 260
6 450 4.0 265

40 450 5.1 230
72 450 4.0 170
72 400 3.8 230
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Figure 7.17: FMR spectra of NiFeAlOx, freshly reduced (A), aged for 6 h (B), 40 h (C),
72 h (D) at 450 °C, and aged for 72 h at 400 °C (E).
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7.5.9 Hydrogen Treatment of Aged NiFeAlOx
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Figure 7.18: XRD pattern for NiFeAlOx after activation, aging at 450 °C and 8 bar for 6 h,
re-activation at 485 °C in 5 % H2 in Ar, repeated aging at 450 °C and 8 bar for 6 h, repeated
re-activation at 485 °C in 5 % H2 in Ar (JCPDS: NiO 78-0429, Ni 87-0712).
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8 On the Kinetics of the Co-Methanation
of CO and CO2 on a Co-Precipitated
Ni-Al Catalyst

This chapter was published in similar form in:

T. Burger1, P. J. Donaubauer1, O. Hinrichsen, On the kinetics of the co-methanation of CO and CO2,

Applied Catalysis B: Environmental, 2020, 282, 119408, DOI 10.1016/j.apcatb.2020.119408

and is reprinted with permission. Copyright 2020, Elsevier.

Abstract

The kinetics of the gas-phase co-methanation reaction of carbon oxides over a co-precipitated
44 wt.% NiAlOx catalyst were modelled via competitive adsorption of CO and CO2 and the
subsequent methanation of a common surface intermediate. Steady-state isotope experiments
and model discrimination suggest the decomposition of a hydrogenated COHy surface inter-
mediate to be the kinetically relevant step in the methanation reaction. The best fit is obtained
for hydroxycarbene (y = 2). The presented kinetic model is the first to explicitly describe the
full coupling of CO and CO2 transformation. It is built on the basis of CO methanation, CO2

methanation, steam reforming and water-gas shift experiments over a wide range of conditions.
All model parameters are thermodynamically consistent and statistically relevant.

8.1 Introduction

The carbon oxides methanation reactions recently have re-gained interest due to an increase
in environmental awareness and a change in energy policy, aiming to reduce greenhouse gas
emissions and contain global warming [353]. In the power-to-gas process chain, COx, which
may originate from waste gas streams of conventional power plants based on fossils or from
gasification processes of biomass or coal, is converted to substitute natural gas (SNG) using H2

derived by electrolysis using surplus renewable energy. The reaction system consisting of CO,
1 The authors equally contributed to this work.
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CO2, H2O, CH4, and H2 can be described by the reaction network comprising the methanation
reactions of CO (cf. Reaction 8.I) and CO2 (cf. Reaction 8.II) in combination with the water-gas
shift reaction (cf. Reaction 8.III).

CO + 3H2 CH4 + H2O ∆H0
R = –206.3kJmol–1

∆G0
R = –142.2kJmol–1 (8.I)

CO2 + 4H2 CH4 + 2H2O ∆H0
R = –165.1kJmol–1

∆G0
R = –113.5kJmol–1 (8.II)

CO + H2O CO2 + H2 ∆H0
R = –41.2kJmol–1

∆G0
R = –27.7kJmol–1 (8.III)

In this work, it is focused on the kinetic description of the reaction network (Reactions 8.I-
8.III), catalyzed by a co-precipitated, hydrotalcite-derived NiAlOx catalyst. Koschany et al. [24]
recently developed a kinetic model for the description of CO2 solo-methanation without consid-
ering the species CO as well as CO methanation and water-gas shift reaction. However, realistic
feed gases derived from coal gasification or biomass plants contain significant amounts of CO,
which is known to strongly inhibit the methanation reaction of CO2 [169, 302] and, besides,
can lead to significant catalyst deactivation by carbon deposition [28, 354, 355] or Ni(CO)4

formation [356, 357]. Moreover, significant amounts of CO are formed in thermodynamic
equilibrium at high methanation temperatures [27], caused by hotspot formation. Therefore, the
kinetic description of CO methanation and the water-gas shift reaction are indispensable for the
prediction of CO2 methanation rates and to describe the reaction dynamics of CO-containing
feed gas.

The different reaction pathways and mechanisms proposed in literature have extensively been
discussed in Section 2.2.4, [73] and references therein. In the associative CO2 methanation
pathway, CO2 is hydrogenated to formate, that is subsequently hydrogenated to CH4 [126, 163].
The dissociative CO2 methanation pathway, in comparison, involves the dissociation of CO2 to
CO* [80, 165, 166]. For associative CO methanation, CO adsorbs in the form of CO* and is
hydrogenated via a hydrogenated surface intermediate COHy (y = 1 to 3) [80, 166, 169–172,
174, 175], while for dissociative CO methanation CO* dissociates to C*, respectively, before
hydrogenation to CH4 [177–179].

Investigations by Weatherbee et al. [194] and Falconer et al. [115] give hints that the metha-
nation reactions of CO and CO2 proceed via the same mechanism. Falbo et al. investigated
the mechanism of the methanation reaction over a Ru/Al2O3 catalyst in an IR study [57].
From the observations, they concluded that CO2 is pre-activated on the oxidic phase in the
form of carbonates that get hydrogenated to formate, while CO associatively adsorbs on the Ni
centers. Formate then decomposes to CO* on the metal centers and is further hydrogenated. The
hydrogenation step of CO* to CH4 then was prosposed to take place via a common mechanism.
As discussed in Section 2.2.4 (cf. references therein), state-of-the-art kinetic models on the
methanation reactions comprise different mechanisms and kinetics for CO and CO2 and do not
reflect the competitive adsorption of CO and CO2 [73, 186, 187, 191]. Instead, both CO and
CO2 adsorption processes are typically modelled via the assumption of quasi-equilibration with
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surface-bound CO* [186, 193, 194], thus defining different CO* species for CO and CO2, which
may lead to the statistical irrelevance of the adsorption parameters for either CO or CO2 [186],
possibly resulting in inconsistencies among the remaining fitted kinetic and thermodynamic
parameters. Also, models containing kinetic rate equations for CO methanation and water-gas
shift reaction [73], or for CO2 methanation and reverse of the water-gas shift reaction [191],
therefore disregarding CO* originating from CO2 or CO, respectively, do not give access to the
surface coverage of CO* once the respective CO* precursor molecule is completely consumed
and therefore may not be suitable for co-methanation feed gas.

Coupled methanation reactions via a common carbonyl reaction intermediate were kinetically
described by Inoue et al. [176]. The rate-limiting step was assumed to be the hydrogenation of
C* in an Eley-Rideal-type mechanism. However, they did neither include the adsorption of H2,
the repressive effect of H2O on the methanation rate, nor the water-gas shift reaction, which
drastically simplified the resulting reaction network and rate equations. Still, the model could
not be explicitly solved.

To resolve the interactions of CO*, CO(g) and CO2(g) in a mechanistically consistent approach,
the model developed in this work, therefore, explicitly aims at describing the competitive ad-
sorption of CO and CO2 and their hydrogenation via the common reaction intermediate CO*
in a common kinetically relevant step. For this reason, kinetic data points under CO and CO2

co-methanation, water-gas shift as well as steam reforming conditions were gathered, providing
over 1700 fitting responses. It is shown that the presented kinetic model cannot be discriminated
from the model for CO2 solo-methanation recently derived by Koschany et al. over the same
catalyst [24].

8.2 Experimental

The NiAlOx catalyst used was the same as in [24] and prepared analogously to the one in
Chapter 4 to provide data comparability. The detailed catalyst synthesis procedure can be
found in Section 8.7.1.1. For characterization, inductively-coupled plasma-optical emission
spectroscopy (ICP-OES), static gas sorption techniques, temperature-programmed reduction
(TPR), temperature-programmed desorption of H2 (H2-TPD) and X-ray powder diffraction
(XRD) were applied. The catalyst was characterized after reduction to capture the material
characteristics describing its initial activity, as well as after an aging treatment (cf. Section
8.2.2) to evaluate deactivation mechanisms during the aging treatment and describe the material
properties during kinetic data gathering. After activation, the catalyst featured a metal surface
area of 21.4 m2 g−1

cat at a Ni crystallite size of 3.2 nm. The BET surface area was 294 m2 g−1
cat.

Static CO2 chemisorption yielded a CO2 uptake of 172 µmol g−1
cat (cf. Chapter 4). The calcined

catalyst features a Ni loading of 44.3 wt.% and a mixed metal oxide structure. The experimental
procedures and the characterization results are in detail reported in Section 8.7.1.2 and 8.7.2,
respectively.

171



8 On the Kinetics of the Co-Methanation of CO and CO2 on a Co-Precipitated Ni-Al Catalyst

8.2.1 Experimental Setup

The setup described in [24] was modified (cf. Section 3.3) and used for all measurements. A
carbonyl guard reactor was installed downstream the CO gas cylinder to capture carbonyls. All
further piping was SiO2-coated on the inside to prevent carbonyl formation. All gases were
supplied by Westfalen. Gas purity was 5.0 for all gases except for CO (4.6). H2O was fed by a
liquid phase mass flow controller and evaporated in a heat box before mixing with the reactant
gas stream. All tubing was heated to prevent H2O condensation. Downstream the reactor, the gas
flow was diluted with Ar in a ratio of 1:8. For CO2, CO, CH4, H2O, and H2, gas compositions
were measured using an online Emerson MTL-4 process gas analyzer (PGA). Hydrocarbon
and methanol byproducts were analyzed in a Clarus 580 gas chromatograph (GC, PerkinElmer)
equipped with two FID detectors. For every reactant and product data point, the conditions were
kept stable for at least 45 min. Gas composition was measured every second and averaged over
the last 150 s. Volume contraction occurring in CO and CO2 methanation (cf. Eq. 3.15) as well
as volume expansion in the steam reforming reaction (cf. Eq. 3.17) were taken into account.

8.2.2 Catalyst Conditioning

25 mg of catalyst were mixed with 225 mg of purified SiC (ESK), placed in the isothermal zone
of a SiO2-coated tubular reactor of 4 mm diameter, and axially fixed by quartz wool plugs. To
track catalyst bed temperature, a thermocouple with 1.5 mm diameter was put 1 mm into the
catalyst bed at the reactor outlet.

The catalyst was activated at 485 °C (linear rate of 2 K min−1) in 5 % H2 in Ar and held there
for 11 h. The total space velocity was set to 30 NL g−1

cat h−1. After cooling down to 250 °C,
the aging procedure reported in [24] (cf. Section 8.7.3) was applied to obtain a stable catalyst
performance over time and to decouple kinetic reaction rate data from deactivation phenomena.
The stable activity level was obtained after 100 h of aging at 380 °C, 7 bar, and a feed gas
composition of H2/CO2/CH4/H2O/Ar = 4/1/1.25/2.5/1.25 at Q = 120 NL g−1

cat h−1. This gas
composition reflects a fictive CO2 conversion of 55.5 % at the reactor inlet, co-feeding of H2O
proved to be effective for accelerating deactivation and reaching a constant activity level [24].
In addition, it leads to a uniformly aged catalyst bed. After aging, the Ni surface area was
13.3 m2 g−1

cat at a mean crystallite size of 5.2 nm (calculated from XRD). The BET surface area
amounted to 179 m2 g−1

cat at a total pore volume of 0.89 mL g−1
cat, resulting in a mean hydraulic

pore diameter of 19.8 nm (cf. Eq. 3.8). The total CO2 uptake capacity after aging, determined by
static chemisorption at T = 35 °C, was 96 µmol g−1

cat (cf. Section 8.7.2). Since no further catalyst
deactivation was observed during the kinetic measurements, verified by activity measurements
at various reference points (cf. Section 8.2.3), these material parameters reflect the state of the
catalyst during the kinetic measurements. Compared to the catalyst properties initially after
activation (cf. Section 8.7.2), the activity loss during aging (cf. Figure 8.12) seems to be caused
by Ni particle sintering, decrease of the BET surface area (attributed to pore rupture, indicated
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by an increase in pore volume and mean pore diameter) as well as the loss of basic sites.
A comprehensive study on the deactivation processes of Ni-Al catalysts (also for a catalyst
analogously prepared to the one in this study) was carried out in [134].

8.2.3 Kinetic Measurements

To avoid the formation of Ni(CO)4 under reaction conditions, the temperature during parameter
variation under CO-containing feed gas was kept higher than 230 °C. In analogy to [24], the
maximum temperature was set 340 °C, the total pressure ranged from 1 to 10 bar. Moreover,
steam reforming conditions were investigated at elevated temperatures up to 600 °C. The exper-
iments were conducted for two space velocities, 180 and 240 NL g−1

cat h−1. Kinetic measurements
were carried out in differential and integral mode to cover the approximation to thermodynamic
equilibrium. Besides, inhibition effects of the products CH4 and H2O were investigated by
co-feeding various stoichiometries. Limitation in the combination of experimental parameters,
proved in and deduced from extensive pre-studies, arose from:

• carbon deposition under H2-lean conditions free from H2O and CO2 (H2/CO < 6)

• excessive hotspot formation under space velocities higher than 240 NL g−1
cat h−1 due to

increased heat production

• short catalyst bed length to ensure isothermal temperature distribution, long enough to
ensure plug flow behavior [358].

The catalyst particle fraction of 100 to 150 µm was used for the kinetic experiments. Experimen-
tal (by varying catalyst particle diameter at high space velocities as well as varying flow rate at
fixed space velocities, respectively, and monitoring conversion and yields) and computational
(by examining the heat and mass transfer criteria Eqs. A.1 to A.4, cf. Appendix A, for each
component) investigations confirm the absence of heat and mass transport limitations for the
kinetic measurements in the chosen parameter range.

To check for possible further catalyst deactivation during the kinetic measurements and param-
eter variation experiments, at least once per 24 h product gas compositions at the reference point
RF1 (for CO2 methanation) and an additional reference point RF2 (for CO methanation; T =
270 °C, p = 5 bar, Q = 240 NL g−1

cat h−1, H2/CO2/CO/Ar = 21/3/3/13) were measured. At the
reference point RF3 (T = 475 °C, p = 5 bar and Q = 180 NL g−1

cat h−1 at a feed gas composition
of H2/CH4/H2O/Ar = 2.5/10/15/72.5) possible deactivation under steam reforming conditions
was tracked. All feed gas compositions and the respective parameters are listed in Table 8.3.
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8.2.4 Steady-State D2 Isotope Experiments

D2 isotope experiments were carried out under steady-state flow conditions. To experimentally
investigate the dissociation behavior of H2O on the Ni sites, H2O and D2 (H2O/D2/Ar = 1/5/9)
were brought into contact over 25 mg of catalyst at a temperature of 260 °C and 4 bar. The
total volumetric flow rate was 75 N mL min−1. Reaction gas composition was monitored and
analyzed via mass spectrometry (Pfeiffer-Vacuum Omnistar GSD301).

In a second experiment, H2 in H2O/H2/CO/Ar = 1/5/1/8 and H2/CO2/Ar = 4/1/5, respectively,
was replaced by D2, while all other experimental parameters were kept constant as stated above.
COx conversions below 20 % verify that the reaction occurred in the kinetic regime away from
thermodynamic equilibrium under these conditions. Reaction gas composition was monitored
and analyzed via mass spectrometry (Pfeiffer-Vacuum Omnistar GSD301), the process gas ana-
lyzer (PGA), and the online gas chromatograph (GC). CD4 was tracked via gas chromatography,
applying a FID sensitivity factor of 1.0352 compared to CH4 [359].

8.2.5 Determination of Apparent Activation Energies and Reaction

Orders in CO Methanation

10 mg of catalyst were diluted with 90 mg of purified inert SiC. The apparent activation en-
ergy was determined under differential conditions by linearizing the Arrhenius equation in the
temperature range from 240 to 290 °C and at absolute pressures of 4, 7, and 10 bar. The space
velocity was 3000 NL g−1

cat h−1 with a feed gas composition of H2/CO/Ar = 18/3/79. Errors were
calculated according to Gaussian error propagation. The error of the temperature measurement
was estimated to be 1.5 K (manufacturer’s data, fuehlersysteme.net). The CH4 formation rates
were averaged over 150 single measurements per data point.

The apparent reaction orders were determined from linear regression of the logarithmic CH4

formation rate versus the logarithmic CO partial pressure at constant H2 partial pressure and
vice versa. CH4 conversion was held below 15 % to mimic differential conditions free from
product or equilibrium limitations.

8.3 Model Development

The kinetic model presented was developed based on parameter estimation and model discrim-
ination for literature-known methanation mechanisms. Additional information is provided in
Section 8.7.6. A broad overview is given in [73] and the references therein. In addition, model
development was based on the experiments described in Section 8.2.4.
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8.3 Model Development

8.3.1 Mechanistic Conclusions Based on Steady-State Isotope

Experiments

8.3.1.1 Adsorption of H2O

To evaluate the surface species formed upon the adsorption of H2O on the Ni sites (associative
adsorption in the form of H2O*, dissociative adsorption yielding OH* and H*), H2O was
brought into contact with excess D2 at 4 bar and 260 °C. The product gas contained significant
amounts of HD and HDO clearly indicating that H2O dissociates on the Ni sites. Furthermore,
only traces of H2 were observed in the product gas. This is an indicator that H2O adsorption on
Ni takes place via dissociation to OH* and H* and that dissociation of H2O to O* and H* can
be neglected under the chosen conditions.

8.3.1.2 Nature of the Rate-Determining Step and the Surface Intermediate

When substituting H2 by D2, for both the CO- and the CO2-containing methanation feed gas an
inverse kinetic isotope effect was observed. The ratio of the CH4 and the CD4 formation rates
RCH4,H2/RCD4,D2 was 0.78 for the CO2-containing feed gas and 0.89 for the CO-containing
feed gas. This is in line with a study on CO methanation of Mori et al. [170], who found an
average inverse isotope effect of 0.75 for CO methanation over a supported Ni/SiO2 catalyst in
pulse surface reaction analysis experiments (PSRA) in the absence of H2O.

The pure presence of a kinetic isotope effect clearly suggests that H atoms, either in the form of
H* or bound in a surface complex, are involved in the rate-determining step. Any hydrogenation
step that is positive in the reaction order of hydrogen should run faster in H2 than in D2, since
D* formed on the active Ni sites features a higher stability on the catalyst surface due to a
lower zero-point energy (related to its higher mass, common explanation for a kinetic isotope
effect) [170]. The observed negative kinetic isotope effect thus contradicts the postulation a
hydrogenation step being rate-limiting in methanation, but, instead, can be explained by assum-
ing the decomposition of a H/D-containing (formyl Ni-CHO, hydroxycarbene Ni-CHOH, or
hydroxymethyl Ni-CH2OH) surface intermediate to be the kinetically relevant step in methana-
tion. The replacement of H by D in the surface complex leads to a higher stabilization of the
complex in the Ni surface due to the lower zero-point energy of O-D and C-D bonds compared
to O-H and C-H bonds [170]. As a result of the resulting higher stability, a higher coverage for
the deuterated surface species can be expected, leading to a higher decomposition rate.

The fact that the negative isotope effect is observed for both CO and CO2 methanation is a strong
hint that both methanation processes run via the same mechanism and feature the same rate-
limiting step. The difference in the absolute kinetic isotope effects (0.78 for CO2 methanation
and 0.89 for CO methanation) can be explained by different coverages of the hydrogenated
surface complex/CO*/OH* depending on feed gas composition. From transition state theory
[360] and theoretical assumptions based on their experimental parameter, Mori et al. estimated a
kinetic isotope effect of 0.74 when assuming the decomposition of a hydroxycarbene (CHOH*)
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species to be rate-limiting, which was a good match to the experimental findings (0.75) [170].

The presence of H-containing surface intermediates in the methanation reaction and their in-
volvement in the kinetically relevant reaction step has been claimed in different studies [80,
166, 169–172, 174, 175, 180], but experimental proof in IR experiments is lacking. However,
this is not in contradiction of hydrogenated surface species being present. Andersson et al.
estimated that the coverage of hydrogenated CHO* or COH* species being in equilibrium with
CO* (which is a justified assumption based on the low barrier of formation compared to the
desorption barrier of CO*) would amount to < 10−7 [180], which explains their general non-
appearance in IR spectra.

8.3.2 Mathematical Description of the Co-Adsorption of CO and CO2

The main drawback of kinetic models for the methanation reaction available in literature is the
assumption that surface-bound CO* may only arise from either CO(g) or CO2(g) (cf. Section
8.1). To couple the methanation reactions of CO and CO2, however, instead it needs to be
considered that CO* may be formed from the associative adsorption of CO(g), but also from the
dissociative adsorption of CO2(g). Under pseudo steady-state conditions, the surface coverage of
CO* is constant over time. rads and rdes describe the rate of ad- and desorption of CO and CO2,
respectively, rmet the rate of methanation and rSR the rate of the steam reforming reaction:

dθCO
dt

= 0 = rads,CO – rdes,CO + rads,CO2 – rdes,CO2 – rmet + rSR. (8.1)

To describe the interactions of CO2, CO, and CH4 with CO* on the catalyst surface, the adsorp-
tion processes of CO or CO2, respectively, can no longer be considered quasi-equilibrated, in
contrast to literature-known kinetic model approaches [186, 191], but need to be balanced by the
rate of the methanation reaction and its reverse. Assuming an associative adsorption mechanism
for CO, the net rate of CO adsorption can be described by:

rads,CO –rdes,CO = kads,CO ·p′CO ·θ∗ –kdes,CO ·θCO = kads,CO ·p′CO ·θ∗ –
kads,CO

KCO
·θCO. (8.2)

KCO denotes the adsorption constant of CO. For the mathematical description, all partial pres-
sures are used in normalized form with a reference pressure of pref = 1bar.2

p′i =
pi

pref
(8.3)

The net rate of CO2 adsorption contains the rate equation of the water-gas shift reaction
(cf. Reaction 8.III). The rate-determining step in the water-gas shift reaction is commonly

2 This procedure allows the definition of dimensionless equilibrium constants in accordance with thermo-
dynamics (cf. Appendix C), rather than dividing the respective equilibrium constants by (powers of) the
reference pressure.
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considered to be the reaction of CO* with OH* or O* [73, 191]. Because of the results of
the isotope experiments, disclosed in Section 8.3.1.1, it can be assumed that H2O dissociatively
adsorbs to OH* and H*, while no O* is formed. Based on these results, the rate-determining
step of the water-gas shift reaction then can be expressed as shown in Reaction 8.IV, in analogy
to [191].

CO∗ + OH∗ CO2 + H∗ + ∗ (8.IV)

The rate of the reverse of the water-gas shift reaction is then equivalent to the H*-assisted
adsorption of CO2. The net rate of CO2 adsorption therefore can be described by Eq. 8.4.

rads,CO2 – rdes,CO2 = kads,CO2 ·p′CO2
·θH ·θ∗ – kdes,CO2 ·θCO ·θOH

= kads,CO2 ·p′CO2
·θH ·θ∗ –

kads,CO2

KCO2

·θCO ·θOH (8.4)

KCO2 denotes the equilibrium constant for CO2 adsorption. It should be mentioned that the
adsorption of CO2 may be a lumped process and may contain the pre-activation of CO2 on the
oxidic support in the form of carbonate. The assumption of a dual site mechanism, however,
did not lead to an improvement of the data fits of any of the tested rate equations derived
for different mechanisms. Based on the negative kinetic isotope effect discussed in Section
8.3.1.2, the rate-determining step in methanation is assumed to be the CO bond cleavage via
the decomposition of a hydrogenated surface complex COHy*, involving a second active site.
y denotes the degree of hydrogenation in COHy. This hydrogenated surface complex COHy* is
assumed to be quasi-equilibrated with CO* [180].

CO∗ + yH∗ COHy
∗ + y∗ (8.V)

The coverage of COHy then can be expressed as

θCOHy = KCOHy ·
θCO ·θ y

H
θ∗y

. (8.5)

With the rate-determining step of methanation

COHy
∗ + ∗ CHy–1

∗ + OH∗, (8.VI)

the net equation of the methanation reaction can then be written as shown in Eq. 8.6 [361].

rmet – rSR = k′met ·θCOHy ·θ∗ – kSR ·θCHy–1 ·θOH = k′met ·θCOHy ·θ∗ –
k′met
K′met

·θCHy–1 ·θOH

= k′met ·KCOHy ·
θCO ·θ y

H
θ∗y

·θ∗ –
k′met
K′met

·θCHy–1 ·θOH

= kmet ·
θCO ·θ y

H
θ∗y

·θ∗ –
kmet
Kmet

·θCHy–1 ·θOH (8.6)
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with kmet = k′met ·KCOHy and Kmet = K′met ·KCOHy . K′met is the equilibrium constant of Reaction
8.VI.

8.3.3 Formulation of Kinetic Expressions

The rates of dissociative adsorption of H2, H2O, and CH4 are assumed to be considerably
faster than the rate-determining step in methanation (cf. Reaction 8.VI) and therefore the surface
species are treated to be in quasi-equilibrium with the partial pressure of the respective reactants
(cf. Reactions 8.VII–8.IX).

H2 + 2 ∗ 2H∗ (8.VII)

H2O + 2 ∗ H∗ + OH∗ (8.VIII)

CH4 + (6-y)∗ CHy–1
∗ + (5-y)H∗ (8.IX)

The respective coverages can be expressed by Eq. 8.7 to 8.9:

θH =
(
KH2 ·p′H2

)0.5 ·θ∗ (8.7)

θOH =
KH2O ·p′H2O(
KH2 ·p′H2

)0.5 ·θ
∗ (8.8)

θCHy–1 =
KCH4 ·p′CH4(
KH2 ·p′H2

)5–y
2

·θ∗. (8.9)

The closing condition for the coverages is given by the site balance:

1 = θH + θOH + θCHy–1 + θCO + θ
∗. (8.10)

From the site balance in Eq. 8.10 and the steady-state condition for the surface coverage of CO*
in Eq. 8.1, the surface coverage of θCO and the fraction of free sites θ∗ can be determined using
Eqs. 8.2, 8.4, and 8.6.

θCO =
A ·θ∗ + B ·θ∗2

C + D ·θ∗ (8.11)

θ
∗ =

–(A – D + C ·E) +
[
(A – D + C ·E)2 – 4 · (B + DE) · (–C)

]0.5

2 · (B + D ·E)
(8.12)
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with

A = kads,CO ·p′CO (8.13)

B = kads,CO2 ·p′CO2
·
(
KH2 ·p′H2

)0.5 +
kmet
Kmet

·
KCH4 ·p′CH4(
KH2 ·p′H2

)5–y
2

·
KH2O ·p′H2O(
KH2 ·p′H2

)0.5 (8.14)

C =
kads,CO

KCO
(8.15)

D =
kads,CO2

KCO2

·
KH2O ·p′H2O(
KH2 ·p′H2

)0.5 + kmet ·
(
KH2 ·p′H2

) y
2 (8.16)

E = 1 +
KH2O ·p′H2O(
KH2 ·p′H2

)0.5 +
(
KH2 ·p′H2

)0.5 +
KCH4 ·p′CH4(
KH2 ·p′H2

)5–y
2

(8.17)

Using Eq. 8.2, 8.4, and 8.6, the net formation rates Ri of the C-containing species i can be
written as

RCO = –
(
rads,CO – rdes,CO

)
(8.18)

RCO2 = –
(
rads,CO2 – rdes,CO2

)
(8.19)

RCH4 = rmet – rSR. (8.20)

The net rates of H2, and H2O formation are obtained from the elemental balances of H and O.

RH2 = 2 ·RCO2 + RCO – 2 ·RCH4 (8.21)

RH2O = –2 ·RCO2 – RCO (8.22)

Thermodynamic consistency is ensured by the definition of the equilibrium constants Kmet and
KCO2 , respectively. Kmet can be expressed via

Kmet =
KCH4 ·KH2O ·Keq,COmet

K3
H2
·KCO

, (8.23)

where Keq,COmet denotes the equilibrium constant for the methanation reaction of CO (cf.
Reaction 8.I). Furthermore, the equilibrium constant for CO2 adsorption is coupled via the
equilibrium constant of the water-gas shift reaction (cf. Reaction 8.III), Keq,WGS.

KCO2 =
KCO ·KH2O

KH2 ·Keq,WGS
(8.24)
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The equilibrium constants Keq,COmet and Keq,WGS can be calculated by the corresponding
enthalpy ∆RH and entropy ∆RS of reaction on the basis of reaction stoichiometry as well as
enthalpy and entropy values of the reactants.

Keq(T) = exp
(

–∆RG
R ·T

)
= exp

(
T ·∆RS(T) – ∆RH(T)

R ·T

)
(8.25)

= exp
(

∆RS(T)
R

)
· exp

(
–

∆RH(T)
R ·T

)
Following the principle of thermodynamic consistency [362], the adsorption parameters for
CO2 can be written as:

∆adsHCO2 = ∆adsHCO + ∆adsHH2O – ∆adsHH2 – ∆RHWGS(T) (8.26)

∆adsSCO2 = ∆adsSCO + ∆adsSH2O – ∆adsSH2 – ∆RSWGS(T). (8.27)

KCO2 , therefore, can be expressed by Eq. 8.28.

KCO2 = exp
(

∆adsSCO2

R

)
· exp

(
–

∆adsHCO2

R ·T

)
(8.28)

At this point, it should be mentioned that, while generally enthalpies and entropies of adsorption
are assumed to be independent from temperature, for CO2 these adsorption parameters become
a function of temperature due to the required coupling with the water-gas shift reaction. As
stated in Section 8.3.2, KCO2 may be a lumped parameter describing the associative adsorption
of CO2 on the oxidic phase, and the consecutive reaction with H* on the Ni sites, which justifies
this consideration. Details on calculation of thermodynamic properties are given in Appendix
B. The resulting kinetic model is illustrated in Figure 8.1.

Figure 8.1: Sketch of the relevant steps and assumptions in the derived kinetic model.
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8.4 Computational Methodology

All calculations were carried out in Matlab 2019a.

8.4.1 Thermodynamic Data

Enthalpy and entropy values for CO2, CO, CH4, H2, and H2O were calculated using the
expressions given in Appendix B.

8.4.2 Reactor Model

The experimental setup is described by a pseudo-homogeneous 1D isothermal and isobaric
reactor model. Integration is carried out along the catalyst mass mcat.

dṅi
dmcat

= Ri (8.29)

The molar flows ṅi for each species were normalized to the total molar flow of C-containing
species i (CO2, CH4, CO) entering the reactor and catalyst mass mcat

dYi,j
dx

=
mcat,j

ṅCH4,in + ṅCO2,in + ṅCO,in
·Ri,j (8.30)

for each experiment j. The equations are integrated numerically using a variable-step, variable-
order solver [363].

8.4.3 Regression

Regression was carried out similar to the methodology published elsewhere [364]. The param-
eters φm were optimized to minimize the objective function F, which was described by the
residuum of the weighted sums of squares of the experimental and calculated normalized net
production rates at the reactor outlet for the responses CO, CH4, and CO2 (nresp = 3). C2 and C3
species were not included in the kinetic model. CO, CH4, and CO2 fulfilled the C mass balance
by ±3 % for all data points used for kinetic modeling.

F =
nresp

∑
k

ωk

nexp

∑
j

(
Yout,exp

k,j – Yout,calc
k,j

)2
(8.31)
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Table 8.1: Weighting factors used for parameter optimization.

Species ωk / -

CO 0.61885
CO2 0.15919
CH4 0.22196

The weighting factors ωk were calculated according to [365] and are listed in Table 8.1.

ωk =

(
∑

nexp
j ṅout,exp

k,j

)–1

∑
nresp
k

(
∑

nexp
j ṅout,exp

k,j

)–1 (8.32)

The rate constants kl are described as Arrhenius-type, the adsorption constants Ki via the
respective equilibrium equations.

kl = Al · exp
(

EA,l
R ·T

)
(8.33)

Ki = exp
(

∆adsSo
i

R

)
· exp

(
–

∆adsHo
i

R ·T

)
(8.34)

To reduce the cross correlation between Al and EA,l as well as between ∆adsSo
i and ∆adsHo

i ,
the central temperature of the measured bed temperatures, Tref = Tmin+Tmax

2 = 636.59K, is
chosen as reference value. To increase numerical stability, the model parameters were scaled
and parametrized.

kl = exp
(

φklAl – φklEA,l

(
Tref
T

– 1
))

(8.35)

φklAl = ln

(
Al

molg–1
cat h–1

)
– φklEA,l (8.36)

φklEA,l =
EA,l

R ·Tref
(8.37)

ln Ki =
∆adsSo

i
R

–
∆adsHo

i
R ·T = φKi∆adsSo

i
– φKi∆adsHo

i

(
Tref
T

– 1
)

(8.38)

φKi∆adsSo
i

=
∆adsSo

i
R

– φKi∆adsHo
i

(8.39)

φKi∆adsHo
i

=
∆adsHo

i
R ·Tref

(8.40)
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In total, the presented mechanism involving three reaction rates and three C-containing species
consists of six kinetic and eight adsorption parameters. Details on the regression procedure can
be found elsewhere [364].

8.4.4 Model Evaluation

Based on the kinetic expressions introduced in Section 8.3.3, kinetic parameters are determined
using the methodology given in Section 8.4. In a first step, the nature of the surface intermediate
COHy is investigated by variation of the degree of hydrogenation y from 1 to 3. Mechanisti-
cally, y can only take discrete values of 1, 2, or 3. As stated in Section 8.1, several surface
intermediates COHy* have been reported to exist under the investigated conditions, allowing
different levels of hydrogenation prior to the dehydroxylation to CHy–1*, depending on the
experimental parameters. Hence, the value of y has to be regarded as an average value over the
hydrogenation-dehydroxylation-series. With respect to this consideration, y was varied from 1
to 3 in 0.2 steps while monitoring the value of the residuum of the weighted sums of squares
(cf. Section 8.4.3). Figures 8.2 A–D illustrate the determined parameters for a varied degree
of hydrogenation y. The minimum residuum was found for a degree of hydrogenation of y =
2.1913 (cf. Figure 8.2 E).

In Figure 8.2 A–B, a strong impact of the degree of hydrogenation y on the pre-exponential
factor Amet and activation energy EA,met for the methanation reaction can be observed. Both
kinetic parameters increase for rising y-values. This coincides with the trend of the adsorption
parameters for CH4 and H2O, which are coupled to the methanation reaction via thermody-
namic equilibrium (cf. Eq. 8.23). Kinetic parameters for CO and CO2 adsorption (ACO/CO2 ,
EA,CO/CO2) as well as adsorption parameters for H2 and CO are less affected by the variation
of y. All adsorption parameters fulfill the strong criteria established by Boudart et al. [366].
For CO, small values for ∆adsSCO are observed. This could indicate that CO adsorption is not
equally favored at each Ni site and, hence, less surface sites are active for CO adsorption, or
that CO is very mobile on the catalyst surface. The results from H2-TPD (cf. Section 8.7.2.6)
clearly indicate Ni site heterogeneity.

The optimum value for the degree of hydrogenation y = 2.1913 suggests that the majority of
rate-determining steps for CH4 formation occurs via dehydroxylation of COH2* to CH*. Some
of the COH2* species undergo further hydrogenation to COH3* before C-O bond cleavage to
CH2*, which is then the rate-limiting step. The extent of C-O bond cleavage in COH2* and
COH3* thereby may be a function of reaction conditions. In contrast, the formation of surface
carbon species C* via decomposition of COH* is unlikely to occur under the investigated
conditions.

A closer investigation of the impact of y on the kinetic description reveals two characteristic
interrelations. First, under steam reforming conditions, the hydroxylation of CH2* to COH3*
(y = 3) is found to be the favorable pathway. Second, under CO methanation conditions featuring
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Figure 8.2: Determined kinetic parameters for varied degree of hydrogenation y:
pre-exponential factors Al (A), activation energies EA,l (B), entropies of adsorption ∆adsSi
(C), enthalpies of adsorption ∆adsHi (D), residuum value of objective function F
(cf. Eq. 8.31) (E). Void symbols: stepwise varied y; filled symbols: fitted value of y = 2.1913.

high CO/H2 ratios, formation of surface carbon species (y = 1) becomes detectable. However,
these reaction conditions also favor C-C bond formation (Fischer-Tropsch reaction) and have
been discarded since C2 and C3 species were not included in the kinetic model. Hence, for
CO/CO2 co- methanation, as application of interest, the decomposition of COH2* is determined
as rate-determining step for the formation of CH4. For this reason, the degree of hydrogenation
is set to y = 2 in the subsequent sections. However, at this point it should be emphasized that
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this is a significant simplification of the concurrent catalytic steps for y = 1, 2, or 3, which
are all functions of temperature, surface coverages, crystallite surface, etc. However, a closer
investigation of this interplay of concurrent reaction pathways could only be achieved by first
principle methods together with kinetic Monte-Carlo simulations, which, in turn, require ideal-
ized metal surfaces and are not able to fully describe the processes on and the morphology of an
industrial-type catalyst used in this study. Besides, the presented model aims at describing the
co-methanation reaction with limited computational effort to implement in process and reactor
simulations.

In Table 8.2, the optimized parameters for y = 2 are summarized together with their pa-
rameterized form φm (cf. Eqs. 8.35 to 8.40) including corresponding 95 % confidence inter-
vals and statistic t-values. All 14 fitted parameters significantly surpass the critical t-value of
1.96, indicating their individual statistical relevance. This is further supported by the narrow
95 % confidence intervals. In addition, parameter interaction has been monitored. Only mod-
erate to negligible correlations (cf. [364]) have been found. Moreover, the model is of high
global significance, demonstrated by the respective F-test with 1612 degrees of freedom (Fs =
86 879 > Fs,crit = 1.70) [367]. This statistical evaluation holds for all other parameter sets
shown in Figure 8.2. Analyses of the corresponding weighted residuals (cf. Section 8.7.7) yields

Table 8.2: Optimized parameter values for a degree of hydrogenation of y = 2, in
re-parameterized and parameterized (φm) form, including corresponding 95 % confidence
intervals (CI) and t-values: Degrees of freedom: 1612; F-test for global significance: Fs =
86 879 > Fs,crit = 1.70. Details on the statistical evaluation are given in [364]. Model
parameters are based on a reference pressure of pref = 1bar.

φm
parameter re-parameterized value / - 95 % CI t / -

Amet / mol g−1
cat s−1 9.39E+07 8.73 0.055 474.2

EA,met / kJ mol−1 130.87 10.77 0.046 704.2

Aads,CO2 / mol g−1
cat s−1 6.23E+02 12.19 0.043 850.6

EA,ads,CO2 / kJ mol−1 56.94 24.73 0.266 279.8

Aads,CO / mol g−1
cat s−1 2.35E+03 10.76 0.187 172.8

EA,ads,CO / kJ mol−1 56.47 10.67 0.186 172.7

∆adsSH2 / J mol−1 K−1 -67.51 -11.03 0.193 171.6
∆adsHH2 / kJ mol−1 -58.38 -29.56 1.068 83.2

∆adsSCH4 / J mol−1 K−1 -217.02 -16.98 0.540 94.4
∆adsHCH4 / kJ mol−1 -156.45 -8.44 0.148 171.6

∆adsSH2O / J mol−1 K−1 -135.09 2.91 0.038 229.9
∆adsHH2O / kJ mol−1 -89.85 3.46 0.045 229.0

∆adsSCO / J mol−1 K−1 -17.56 0.73 0.031 70.4
∆adsHCO / kJ mol−1 -44.68 6.33 0.087 219.4
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Figure 8.3: Linear (A, B, C) and logarithmic (D, E, F) parity plots comparing experimental
and calculated normalized molar flows Yi,j (cf. Eq. 8.30) for i = CH4 (A, D), CO (B, E),
CO2 (C, F). j denotes number of experiment. Dashed lines indicate the ±10 % region.

equally distributed residuals in terms of temperature, pressure, and space time.

From a mechanistic point of view, the resulting parameters all yield physically realistic and
consistent values. The activation energy for methanation EA,met = 131 kJ mol−1 is a good
indication for the micro-kinetic border of the surface dehydroxylation of COH2* to CH*. DFT
studies investigating structure sensitivity of H2-induced CO* cleavage on Ni surfaces yielded
activation energies between 119 and 157 kJ mol−1 depending on site geometry, coverage, and
mechanism [180], which is in good agreement to the results presented in Figure 8.2 A. The
energy barriers for the adsorption process of CO and CO2 are fitted as 56 and 57 kJ mol−1,
respectively. EA,CO represents the pure sorption process onto the metal surface, while EA,CO2

describes the (lumped) process of the reverse of water-gas shift reaction on the surface (cf.
Reaction 8.IV) and possible pre-activation of CO2 on basic sites of the oxidic phase of the
catalyst. A comparison of magnitude of the pre-exponential factors Ai emphasizes the different
character of surface methanation and the adsorption process for COx.

The determined adsorption enthalpy of H2, ∆adsHH2 , agrees well with experimentally deter-
mined isosteric heat of adsorption values (cf. Section 8.7.8) and literature. Redeal and Sweett
found values between 86 kJ mol−1 at low (θH = 0.4) and 40 kJ mol−1 at high (θH = 0.8) hydrogen
coverage [368]. Moreover, the determined ∆adsHH2 and ∆adsSH2 values are in line with data
fitted from H2-TPD data on Ni catalysts [369]. The fitted adsorption enthalpy of CO is on
the lower end of data reported in an overview in [370] and may be attributed to the high CO
coverage under CO-containing feed gas conditions [180]. It needs to be mentioned that the
adsorption of H2, CH4, and H2O are treated as Langmuir-type in this study, meaning that the
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determined adsorption parameters are averaged over all active sites and are independent from
coverage and adsorbate interactions [223]. Sorption parameters for H2O and CH4 represent
combined processes of sorption and decomposition on the catalyst surface (cf. Reactions 8.VIII
and 8.IX), and hence represent the superposition of these processes.

In Figure 8.3, the parity plots of the three fitting responses CH4, CO2, and CO are illustrated
in linear and logarithmic form. The individual comparison demonstrates very good agreement
of experiment and intrinsic kinetic model. All three carbon species can be described over a
wide range of conditions. The logarithmic representation further highlights the excellent global
accuracy of the model, which is able to adequately predict the full range of compositions and
even traces of CO and CO2.

8.4.5 Determination of Apparent Activation Energies and Reaction

Orders

8.4.5.1 Apparent Activation Energy and Reaction Orders in CO Methanation

The Arrhenius plot for the determination of the apparent activation energy in CO methanation
is shown in Figure 8.4. The apparent activation energy amounts to 109 ± 3.9 kJ mol−1, which
is in good agreement to literature studies [169, 172, 371, 372]. Dalmon and Martin [371] found
apparent activation energy values ranging from 84 to 117 kJ mol−1 in the temperature range
from 240 to 280 °C. Vannice measured an apparent activation energy of 105 ± 5 kJ mol−1 over
5 % Ni/Al2O3 [172], Schoubye reported an apparent activation energy of approx. 100 kJ mol−1

for a catalyst containing 20 % NiO, 55 % MgO, and 25 % Al2O3 as well as for a 9 to 10 %
Ni/MgAl2O4-spinel catalyst [372]. The apparent activation energy for CO methanation over
the NiAlOx catalyst thereby is reported to be approximately 25 kJ mol−1 higher compared to
CO2 methanation [24].
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Figure 8.4: Arrhenius plot for CO methanation, data points taken at 3000 NL g−1
cat h−1,

H2/CO/Ar = 18/3/79, and pressures of 4, 7, and 10 bar, 240 to 290 °C.
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Figure 8.5: Apparent reaction orders of CO and H2 for CO methanation, determined at
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cat h−1 and pressures of 4, 7, and 10 bar.

The trends of the apparent reaction orders of H2 and CO as a function of temperature are
shown in Figure 8.5. The apparent reaction order of CO was found to be −0.3, the apparent
reaction order of H2 0.5, both merely independent from temperature in the investigated range.
The negative apparent reaction order in CO is well-known in literature [371, 372] and can
be explained by the high coverage of CO under CO methanation conditions, limiting the
availability of free active sites for H2 adsorption. Schoubye reported a CO reaction order less
than 0, reaching −0.5 at high CO concentrations [372]. The negative reaction order of −0.3 is
consistent to results from Dalmon et al. [371]. However, they reported an apparent reaction
order of approx. 1 in H2.

8.4.5.2 Derivation of Apparent Values from the Kinetic Model

The values for the apparent activation energies numerically derived from the kinetic model
for y = 2 and four reference cases are shown in Figure 8.6 A, C, E, G, the corresponding
reaction orders of the species i in 8.6 B, D, F, H. Under CO solo-methanation conditions
(A, B, CO/H2/Ar = 10/60/30, 5 bar), the apparent activation energy of the methanation reac-
tion decreases with increasing temperature and very well matches the value experimentally
determined in the temperature range between 240 to 290 °C (109 ± 3.9 kJ mol−1, cf. Figure
8.4). In strong accordance with the experimental results (cf. Figure 8.5), the apparent reaction
order of CO is negative and gets positive at higher temperatures when CO surface coverage
declines due to increasing CO conversion. At the same time, the apparent reaction order of H2

decreases with increasing temperature, illustrating the competition of CO and H2 for active Ni
sites and highlighting the high CO* coverage in the low CO conversion region. For CO2 solo-
methanation (C, D, CO2/H2/Ar = 10/40/50, 7 bar), the apparent activation energy decreases
from 92 kJ mol−1 at 200 °C to 83 kJ mol−1 at 350 °C, which is in very good accordance with
the value of approx. 83 kJ mol−1 found by Koschany et al. in the temperature region from 240
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Figure 8.6: Apparent kinetic parameters calculated for the net rate of production of CH4.
Temperature dependence of apparent activation energies Eapp,met (A, C, E, G) and apparent
reaction orders napp,i (B, D, F, H): CO solo-methanation (CO/H2/Ar = 10/60/30, 5 bar)
(A, B), CO2 solo-methanation (CO2/H2/Ar = 10/40/50, 7 bar, cf. RF1) (C, D), CO/CO2
co-methanation (CO/CO2/H2/Ar = 7.5/7.5/52.5/32.5, 5 bar, cf. RF2) (E, F), steam reforming
(H2/CH4/H2O/Ar = 2.5/10/15/72.5, 5 bar, cf. RF3) (G, H).
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to 300 °C [24] and literature studies over Ni/Al2O3 [373] and Ni/SiO2 [194], where apparent
values of 80 and 90 kJ mol−1, respectively, have been reported. The numerical apparent reaction
order for CO2 increases from 0.6 at 200 °C to 0.8 at 350 °C, while the reaction order of H2, in
contrast to CO methanation (B), is slightly negative. Koschany et al. found reaction orders of
0.1 for CO2 and 0.3 for H2 in this temperature window [24]. The deviation hereby is owed to
the H*-assisted CO2 adsorption mechanism (cf. Section 8.3.2) and the repressive effect of H2O
on CO2 methanation [24]. The differences between numerical derivation and experiments can
be explained by the influence of the CO2/H2 feed gas ratio (cf. Section 8.7.9). At a CO2/H2

ratio of 1, the apparent reaction order of H2 is calculated to be 0.35, the one of CO2 0.18, which
much better matches the experimental results [24].

The apparent kinetic values under co-methanation conditions (E, F, CO/CO2/H2/Ar =
7.5/7.5/52.5/32.5, 5 bar) are very similar to the ones for the case of CO solo-methanation. The
slightly lower apparent activation energy and absolute values of the reaction orders may again
be caused by the lower CO/H2 ratio.

CO2 has negligible influence on the CH4 formation rate in the whole temperature range
under these conditions, which shows that the inhibition effect of CO on CO2 methanation
is successfully implemented in the kinetic model. Under steam reforming conditions (G,
H2/CH4/H2O/Ar = 2.5/10/15/72.5, 5 bar), the apparent activation energy is approx. 190 kJ mol−1

at 400 °C, then decreases to a minimum of 80 kJ mol−1 at 430 °C before it rises back to approx.
100 kJ mol−1 at high temperature. The high apparent activation energy at 400 °C (compared to
the fitted value for the activation energy of the methanation reaction, cf. Table 8.2) indicates that
under these conditions the sorption processes of CO and CO2 play a major role, as the surface
coverages are significantly reduced. In the kinetic model, both CO and CO2 are modelled to
be primary reaction products. However, the experimentally observed selectivity of CH4 trans-
formation towards CO2 was found to be much higher than to CO. This indicates that the high
apparent activation energy may be caused by an interaction between CHy–1 hydrooxygenation
and CO2 desorption via the reverse of the water-gas shift reaction, while the decrease of the
apparent activation energy can be interpreted by a rising influence of CO sorption at high
temperatures. This consideration is in line with the trend of the apparent H2 reaction order (H):
At low temperatures it is negative and rises to 0.1 at 430 °C, at high temperatures the apparent
reaction orders of all reactants level out at 0, reflecting the effect of chemical equilibrium.

For all reference points, the apparent activation energies and the apparent reaction orders
deduced from the kinetic model are in good agreement with the experimentally determined
values (cf. Section 8.4.5.1), which confirms that (a) the assumption of the decomposition of a
hydrogenated surface complex COHy on the Ni surface being the critical step in the methanation
reaction is consistent and seems justified, and that (b) the kinetics can be adequately described
when setting the degree of hydrogenation y to a value of 2.
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8.4.6 Sensitivity Analysis

For deeper evaluation of the kinetic model and resolution of rate-determining steps under cer-
tain experimental conditions, a local sensitivity analysis following the ‘degree of rate control’
concept established by Campbell [374, 375] is performed. The details on the mathematical treat-
ment are given elsewhere [364]. In the following approach, the net rate of production for CH4 is
treated as the characteristic rate for evaluation. Figure 8.7 shows the temperature dependence of
CH4 formation for the rate constants kl and equilibrium constants Ki over a broad temperature
range. In Figure 8.7 A, the degree of rate control of kinetic parameters S(RCH4 ,kl) for CO
solo-methanation is demonstrated. At low and medium temperatures between 200 to 263 °C,
the methanation reaction (kmet) is determining for the production of CH4. At the same time,
CO adsorption (kads,CO) has an inhibiting effect (S(RCH4 ,kads,CO) < 0), which correlates with
experimentally (cf. Section 8.4.5.1) and numerically (cf. Section 8.4.5.2) determined apparent
reaction orders. At elevated temperatures above 263 °C this inhibiting effect vanishes and both
methanation and CO adsorption positively affect the formation of CH4. At temperatures above
290 °C kads,CO becomes the key kinetic constant.

For CO2 solo-methanation in Figure 8.7 C, the surface methanation reaction only has a sec-
ondary effect on CH4 formation. Instead, the overall rate for CH4 formation is dominated by
the initial CO2 activation (H*-assisted dissociative adsorption of CO2/reverse water-gas shift
reaction, cf. Reaction 8.IV).

During CO/CO2 co-methanation, displayed in Figure 8.7 E, parameter sensitivities are compa-
rable to the ones during CO solo-methanation. However, the magnitude of S(RCH4 ,kl)-values
is damped by approximately 50 %. Moreover, CO2 adsorption shows no significant effect on
the overall CH4 formation (−0.1 ≤ kads,CO2 ≤ 0.1). Overall, the trends of the degrees of rate
control for CO/CO2 co-methanation (Figure 8.6 E–F) are very similar to the ones for CO solo-
methanation (Figure 8.6 A–B), which reflects the experimental observation that CO2 methana-
tion is strongly inhibited in the presence of CO and validates that the competitive adsorption of
CO and CO2 was successfully implemented in the kinetic model.

For temperatures and compositions mimicking steam reforming conditions (Figure 8.7 G),
surface methanation plays a minor role. Here, the sorption properties of CO and CO2 clearly
dominate the consumption of CH4. At the same time, this resembles the dominating effect of the
chemical equilibrium, favoring the formation of CO2 at low reforming temperatures (< 430 °C)
and CO at elevated temperatures, respectively. For temperatures below 400 °C (not shown) the
hydrooxygenation of CHy–1 on the catalyst surface becomes the decisive factor.

Regarding the sorption equilibria, solely KCH4 shows an effect on the rate of CH4 production
(cf. Figures 8.7 B, D, F). However, for CO solo-methanation and CO/CO2 co-methanation,
KCH4 exhibits a positive effect on the formation of CH4, while for CO2 solo-methanation KCH4

slightly hinders the reaction. During steam reforming, CH4 consumption is affected by KCO,
KH2O, and KCH4 up to temperatures of 450 °C (cf. Figure 8.7 H). At higher temperatures,
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Figure 8.7: Local sensitivity of net rate of production of CH4 on rate constants kl (A, C, E,
G) and equilibrium constant Ki (B, D, F, H) for varied reaction temperatures T: CO
solo-methanation (CO/H2/Ar = 10/60/30, 5 bar) (A, B), CO2 solo-methanation
(CO2/H2/Ar = 10/40/50, 7 bar, cf. RF1) (C, D), CO/CO2 co-methanation (CO/CO2/H2/Ar =
7.5/7.5/52.5/32.5, 5 bar, cf. RF2) (E, F); steam reforming (H2/CH4/H2O/Ar =
2.5/10/15/72.5, 5 bar, cf. RF3) (G, H).
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sorption equilibria do no longer affect the steam reforming reaction due to the dominance of
chemical equilibria under these conditions.

8.5 Comparison to Kinetic Models Available in Literature

In Figure 8.8, the model predictions are compared to kinetic experiments and literature models
applicable for the respective feed gas compositions. For CO2 solo-methanation (A), the model
agrees well with the one developed by Koschany et al. [24], clearly proofing data-consistency. In
contrast to Koschany et al., the model derived in this study predicts the experimentally observed
formation of CO owed to the reverse of the water-gas shift reaction at medium CO2 conversion
ranges. CO2 methanation kinetics are considerably faster than predicted by the model of Xu and
Froment, which was developed for steam reforming over 15.2 wt.% Ni/MgAl2O4 [186] and by
the recently developed kinetic model of Lalinde et al. [191], who used a 30 wt.% NiO/Al2O3

catalyst. Although the catalyst in this study was artificially aged prior to the kinetic experiments,
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Figure 8.8: Comparison of the presented kinetic model to literature models and
experimental data (filled symbols) for CO2 solo-methanation (CO2/H2/Ar = 10/40/50, 8 bar,
cf. RF1) (A), CO solo-methanation (CO/H2/Ar = 10/60/30, 5 bar) (B), CO/CO2
co-methanation (CO/CO2/H2/Ar = 7.5/7.5/52.5/32.5, 5 bar, cf. RF2) (C), steam reforming
(H2/CH4/H2O/Ar = 2.5/10/15/72.5, 5 bar, cf. RF3) (D) conditions. Blue: CH4, orange: CO2,
green: CO; black line: thermodynamic equilibrium conversion/yield.
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this difference can be attributed to superior activity of the co-precipitated NiAlOx. Similar
gradients of the X(CO2) vs. temperature characteristics for the derived model and the one of
Xu and Froment indicate similar apparent activation energies.

Under CO solo-methanation conditions (B), the kinetics predicted by the kinetic model derived
in this study lie between the ones of Kopyscinski et al. [73] and Zhang et al. [74]. Kopyscinski
et al. used a 50 wt.% Ni/Al2O3 methanation catalyst for their studies and derived three kinetic
models that could not further be discriminated by statistical methods. The model used for
comparison is named ‘model 12b’ in the original publication.

The model reported by Zhang et al. (50 wt.% Ni catalyst) is based on the kinetic model of Klose
and Baerns [190], but while the kinetic parameters were fitted to own kinetic experiments, the
adsorption parameters and the rate expression were kept constant [74]. It is noteworthy that
for the model derived in this study the approach to equilibrium at high CO conversions is
slightly slower compared to Kopyscinski et al. [73] and Zhang et al. [74] This may be caused
by different deffects: First, in contrast to the presented model, both literature kinetic models
do not consider thermodynamic equilibrium, which, however, may only play a minor role due
to the high value of the equilibrium constant of CO methanation. Second, for higher degree
of hydrogenation y, a faster approach to equilibrium was predicted by the model. As stated in
Section 8.4.4, the minimum of the sum of the weighted residuals was found at y = 2.1913. This
indicates that under CO methanation conditions at high CO conversion the decomposition of
COH2* and COH3* may co-occur, both surface reactions being kinetically relevant and that
for y = 2 the approach to equilibrium is slightly underestimated. Third, however, experimental
data sets commonly do not include data points measured at high CO conversion ranges (also for
this study), since under these conditions heat and mass transport limitations are very common,
falsifying temperature measurements in the catalyst bed, exemplarily shown by Inui et al. [296].
With respect to this, this region is of very limited interest for industrial reactor simulations, since
hotspot formation will occur due to heat transport limitations, endangering thermal runaway.
The rapid increase of the reaction rate at high CO conversion can be attributed to the release of
its self-limitation caused by the negative reaction order of CO.

Co-methanation (C) basically displays similar dependencies as found for solo-methanation. The
presence of CO in the feed gas represses the methanation of CO2, the adsorption of CO2 then
is the rate-limiting step for the overall process of CO2 methanation (cf. Eq. 8.1). It is found that
the model underestimates the repression of CO2 methanation compared to the experimental
data in Figure 8.8 C. As discussed for the approach to equilibrium in CO solo-methanation in
Figure 8.8 B, the repressive effect of CO on CO2 methanation is closely related to the degree of
hydrogenation y in COHy. For y = 3, CO2 is not converted up to the complete consumption of
CO. Experimentally, a repression behavior between these two discrete cases was found, which
is reflected of a fitted degree of hydrogenation of 3 > y = 2.1913 > 2 (cf. Figure 8.2 E) and again
indicates that under CO methanation conditions the hydrogenation of COH2* to COH3* (further
processed via the consecutive decomposition of COH3* to CH2* and OH*) may compete with
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the decomposition of COH2* in the methanation pathway, especially at high CO conversion
ranges.

For the steam reforming reference point (D), thermodynamic equilibrium is reached at 375 °C.
Similar to the model by Xu and Froment [186], CO2 is the primary reaction product, while
CO evolution follows the thermodynamic equilibrium. This is consistent to faster kinetics of
CO* reacting with OH* compared to CO* desorption and reflects the influence of CO and CO2

sorption processes under these conditions found in Section 8.4.6.

For all four reference cases (A) to (D), the model predictions agree very well with the experi-
mentally observed yield and conversion values. Moreover, as shown in Section 8.7.10, it can be
demonstrated that the derived kinetic model for COx co-methanation adequately describes the
model of Koschany et al. [24] for CO2 solo-methanation.

8.6 Conclusion

The presented kinetic model of the co-methanation of CO and CO2 is based on the compet-
itive adsorption of CO2 (via the reverse of the water-gas shift reaction) and CO as well as
on a common rate-determining step in the methanation process and provides an outstanding
description of the experiments over a broad range of experimental conditions, including steam
reforming and water-gas shift reaction. Model discrimination as well as steady state isotope
experiments indicate that the decomposition of a hydrogenated surface complex COHy (y = 1
to 3) is the critical step in the methanation reaction. The degree of hydrogenation y thereby
may be a function of gas composition and reaction conditions, under the constraint of a discrete
value the best fit is obtained for y = 2. It is the first kinetic model available in literature that
fully couples the competitive transformation of CO and CO2 to CH4 on the basis of the same
surface species and reaction kinetics. Moreover, thermodynamics are fully included and all
fitting parameters fulfill statistical relevance and physical consistency.

8.7 Supplementary Material

8.7.1 Experimental

8.7.1.1 Catalyst Synthesis

The catalyst was prepared by co-precipitation as described in [24], and is the same catalyst
prepared in Chapter 4. The synthesis procedure is described in detail in Section 4.2.1. The
calcined catalyst powder was pelletized using a Lightpath L-15 laboratory press with a pressure
of 450 N cm−2, crushed and sieved to obtain particle fractions of 100 to 150 µm. Any effect of
the shaping procedure on the BET surface area or pore size distribution was excluded by N2

physisorption reference experiments.
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8.7.1.2 Material Characterization

In this study, it is focused on the catalyst properties in the reduced state and after artificial aging
to capture material characteristics relevant for the kinetic performance; data on the character-
istics in the freshly co-precipitated and calcined states of the catalyst can be found in [24] and
Chapter 4. For characterization of the aged catalyst sample, the catalyst from the reactor setup
was transferred under Ar atmosphere.

Inductively Coupled Plasma-Optical Emission Spectroscopy

The Ni and Al contents of the catalyst were determined by inductively-coupled plasma-optical
emission spectroscopy. 50 mg of catalyst were suspended in 1 M H3PO4 in a 50 mL volumetric
flask and sonicated for 3 h at 60 °C. After cool-down, the volume of the solution was adjusted
to 50 mL with 1 M H3PO4 and the so-prepared solution was diluted in a ratio of 1 to 10 with
bi-distilled water. Metal standards (Merck standard IV) were prepared for 50, 10, 1, and 0.1 ppm
metal ion concentrations. All data was collected five times and metal signal superimpositions in
the emission spectra were excluded.

Volumetric H2, CO2, and CO Chemisorption Measurements

H2, CO2, and CO chemisorption experiments were carried out on a Quantachrome Autosorb 1.
Approximately 100 mg of catalyst were placed in a U-shaped quartz reactor, the axial position
was fixed by quartz wool plugs. For in situ activation, the catalyst was heated to 500 °C in
5 % H2 in Ar with a linear heating rate of 2 K min−1 and the temperature was held for 6 h.
The catalyst sample was then evacuated for 1 h at 500 °C to remove all adsorbed H* and all
H2 from the cell. The sample was cooled down to 35 °C under vacuum and held there for
another 15 min. The H2 adsorption isotherm was measured in the range of 40 to 800 mmHg
at 35 °C. Sorption equilibration time was set 2 min. A 1:1 Ni/H stoichiometric ratio, assuming
dissociative adsorption of H2 on Ni, was applied for the calculation of the Ni surface area [252].
The volumetric H2 uptake was determined by extrapolation to zero pressure.

For the determination of the isosteric heats of adsorption of H2, adsorption isotherms were
recorded from 2 to 800 mmHg (in 2 mmHg steps from 2 to 20 mmHg, 20 mmHg steps from 20
to 80 mmHg, and 40 mmHg steps from 80 to 800 mmHg) at temperatures ranging from 200 to
425 °C in 25 K steps. From linearization and simplification of the Clausius-Clapeyron equation
(cf. Eq. 8.41), the enthalpy of dissociative H2 adsorption was calculated from the negative slope
of the isosteres, assuming the enthalpy of adsorption to be independent from temperature in the
investigated temperature region.

dp
dT

=
∆Hm,v

∆Vm,v ·T
(8.41)

196



8.7 Supplementary Material

With ∆Vm,v = Vm(g) – Vm(l),Vm(g)� Vm(l) and the ideal gas law Vm(g) = R·T
p , Eq. 8.42 can be

deduced.

1
p

dp =
∆Hm,v

R ·T2 dT (8.42)

For normalization and conversion of H2 uptakes into coverages, the overall volumetric uptake
was determined from the H2 chemisorption measurement at 35 °C.

For CO2 chemisorption, the equilibration time was set 10 min. Before recording the CO2

adsorption isotherm, it was checked in reference experiments that the adsorption of CO2 on
the catalyst was not kinetically hindered by varying the equilibration time from 2 min min up to
2 h. The pretreatment of the catalyst was the same as applied for H2 chemisorption.

CO chemisorption experiments were conducted at 0 °C [252] and 250 °C with an equilibration
time of 2 min. For the high-temperature measurement, a strongly increased CO uptake was
observed that could not be explained by simple CO adsorption on Ni, but rather suggests
spill-over of CO on the oxidic phase, possibly adsorbing on unreduced Ni2+ species [252] or
forming formate species on mixed oxide hydroxyl sites [57]. Bartholomew and Pannell [252]
showed that CO adsorption on Ni is rather complex, since the adsorption stoichiometry varies
with temperature, metal dispersion/metal particle size, metal loading, and catalyst preparation
procedure. Further CO adsorption experiments at high temperature to evaluate the isosteric heat
of adsorption were therefore omitted.

For chemisorption experiments of the aged catalyst samples, the catalyst was heated in vacuum
to 350 °C with a linear heating rate of 5 K min−1 and held there for 2 h. After cool-down to
35 °C, the H2 or CO2 adsorption isotherms were recorded as described above.

N2 Physisorption

N2 sorption isotherms were recorded on a Quantachrome NOVAtouch. Approximately 100 mg
of catalyst were activated and degassed as described in Section 8.7.1.2. The total BET surface
area was calculated from the data points at p

p0
ranging from 0.05 to 0.3. The total pore volume

was determined from the volumetric N2 uptake at p
p0

= 0.995.

X-ray Powder Diffraction

X-ray powder diffraction was carried out on a Panalytical Empyrean using Cu-Kα radiation.
The X-ray source was equipped with a monochromator and a Ni filter. Diffractograms were
taken in the 2θ range from 5 to 90° with a resolution of 0.01 ° step−1 and 45 steps min−1. The
activated (procedure cf. Section 8.7.1.2) and aged catalyst samples were sealed in 0.5 mm glass
capillaries under Ar atmosphere to prevent oxidation of Ni. Line profiling was carried out in
Highscore 3.0d. Mean crystallite sizes were determined by the Scherrer equation (cf. Eq. 3.4).
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Temperature-Programmed Reduction

Temperature-programmed reduction (TPR) experiments were carried out on a Quantachrome
ChemStar TPx. Approximately 100 mg of catalyst were heated to 1000 °C in a U-shaped quartz
reactor with a linear heating rate of 5 K min−1 in 5 % H2 in Ar. The temperature was then held
for 30 min. To mimic the reduction conditions prior to kinetic measurements and to calculate
the degree of reduction under reaction conditions, in a second experiment approx. 100 mg of
catalyst were heated to 485 °C in 5 % H2 in Ar with a heating rate of 5 K min−1 and held there for
300 min. The total gas flow was 100 mL min−1, considering the recommendations of Monti and
Baiker [219] and Malet and Caballero [218]. Gas exiting the reactor was tracked via a thermal
conductivity detector. Evolving CO2 and H2O during activation was removed in a acetone /
liquid N2 slurry trap. The H2 consumption signal was smoothed applying a Loess filter with a
span of 0.1 and fitted by Gaussian peaks. Calibration of the TCD was carried out with CuO.

Temperature-Programmed Desorption of H2

For temperature-programmed desorption of H2 (H2-TPD), the setup described in [141] was
used. 50 mg of catalyst were heated to 480 °C in flow of 5 % H2 in He with a total flow
rate of 100 mL min−1 at a heating rate of 2 K min−1 and held there for 8 h. The reactor was
flushed and cooled to 84 K in He using liquid nitrogen, where H2 was adsorbed at atmospheric
pressure and total flow of 60 mL min−1 for 30 min. After adsorption, the catalyst was purged in
100 mL min−1 He flow for 30 min. H2 desorption was carried out by heating from 84 to 753 K
in 100 mL min−1 He flow with a heating rate of 6 K min−1. H2 evolution was tracked via an
online mass spectrometer (Omnistar GSD 301, Pfeiffer Vacuum). The purity of all gases was
6.0.

8.7.2 Characterization Results and Discussion

The relevant parameters for linking kinetic data and catalyst properties are the respective char-
acterization data of the aged catalyst. In addition, a detailed analysis of the catalyst properties
after reduction is reported in Chapter 4.

8.7.2.1 Inductively Coupled Plasma-Optical Emission Spectroscopy

The synthesis procedure aimed for a hydrotalcite-derived mixed metal oxide catalyst with a
nNi/nAl composition of 1. By ICP-OES, the nNi/nAl ratio was determined to be 1.04, resulting
in a Ni loading of 44.3 wt.% and an Al loading of 19.8 wt.% in the calcined catalyst. The Na
content was below 10−3 wt.%; therefore synthesis-induced Na poisoning of the catalyst and
effects on the catalytic performance can be excluded.

198



8.7 Supplementary Material

8.7.2.2 X-ray Powder Diffraction

The as-synthesized precipitate ([Ni0.5Al0.5(OH)2][(CO3)0.25 ·nH2O]) features a takovite-like
hydrotalcite structure. After calcination at 450 °C, a metastable mixed metal oxide structure of
Ni and Al is formed. X-ray diffraction patterns and detailed discussion of these structures can
be found in Chapters 4 and 5.

The XRD patterns recorded after reduction and after catalyst conditioning (cf. Section 8.2.2)
are shown in Figure 8.9. Reflection signals at 2θ = 44.4, 51.8, and 76.4° clearly show the
presence of fcc Ni nanocrystallites generated from the Ni-Al mixed oxide structure under
reducing conditions. From profile fitting, the mean crystallite size can be estimated to 3.2 nm
(cf. Chapter 4). Due to the low crystallinity, obvious from peak broadening, this value should not
be over-interpreted, but can be assumed as a lower boundary for the mean Ni particle diameter.

Besides, distinct reflections appear at 2θ = 36.4 and 65.0°, which are attributed to the Al-
containing oxidic phase. Comparison to literature data (JCPDS 10-0425) shows that reflection
positions differ from the ones of crystalline γ-Al2O3, expected under the chosen calcination
conditions, and any other pure aluminum oxide phase. This indicates that a significant amount
of Ni2+ is still present in the Al3+-containing oxidic phase, which is not reduced under the
chosen conditions. Alzamora et al. proposed that this semi-crystalline phase is in company of
a second Al3+-rich amorphous phase [139], which makes the determination of the composition
of this oxidic phase difficult.

After aging, the FWHM of the reflections decrease while their intensities increase, which clearly
indicates a rise in crystallinity. The mean crystallite diameter is fitted to 5.2 nm after aging,
which, compared to the initial size of 3.2 nm, clearly indicates Ni particle sintering under the
chosen aging conditions (cf. Section 8.2.2). Besides, a shift of the reflection attributed to the
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Figure 8.9: X-ray diffraction patterns of the freshly reduced and the aged NiAlOx catalyst
(JCPDS: NiO 78-0429, Ni 87-0712, γ-Al2O3 10-0425).
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oxidic phase to higher diffraction angles (towards γ-Al2O3) can be observed (to 2θ = 37.3
and 66.5°, respectively), indicating lattice contraction / a phase transformation occurring under
aging condition. The oxidic phase evolved after aging may feature a higher relative Al3+ content
than the initial Ni2+-containing oxidic phase, possibly originating from reconstruction processes
involving the previous amorphous Al3+-rich phase. These structural changes of the oxidic phase
are non-trivial to resolve and consistent to Chapter 7.

8.7.2.3 Temperature-Programmed Reduction

The H2 consumption profile recorded during temperature-programmed reduction (TPR) is
shown in Figure 8.10. The maximum of H2 consumption is reached at 440 °C. Gaussian peak
fitting of the asymmetric peak shape for the sample reduced at 1000 °C resolves that two major
Ni2+ species exist in the NiAlOx catalyst. The low-temperature reduction peak centered at
420 °C makes up 45 % of the reduced Ni2+ species, the high-temperature reduction peak is
centered at 535 °C and makes up 55 % of the reducible Ni2+ species. The presence of two dif-
ferent Ni2+ species is in accordance with the results from XRD in Section 8.7.2.2. It is reflected
in the structural model developed by Alzamora et al. [139], who postulated the co-existance of a
crystalline Al3+-containing, NiO-rich phase and a X-ray amorphous Ni2+-containing, Al3+-rich
phase in the Ni-Al mixed metal oxide catalyst. The low-temperature reduction peak therefore
can be attributed to the reduction of Ni2+ species from the crystalline phase, while the peak
centered at 535 °C is supposed to be caused by the reduction of Ni2+ from the amorphous phase
[137, 315, 316]. From Figure 8.10, the percentage of Ni2+ reduced at 485 °C can be calculated
to 57 %. At 1000 °C, 96 % of all Ni is in reduced state. Most noteworthy, in line with XRD
in Figure 8.9, the presence of bulk spinel NiAl2O4 can be excluded. Ni2+ from NiAl2O4 is
expected to feature a reduction signal higher than 800 °C [92, 348, 349].
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Figure 8.10: Temperature-programmed reduction pattern of the NiAlOx catalyst, reduced at
1000 °C, holding time 30 min, and at 485 °C, holding time 300 min. Heating rate 5 K min−1.
Dotted lines: Gaussian fits, dashed lines: cumulative curve, dash dotted lines: temperature
profiles.
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8.7.2.4 N2 Physisorption

Both the freshly reduced and the aged catalyst exhibit distinct type IV character featuring
H3 hystereses, which is observed for mesoporous samples featuring aggregates of plate-like
particles causing slit-shaped pores [225]. Deduced pore size distributions and values for the pore
volume should not be over-interpreted for these samples [221]. The BET surface area decreases
from 294 m2 g−1

cat initially after reduction to 179 m2 g−1
cat after aging. The pore volume, estimated

from N2 uptake at p/p0 = 0.995, in contrast, increases from 0.68 to 0.89 mL g−1
cat, which results

in an increase of the mean hydraulic pore diameter (cf. Eq. 3.8) from 9.2 to 19.8 nm. The loss of
BET surface area can be attributed to pore rupture under the (hydrothermal) aging conditions,
possibly accompanied by sintering of the oxidic phase or reconstruction processes as evident
from XRD in Figure 8.9.

8.7.2.5 H2 and CO2 Chemisorption

The H2 monolayer uptake was 270 µmol g−1
cat, yielding a Ni surface area of 21.4 mNi

2 g−1
cat. The

CO2 monolayer uptake amounted to 172 µmol g−1
cat (cf. Chapter 4). While H2 is assumed to

selectively bind to the Ni sites, CO2 may bind to the Ni sites or form carbonate / hydrogen
carbonate species on the oxide material.

After aging (temperature program cf. Section 8.2.2), the H2 uptake decreased to 170 µmol g−1
cat,

resulting in a reduction of the Ni surface area to 13.3 mNi
2 g−1

cat. This is a loss of 37 % and
can be ascribed to Ni particle sintering under the hydrothermal aging conditions at 380 °C
and 7 bar under H2O co-feed, in accordance with the increase of the Ni crystallite size from
3.2 to 5.2 nm as found in XRD in Figure 8.9. Simultaneously, the CO2 uptake decreases
from 172 µmol g−1

cat after reduction to 96 µmol g−1
cat after the aging treatment. Assuming that

the majority of CO2 associatively binds to basic sites on the oxidic phase of the catalyst, this
decrease is consistent to the reduction of the BET surface area and can be explained by oxide
phase sintering/restructuring and loss of basic sites during aging.

With a degree of reduction of 57 % as indicated by TPR, a mean Ni particle diameter of 8.1 nm
can be calculated from the volumetric H2 chemisorption uptake. Similarly, for the aged catalyst,
assuming the degree of reduction stays constant under reaction conditions, a mean Ni particle
diameter of 12.8 nm can be calculated.

8.7.2.6 Temperature-Programmed Desorption of H2

To evaluate the type of Ni sites in the reduced catalyst, temperature-programmed desorption
of H2 (H2-TPD) was carried out. The H2-TPD pattern is shown in Figure 8.11. The results
from H2-TPD are consistent to a previous study on Ni-Al catalyst focusing on the investigation
of various Ni-Al catalysts by transient methods [141]. Four different Ni surface species can
be distinguished. The low-temperature signal at 160 °C is supposed to arise from H bound
in the subsurface area of the Ni crystallites (γ signal), the signal at approx. 300 K (β signal)
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Figure 8.11: Temperature-programmed desorption pattern of H2 from the NiAlOx catalyst.

is attributed to the desorption of H* bound to edges and corners of Ni crystallites as well
as H2 bound in multilayers [141, 376, 377]. The high-temperature signals at 420 K (α2) and
520 K (α1) can be assigned to the desorption of H bound to the surface of Ni crystallites [141,
376–379]. Under reaction conditions (T > 450 K), α1 and α2 are possible H occupation and
reaction sites. The evolution of different desorption signals is an indicator for heterogeneity
of the active Ni sites, featuring different sorption properties. Based on H2 ad- and desorption
experiments, Sehested et al. [380] calculated the adsorption constant of H2 on a Ni/MgAl2O4

spinel catalyst for a kinetic model describing CO methanation under high H2/CO ratios, but
the catalyst used in their study exhibited homogeneity of H adsorption sites. Due to the Ni site
heterogeneity of the catalyst observed in Figure 8.11, this approach is omitted in this study.

8.7.3 Catalyst Deactivation

Since no catalyst deactivation could be observed at low reaction temperatures and low partial
pressures of steam (due to low CO2 conversion) (cf. [24] and Section 4.5.8), artificial aging
was carried out at 380 °C, 7 bar, and a reactant gas composition of H2/CO2/CH4/H2O/Ar =
4/1/1.25/2.5/1.25 with a space velocity of Q = 120 NL g−1

cat h−1.

After 2 h of artificial aging in thermodynamic equilibrium at the conditions mentioned above,
the catalyst bed was periodically cooled down to a reference point RF1 (260 °C, 7 bar,
H2/CO2/Ar = 4/1/5, Q = 150 NL g−1

cat h−1) to track the extent of catalyst deactivation under
kinetic conditions away from thermodynamic equilibrium. The deactivation behavior and the
catalyst activity after aging are consistent to data reported earlier over this catalyst [24]. The
trend of CH4 yield over aging time at RF1 is shown in Figure 8.12. A stable activity level was
obtained after aging for 100 h at 380 °C.
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Figure 8.12: Trend of CH4 yield over aging time, monitored at 260 °C, 7 bar, H2/CO2/Ar =
4/1/5, Q = 150 NL g−1

cat h−1, aged at 380 °C, 7 bar, H2/CO2/CH4/H2O/Ar =
4/1/1.25/2.5/1.25, Q = 120 NL g−1

cat h−1.

8.7.4 Evaluation of Heat and Mass Transport Criteria

Besides experimental verification of the absence of heat and mass transport criteria, all kinetic
data points fulfil the heat (cf. appendix Eq. A.2 [381] and A.4 [311]) and mass transport (cf.
appendix Eq. A.1 [312] and A.3 [312, 313]) correlations. For the determination of species
gas concentrations, effective diffusion coefficients, and particle-to-fluid heat and mass transfer
coefficients, Eq. A.5 to A.14 (cf. appendix) were applied. Catalyst pellet density was estimated
from a bulk density of 500 kg m−3 and a bed porosity of 0.5. Catalyst pellet conductivity was
estimated to be 0.15 W m−1 K−1 [24], a conservative value for the high Ni loading of 44.3 wt.%
(calcined catalyst). From the total pore volume estimated from N2 physisorption data at p/p0 =
0.995 (cf. Section 8.7.2.4) and the catalyst pellet density, pellet porosity ε was calculated to be
0.6. The tortuosity factor τ2 was assumed to be 4.

In a conservative approach, the reaction orders n for methanation and steam reforming were
set to 1. The true activation energy of the methanation reaction was set 150 kJ mol−1, for steam
reforming 250 kJ mol−1.

8.7.5 Kinetic Measurements

The experimental parameters for the kinetic measurements are listed in Table 8.3.
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Table 8.3: Feed gas compositions and experimental parameters.
No. y(CO2) / y(CO) / y(CH4) / y(H2O) / y(H2) / y(Ar) / T / p / mcat / Q /

- - - - - - °C bar mg NL g−1
cat h−1

1a - 0.1 - - 0.6 0.3 230–340 1, 5, 10, 15 25 180, 240
2a 0.075 0.075 - - 0.525 0.325 230–340 1, 5, 10, 15 25 180, 240
3a 0.1 0.1 0.15 0.15 0.3 0.2 230–340 1, 5, 10, 15 25 180, 240
4a 0.15 0.075 0.0375 0.075 0.375 0.2875 230–340 1, 5, 10, 15 25 180, 240
5a 0.15 0.05 0.1 - 0.45 0.25 230–340 1, 5, 10, 15 25 180, 240
6a - 0.033 - - 0.2 0.767 240–290 4, 7, 10 10 1200
7a - - 0.1 0.15 0.025 0.725 310–530 2, 5, 8 25 180
8a - - 0.15 0.3 0.0125 0.5375 310–530 2, 5, 8 25 214
9b 0.1 - - - 0.4 0.5 180–240 2, 9, 15 75 36, 48
10b 0.2 - - - 0.3 0.5 180–240 2, 9, 15 75 36, 48
11b 0.25 - - - 0.25 0.5 180–240 2, 9, 15 75 36, 48
12b 0.3 - - - 0.2 0.5 180–240 2, 9, 15 75 36, 48
13b 0.4 - - - 0.1 0.5 180–240 2, 9, 15 75 36, 48
14b 0.1 - - - 0.4 0.5 250, 265 3, 6, 9 25 120
15b 0.2 - - - 0.2 0.6 250, 265, 285 3, 6, 9 25 120
16b 0.4 - - - 0.1 0.5 250, 265 3, 6, 9 25 120
17b 0.1 - - - 0.25 0.65 250–310 3, 6, 9 25 120
18b 0.05 - - - 0.25 0.7 250 3, 6, 9 25 120
19b 0.2 - - - 0.25 0.55 250–310 3, 6, 9 25 120
20b 0.2 - - - 0.1 0.7 250, 265, 285 3, 6, 9 25 120
21b 0.05 - - - 0.2 0.75 250, 265 3, 6, 9 25 120
22b 0.1 - - - 0.1 0.8 335, 355 3, 6, 9 25 180
23b 0.05 - 0.125 0.25 0.2 0.4 265, 310 3 25 120
24b 0.2 - 0.125 0.25 0.2 0.225 265 3 25 120
25b 0.1 - 0.125 0.25 0.4 0.125 250–310 3 25 120
26b 0.1 - 0.1 - 0.4 0.4 250–310 3 25 120
27b 0.1 - - 0.125 0.4 0.375 265, 285, 310 3 25 120
28b 0.1 - - 0.3 0.4 0.2 250–310 3 25 120
29b 0.025 0.125 0.25 0.1 0.5 250, 310 3, 6 25 120
30b 0.05 - 0.125 0.25 0.2 0.4 250–310 6 25 120
31b 0.05 - 0.125 0.25 0.4 0.2 250–310 6 25 120
32b 0.1 - 0.125 0.25 0.1 0.425 250–310 6 25 120
33b 0.2 - 0.125 0.25 0.2 0.225 265–310 6 25 120
34b 0.1 - 0.125 0.25 0.375 0.15 250–285 9 25 120
35b 0.1 - 0.3 - 0.4 0.2 285 6 25 120
36b 0.1 - 0.1 - 0.4 0.4 250, 265, 285 6 25 120
37b 0.1 - - 0.15 0.4 0.375 250, 265, 285 6 25 120
38b 0.1 - - 0.3 0.4 0.2 285 6 25 120
39b 0.025 - 0.125 0.25 0.1 0.5 265 9 25 120
40b 0.05 - 0.125 0.25 0.2 0.375 250–310 6 25 120
41b 0.05 - 0.125 0.225 0,4 0.2 310 9 25 120
42b 0.1 - 0.125 0.225 0,1 0.45 285, 310 9 25 120
43b 0.2 - 0.125 0.25 0.2 0.225 265, 285, 310 9 25 120
44b 0.1 - 0.125 0.25 0.4 0.125 250, 265, 285 6 25 120
45b 0.1 - 0.1 - 0.4 0.4 250, 265, 285 9 25 120
46b 0.025 - 0.125 0.25 0.15 0.45 355 9 25 120
47b 0.025 - 0.125 0.25 0.1 0.5 335, 355 9 25 180
48b 0.05 - 0.125 0.25 0.05 0.525 335, 355 9 25 180
49b 0.05 - 0.125 0.25 0.15 0.425 335, 355 9 25 180
50b 0.025 - 0.125 0.25 0.15 0.45 335, 355 6 25 180
51b 0.05 - 0.125 0.25 0.1 0.5 335, 355 6 25 180
52b 0.025 - 0.125 0.25 0.2 0.4 335, 355 6 25 180
53b 0.05 - 0.125 0.25 0.05 0.5 335, 355 6 25 180
54b 0.05 - 0.125 0.25 0.15 0.425 335, 355 6 25 180
55b 0.025 - 0.125 0.275 0.15 0.425 335 3 25 180
56b 0.025 - 0.125 0.275 0.2 0.375 335 3 25 180
57b 0.05 - 0.125 0.275 0.15 0.4 335, 355 3 25 180
a temperature varied in 5 K steps from 240 to 300 °C, 10 K steps from 300 to 340 °C, 20 K steps from 310 to 530 °C (for No. 7 and No. 8).
b data points taken from Koschany et al. [24].
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8.7.6 Model Derivation

Table 8.4 lists potential elementary steps and the deduced rate equations for the CO metha-
nation reaction, formulated for rate inhibition by OH*. In an approach in accordance with the
procedure of Koschany et al. [24] for CO2 solo-methanation, these steps have been investigated
as potentially rate-determining using the principles of Hougen and Watson [183] for Langmuir-
Hinshelwood kinetics. In combination with the elementary steps in [73] and the references
therein, this analysis resulted in 38 different kinetics models for CO methanation (19 for inhi-
bition by OH*, 19 for inhibition by H2O*). In this consideration, the water-gas shift reaction
was neglected due to yields of less than 4 % and CO2 was assumed as an inert, which is a
justified simplification due to CO2 conversions less than 1.5 %. Based on parameter estimation
and model discrimination, the most suitable models were model 8, 6, 7, 16, and 17. For the
models 6, 7, and 8, the equilibrium constant of the COHy surface intermediate as well as the
adsorption enthalpy of H2 could not be determined, which might arise from the low coverage of
H and, above all, COHy [180] under reaction conditions. The best fit was obtained for model 8,
the decomposition of a COH2 surface complex, comprising seven fitting parameters. Except for
models 9, 11, 12, and 19, assuming inhibition by OH* rather than H2O* resulted in significantly
lower fitting residua.

The models 6, 7, 16, and 17, however, involve a hydrogenation reaction as rate-determining step
and therefore can be discarded due to the experimental observations in Section 8.3.1.2.

For co-methanation, competitive adsorption of CO and CO2 has to be adequately described,
which disqualifies the use of LHHW, or similar approaches, for model development. How-
ever, the investigations on CO2 solo-methanation in [24] and the investigations on CO solo-
methanation described above, in combination with the experimental observations in Section
8.3.1, are the fundament of the derived kinetic model comprising the competitive CO and CO2

adsorption in Section 8.3.
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Table 8.4: Elementary steps and rate equations for CO solo-methanation.

Rate-determining step LHHW rate equation

CO + * CO* r1 = k
pCO

(
1–

pCH4 pH2O
Keq,COmetpCOp3

H2

)
(

1+(KH2pH2)0.5+KCOpCO+KOH
pH2O
p0.5
H2

)

CO* + * C* + O* r2 = k′
pCO

(
1–

pCH4 pH2O
Keq,COmetpCOp3

H2

)
(

1+(KH2pH2)0.5+KCOpCO+KOH
pH2O
p0.5
H2

)2

CO* + H* COH* + *
CO* + H* C* + OH*
CO* + H* CH* + O*

r3 = k′
p0.5

H2pCO

(
1–

pCH4 pH2O
Keq,COmetpCOp3

H2

)
(

1+(KH2pH2)0.5+KCOpCO+KOH
pH2O
p0.5
H2

)2

CO* + 2H* COH2* + 2*
CO* + 2H* CH* + OH* + *
CO* + 2H* CH2* + O* + *

r4 = k′
pH2pCO

(
1–

pCH4 pH2O
Keq,COmetpCOp3

H2

)
(

1+(KH2pH2)0.5+KCOpCO+KOH
pH2O
p0.5
H2

)3

COH* + * C* + OH*
COH* + * CH* + O*

r5 = k′
p0.5

H2pCO

(
1–

pCH4 pH2O
Keq,COmetpCOp3

H2

)
(

1+(KH2pH2)0.5+KCOpCO+KOH
pH2O
p0.5
H2

+KCOHp0.5
H2pCO

)2

COH* + H* COH2* + * r6 = k′
pH2pCO

(
1–

pCH4 pH2O
Keq,COmetpCOp3

H2

)
(

1+(KH2pH2)0.5+KCOpCO+KOH
pH2O
p0.5
H2

+KCOHp0.5
H2pCO

)2
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Rate-determining step LHHW rate equation
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8.7.7 Residuum Analysis

For the final model with y = 2, a comparison of weighted residuum values for the three fitting
responses CO, CO2, and CH4 in terms of temperature, overall pressure, and space time of
carbon containing reactants are given in the Figures 8.13–8.15, respectively.
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Figure 8.13: Dependency of weighted residuals on the reaction temperature for CH4 (A),
CO2 (B), and CO (C).
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Figure 8.14: Dependency of weighted residuals on the overall pressure for CH4 (A), CO2
(B), and CO (C).
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Figure 8.15: Dependency of weighted residuals on the carbon space time for CH4 (A), CO2
(B), and CO (C).
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8.7.8 Experimental Determination of the Isosteric Heat of Adsorption

of H2

To exemplarily prove the fitted value of the enthalpy of H2 adsorption on the Ni catalyst, the
isosteric heat of adsorption was determined by H2 chemisorption. For this, H2 chemisorption
experiments were carried out in 25 K steps from 200 to 425 °C. The hydrogen coverages were
calculated by normalization to the H2 monolayer uptake, determined via extrapolation to zero
pressure of the sorption isotherm recorded at T = 35 °C.
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Figure 8.16: Plot of lnp vs. 1
T , following the linearized simplified Clausius-Clapeyron

equation (cf. Eq. 8.42) for the determination of the isosteric heat of adsorption as a function
of hydrogen coverage.

From the slopes of the linearized lines in Figure 8.16, the isosteric heats of adsorption as a
function of H coverage can be calculated, illustrated in Figure 8.17.
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Figure 8.17: Trend of the isosteric heat of adsorption of H2, ∆ads,VHH2 as a function of
hydrogen surface coverage θH.
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8.7.9 Effect of the CO2/H2 Ratio on the Apparent Reaction Orders in

CO2 Methanation
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Figure 8.18: Influence of the stoichiometric CO2/H2 feed gas ratio on the apparent reaction
orders napp,i for CO2 solo-methanation (260 °C, 7 bar, cf. RF1).

8.7.10 Transfer to CO2 Solo-Methanation

Koschany et al. [24] reported a kinetic model for the solo-methanation of CO2, the rate equation
is shown in Eq. 8.43. The kinetic data pool lacked data on the steam reforming reaction and,
when co-feeding CH4 and H2O to CO2 and H2, was limited to a 1/2 stoichiometric ratio only.
The water-gas shift reaction was not included in the model.

rCH4 = k ·
p0.5

CO2
·p0.5

H2
·
(

1 –
pCH4 ·p2

H2O
pCO2 ·p4

H2 ·Keq,CO2met

)
(

1 + KH2 ·p0.5
H2

+ Kmix ·p0.5
CO2

+ KOH ·
pH2O
p0.5

H2

)2 (8.43)

They assumed a dissociative adsorption mechanism of CO2, H2 and H2O. Furthermore, the
hydrogenation of O* created by dissociation of CO2 was considered as irreversible. Later,
Marocco et al. confirmed that CO2 methanation rates are adequately described by this form
of rate equation [192].
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However, based on the rate equation, three surface reactions, Reactions 8.X–8.XII, that cannot
be mathematically discriminated, may potentially be rate-determining.

CO∗ + H∗ COH∗ + ∗ (8.X)

CO∗ + H∗ C∗ + OH∗ (8.XI)

COH∗ + ∗ C∗ + OH∗ (8.XII)

The negative isotope effect for CO2 methanation effect discussed in Section 8.3.1.2 can only be
explained when assuming Reaction 8.XII, the decomposition of COH*, as the rate-determining
step. In addition, the authors did not consider mechanisms including higher order hydrogenation
surface intermediates COHy (y = 2, 3). Furthermore, the rate equation was derived by assuming
that the irreversible O* hydrogenation is as fast as the RDS: Transient studies show that, in
contrast to CO methanation, the formation and desorption of water is considerably faster than
for CH4. Mori et al. [170] observed a maximum H2O/CH4 ratio of 8 when injecting CO2 in a
H2-containing stream over a Ni/α-Al2O3 catalyst. In addition, the fitted value for the adsorption
enthalpy of H2 was not significant and the adsorption enthalpy of H2O was positive. The kinetic
model comprised two kinetic and six thermodynamic parameters for the description of one
species and one reaction.

Figure 8.19 shows the parity plot of the kinetic model derived by Koschany et al. [24] and the
model presented in this work. As already exemplarily illustrated in Figure 8.8 A, the parity plot
confirms that the kinetic model developed in this study adequately describes the results of the
kinetic model developed by Koschany et al. [24]. Therefore, the presented kinetic model can be
regarded as an extension of the model derived by Koschany et al. to CO-containing feed gas as
well as water-gas shift and mild stream reforming conditions.
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Figure 8.19: Parity plot comparing the normalized molar flows Ycalc(CH4) calculated from
the kinetic model of Koschany et al. [24] and this study. Dashed lines indicate the ±10 %
region.
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The CO2 methanation reaction is one of the key steps in the power-to-gas concept, aiming
at utilizing the greenhouse gas CO2 as precursor substance for SNG to establish a chemical
energy storage system. In this work, two basic requirements on CO2 methanation catalysts,
intrinsic catalytic activity to achieve high CH4 yields at low reaction temperatures as well as
high thermal stability under reaction conditions to increase catalyst life-time were addressed.
The performance of an industrial-type co-precipitated NiAlOx (nNi/nAl = 1) catalyst was signif-
icantly improved by doping the catalyst with appropriate amounts of Mn, Fe, or both elements.

The co-precipitated NiAlOx catalyst features a takovite-like distorted hydrotalcite structure.
When added in small amounts during co-precipitation, neither Fe nor Mn have an impact on
the structure of the precipitate, both ions seem to be incorporated into the brucite-like layers
replacing Ni2+ and Al3+ in the hydroxide octahedra. After calcination, a mixed metal oxide of
Ni and Al is formed, most likely consisting of two phases, an Al3+-containing NiO phase and an
Al3+-rich, X-ray amorphous, possibly Ni2+-containing phase. In X-ray powder diffraction, no
impact of the promoters on the crystal structures in the catalyst can be observed. Therefore,
it can be concluded that the promoters may form amorphous phases or be incorporated in
the mixed metal oxide phases without significantly altering the lattice parameters. Catalyst
activation is carried out at a medium temperature of 485 °C to maximize the metal surface
area. Temperature-programmed reduction reveals two clear reduction signals for NiAlOx, that
can be assigned to the reduction of Ni2+ species from the NiO-like phase and, most likely, the
Al3+-rich phase, respectively. The degree of reduction under these conditions amounts to 57 %.

For the Mn-containing catalyst samples, an additional low-temperature reduction signal can be
identified, that can be assigned to the reduction of Mn4+ to Mn2+. Leaching of the catalyst
in reducing environment indicates the presence of Mn3O4 after calcination, confirming the
presence of Mn2+ on the catalyst after activation at 485 °C. With increasing Mn loading, the
reflection signal assigned to the oxidic Ni-Al phase after catalyst activation is shifted to lower
diffraction angles, clearly suggesting that Mn2+ is incorporated in this oxidic phase, leading
to lattice distortion. While at low Mn loadings the Ni surface area is maintained, at high Mn
loadings (nNi/nMn < 4) it significantly decreases. Temperature-programmed desorption, Fourier
transform infrared spectroscopy, and CO2 chemisorption experiments show an increasing CO2

uptake capacity with rising Mn loading, which can be assigned to an increase of the density of
weak (CO2 bound as hydrogen carbonate) and medium (CO2 bound as bidentate and monoden-
tate carbonate) basic sites. In addition, the binding energy of CO2 on these sites is decreased
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compared to NiAlOx. Steady-state methanation tests under stoichiometric feed gas composition
at a total pressure of 8 bar show that Mn significantly increases the intrinsic catalytic activity
of the NiAlOx catalyst. With rising Mn loading, the characteristic temperature for 50 % CO2

conversion decreases from 266.6 K for NiAlOx to 240.6 K for an optimized nNi/nMn ratio of
5.5. For higher Mn loadings, the effect of Mn is compensated by the negative contribution of
the declining Ni surface area with decreasing Ni content in the catalyst. The beneficial effect of
Mn on NiAlOx in CO2 methanation thereby is attributed to the modification of basic sites upon
the introduction of Mn. Especially a high density of medium basic sites as well as low binding
energy of CO2 on these sites may be beneficial for CO2 methanation. This indicates that the
pre-activation of CO2 on the oxidic phase at the Ni particle perimeter may be an important step
in CO2 methanation. However, in addition, an electronic effect of Mn on the active Ni sites in
the methanation reaction, modifying binding energies to reactants or intermediates, cannot be
excluded.

Fe, in contrast, clearly interacts with the metallic Ni. In temperature-programmed reduction,
H2 consumption signals that can be attributed to the stepwise reduction of Fe3+ to Fe0 are
observed. Besides, the reduction signal of Ni decreases to lower temperature, indicating a
synergistic effect between Ni and Fe during catalyst activation. X-ray powder diffraction as
well as ferromagnetic resonance spectroscopy confirms the formation of Ni-Fe alloy particles,
forming a (γFe,Ni) phase in a fcc structure. Temperature-programmed desorption of CO2 and
CO2 chemisorption experiments moreover reveal an increase of the CO2 uptake that can be
assigned to a higher density of weak basic sites. The binding energy of CO2 on the basic sites
seems to be slightly decreased compared to NiAlOx. The effect of Fe on the basic sites on the
oxidic phase is assigned to unreduced Fen+ (n = 2, 3) species. Besides, IR spectroscopy shows
that Fe contributes to the dissociation of CO2 and/or modifies the CO2 dissociation properties
of Ni. The presence of exposed Fe atoms in (γFe,Ni) is consistent to H2 chemisorption experi-
ments, where a decrease of the H2 uptake can be oberved caused by the kinetic limitation of H2

adsorption on Fe at 35 °C.

In CO2 methanation, a decrease of the characteristic temperature for 50 % CO2 conversion
from 266.6 K for NiAlOx to 254.5 K for an optimized nNi/nFe ratio of 5.5 is observed. This
effect may be caused by a modification of the reaction mechanism or the electronic properties
of the active sites, affecting the C-O dissociation energy. The close interaction of Fe and the Ni
sites is obvious from an increase of the apparent activation energy from approx. 77 kJ mol−1 for
NiAlOx to 89 kJ mol−1 for NiFeAlOx with a nNi/nFe promoter ratio of 5. In catalyst aging exper-
iments at 500 °C for 32 h, NiFeAlOx features a much lower activity loss compared to NiAlOx.
Deactivation mechanisms comprise sintering of the active sites, sintering of the oxidic phase,
and loss of basic sites. The decrease of the characteristic temperature for a CO2 conversion of
50 % amounts to 24.0 K for NiAlOx, but only 5.5 K for NiFeAlOx at an optimized nNi/nFe ratio
of 5.5. Time-resolved aging studies reveal that this increase of the apparent stability is caused by
a temporal increase of the intrinsic catalytic activity of NiFeAlOx under aging conditions. The
highest activity increase (129 % of the initial activity after catalyst activation) was observed after
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aging at 450 °C for 16 h. Ferromagnetic resonance spectroscopy, X-ray powder diffraction, and
Mössbauer spectroscopy reveal that this phenomenon is correlated to the partial segregation of
Fe from the (γFe,Ni) particles. Mössbauer spectroscopy and total X-ray scattering experiments
provide evidence that Fe segregation is accompanied by the oxidation of Fe, possibly resulting
in the formation of wüstite closely located to the metal particles. The enhanced intrinsic catalytic
activity thereby is accompanied by an increase of the apparent activation energy from approx.
89 to 102 kJ mol−1. This compensation effect can be explained by assuming more than one kind
of active sites on the catalyst surface. It is hypothesized that the in situ formed wüstite phase
offers an additional reaction pathway for CO2 activation by a Fe2+/Fe3+ redox mechanism, that
features a higher activation energy but contributes to the overall methanation rate. The kinetic
rate constant then can be expressed by the sum of two Arrhenius approaches, with the measured
activation energy being lumped over the activation energies of both reaction pathways.

When co-doping Fe and Mn to NiAlOx, catalysts with an improved activity and stability per-
formance can be synthesized. The best trade-off for Ni-Fe-Mn-Al mixed metal oxide catalysts
is achieved for a ratio of nNi/nFe = 7 and nNi/nMn = 9.5 (with nNi/nAl = 1). However, the effects
of Fe and Mn cannot be combined linearly. Doping them by subsequent incipient wetness
impregnation of a co-precipitated calcined NiAlOx catalyst, the impregnation order plays a
significant role on catalyst performance. The effect of the dopant added first prevails in the later
catalyst performance. This offers the unique opportunity to tailor catalyst performance on the
specific requirement. The trends of the performance of co-doped catalysts indicates that both
promoters compete for the active sites. Since Mn clearly interacts with the oxidic phase and
the effect of Fe can be deduced to a segregation-oxidation mechanism, it can be concluded that
both promoters act at the perimeter of the metal particles.

The importance of the location of the Fe promoter in the Ni-Al mixed metal oxide catalyst was
verified by selectively depositing Fe in proximity to Ni0 sites via the surface redox reaction
technique. The so-synthesized catalysts featured an improved apparent stability, comparable to
the ones where Fe was doped during co-precipitation or by impregnation of the Ni-Al mixed
metal oxide. Doping Fe via the surface redox reaction technique to a precipitated Ni/Al2O3

catalyst, in contrast, lead to a decrease of the apparent catalytic stability but an increase in
activity, which highlights the importance of the oxidic phase on catalyst performance and
(possibly synthesis-dependent) promoter effects.

For the NiAlOx catalyst, a kinetic model comprising COx methanation, (reverse) water-gas
shift reaction, and steam reforming was developed. In contrast to literature kinetic models, the
methanation reactions of CO and CO2 are described via one common kinetically relevant step
by implementing competitive CO and CO2 adsorption instead of assuming both adsorption
processes to be quasi-equilibrated. Model discrimination and steady-state isotope experiments,
which reveal an inverse isotope effect in both CO and CO2 methanation, suggest that the
dissociation of a hydrogenated COHy surface complex is the kinetically relevant step in COx

methanation. The best fit for over 1700 responses for CO, CO2, and CH4 is obtained for a
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discrete value of y = 2 (hydroxycarbene). However, different COHy species may co-exist and
their conversion may contribute to the overall methanation rate. Over the whole range of y from
1 (formyl intermediate) to 3 (hydroxymethyl intermediate), the model and the parameters are
thermodynamically consistent, statistically relevant, and physically meaningful. Nevertheless,
the model and the kinetic parameters for y = 2 provide an average over reaction kinetics and
describe the kinetic data points in excellent agreement. In CO-rich feed gas atmosphere, CO2

methanation is inhibited by CO2 adsorption on the catalyst surface, which is expressed via the
reverse of the water-gas shift reaction in an H*-assisted reaction pathway becoming kinetically
relevant. It is shown that the derived kinetic model cannot be discriminated from a kinetic model
recently derived by Koschany et al. [24] for CO2 solo-methanation over the same catalyst.

To get a deeper understanding of the elementary steps in COx methanation, ab initio Monte-
Carlo simulations coupled with transient techniques such as temporal analysis of products
(TAP) or steady-state isotopic transient kinetic analysis (SSIKTA) may provide further insights.
These investigations may also shine further light onto the impact on the Fe and Mn promoter on
elementary step kinetics and the reaction mechanism. The kinetic model for COx methanation
was derived over only one kind of active sites. In real catalysts, different facets may feature
different activities in methanation, especially considering the role of step and kink sites in
this possibly structure-sensitive reaction. The presented kinetic model gives an average over
the kinetics on different sites, which possibly involve different kinetically relevant steps. The
assumption of a dual site mechanism for CO2 adsorption and the methanation step, however,
did not yield a better statistical description of the kinetic data than the presented model.

By promoting Fe and Mn, the catalytic performance of industrial type co-precipitated Ni-Al
catalysts was significantly improved and a new generation of CO2 methanation catalysts was
introduced. The catalysts developed in this study may be applied in different reaction stages
in a methanation process. In a two-stage methanation setup, one might utilize a Fe-promoted
NiAlOx catalyst that features a long life-time under harsh methanation conditions in the first
stage to convert the majority of the CO2 at high temperature. In the second stage, one may
rather apply a Mn-promoted catalyst operated at low temperature to achieve high CH4 yields.
However, the study was limited to a molar ratio of nNi/nAl = 1 for all co-precipitated catalysts.
One might wonder how the nNi/nAl ratio influences the promoter effects of Fe and Mn in terms
of catalytic activity and catalyst stability. Current studies focus on the detailed investigation
of the evolution of crystalline and possibly amorphous mixed metal oxide phases consisting
of Ni and Al in various stoichiometries, highlighting the distribution and incorporation of Ni
and Al therein. Moreover, it is manifest to try to apply the findings from the Mn promoter
effect to other reactions that require CO2 activation, such as CH3OH synthesis from CO2 over
Cu-Zn-Al mixed metal oxide catalysts. The methodology of coupling CO2 and CO with the
surface reaction of CO in the kinetic model for COx methanation may be transferred to reactions
involving similarly coupled adsorption steps such as the selective catalytic reduction of NOx.
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A Heat and Mass Transport Limitation
Criteria

For all kinetic data points, the heat and mass transport criteria Eqs. A.1 to A.4 were evaluated to
exclude any influence of inter- or intra-particle mass and heat transport on the gathered kinetic
data.

• Inter-particle mass transport: Mears criterion [312]

Ri ·ρP ·dP
βi · ci

<
0.3
|n|

(A.1)

• Inter-particle heat transport: Mears criterion [381]

|∑Ri ·Hi| ·ρP ·dP
α ·T <

0.3 ·R ·T
EA

(A.2)

• Intra-particle mass transport: Weisz-Prater criterion [312, 313]

Ri ·ρP ·d2
P

4 · ci ·Deff
i

<
1
|n|

(A.3)

• Intra-particle heat transport: Anderson criterion [311]

|∑Ri ·Hi| ·ρP ·d2
P

4 ·λ eff
P ·T

<
0.75 ·R ·T

EA
(A.4)

Ri is the measured net consumption or formation rate of species i, n the respective reaction order.
α is the heat and βi the mass transfer coefficient for the particle-to-fluid transfer. λ eff

P denotes
the effective heat conductivity of the pellet, ρP its density. The concentration ci of species i can
be calculated applying the universal gas law in Eq. A.5.

ci =
pi

R ·T (A.5)

The effective diffusion coefficient Deff
i is calculated according to the Bosanquet equation (cf.

Eq. A.6) [382] from pellet porosity ε , tortuosity τ2, the molecular diffusion coefficient Di,m
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(cf. Eq. A.7) [383], and, to account for wall-effects in the mesopore system of the catalyst, the
Knudsen diffusion coefficient Di,Kn (cf. Eq. A.8).

Deff
i =

ε

τ2 ·
(

1
Di,m

+
1

Di,Kn

)–1
(A.6)

Di,m =
1 – xi

∑j6=i
xj

Di,j

(A.7)

Di,Kn =
dPore

3
·
√

8 ·R ·T
π ·Mi

(A.8)

The binary diffusion coefficient Di,j in Eq. A.7 can be calculated according to Fuller et al. [384,
385]:

Di,j

cm2/s
=

0.001 ·
(

T
K

)1.75
·
((

Mi
g/mol

)–1
+
(

Mj
g/mol

)–1
)0.5

p
atm

((
∆νi
cm3

)1
3 +
(

∆νj
cm3

)1
3

)2 . (A.9)

The Nusselt number Nu and the Sherwood number Sh, that give access to the heat and mass
transfer coefficients for the particle-to-fluid transfer, respectively, can be computed from suit-
able correlation equations, depending on the operational conditions. A commonly applied cor-
relation valid for 0.1 < Re < 100 was determined by Wakao et al. [386].

Nu =
α ·dP

λ
= 2 + 1.1 ·Pr

1
3 ·Re0.6 = 2 + 1.1 ·

(
η · cp

λ

)1
3 ·
(

ρ ·dP ·u
η

)0.6
(A.10)

Sh =
β ·dP
Di,m

= 2 + 1.1 ·Sc
1
3 ·Re0.6 = 2 + 1.1 ·

(
η

ρ ·Di,m

)1
3
·
(

ρ ·dP ·u
η

)0.6
(A.11)

The viscosity η and heat conductivity λ of the fluid can be determined using the mixing
relations of Wilke [387] in Eqs. A.12 to A.14. The density of the fluid ρ can be calculated
from the universal gas law with the mean molar mass of the fluid. The specific heat capacities
of the different species i can be computed using the Shomate equation (cf. Eq. B.1), giving
access to the mean specific heat capacity of the fluid cp.

η = ∑
i

xi ·ηi

∑j xj ·ψij
(A.12)

λ = ∑
i

xi ·λi

∑j xj ·ψij
(A.13)

ψij =
1

2
√

2

(
1 +
(

ηi
ηj

)1
2

+
(

Mj

Mi

)1
4
)2

+
(

1 +
Mi
Mj

)– 1
2

(A.14)

218



B Thermodynamic Data

The Shomate equation (cf. Eq. B.1) describes the specific molar heat capacity of a species i as
a polynomial function of temperature with the coefficients ai to ei.

cp,i = ai + bi ·T + ci ·T2 + di ·T3 + ei ·T–2 (B.1)

The molar specific enthalpy (cf. Eq. B.2) and entropy (cf. Eq. B.3) values can be calculated
according to

Ho
i =

∫ T

T0
cp,i(T)dT + ∆fH

o
i = ai ·T +

bi
2
·T2 +

ci
3
·T3 +

di
4
·T4 – ei ·T–1

– (ai ·T0 +
bi
2
·T2

0 +
ci
3
·T3

0 +
di
4
·T4

0 – ei ·T–1
0 ) + ∆fH

o
i (B.2)

So
i =

∫ T

T0

cp,i(T)
T

dT + So
0,i =ai · ln(T) + bi ·T +

ci
2
·T2 +

di
3
·T3 –

ei
2
·T–2

– (ai · ln(T0) + bi ·T0 +
ci
2
·T2

0 +
di
3
·T3

0 –
ei
2
·T–2

0 ) + So
0,i. (B.3)

∆fHo
i describes the molar specific heat of formation, So

0,i the molar specific entropy at the
reference temperature T0 = 298.15 K. They are listed in [388]. The coefficients ai to ei are
tabulated for specific temperature intervals in the NIST Chemistry Web Book, based on [389]
(used for studies in Chapters 4 to 7), and in [390] (used for studies in Chapters 2 and 8).
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C Thermodynamic Equilibrium

With the fundamental equation, the change of the total Gibbs free energy in an open flow system
without external forces can be written as [391]

dG′ = dH′ – d(T ·S′) = dU′ + d(p ·V) – d(T ·S′) = V ·dp – S′dT +∑
i

µi ·dni. (C.1)

µi denotes the chemical potential of species i. Under isobaric and isothermal conditions, Eq.
C.1 results in:

dG′ = dH′ – T ·dS′ = ∑
i

µi ·dni. (C.2)

The change of the molar Gibbs free energy therefore equals the change of the chemical potential
and can be expressed by the change of the molar enthalpy and the molar entropy, as shown in
Eq. C.3.

dG = dH – T ·dS = dµ (C.3)

The change of the total chemical potential in a chemical reaction is described by the chemical
potentials of the species i and their stoichiometric factors νi.

dµ = ∑
i

νi ·µi (C.4)

The chemical potential of species i can be expressed by Eq. C.5 with its standard chemical
potential µo

i , its fugacity fi, and its standard fugacity f o
i [392].

µi = µ
o
i + R ·T · ln

(
fi
f o
i

)
(C.5)

Thermodynamic equilibrium states in chemical reactions are characterized by a minimum in the
Gibbs free energy G along the reaction coordinate ξ . With Eqs. C.3 and C.4, this leads to the
criterion [392]:(

dG
dξ

)
p,T

= 0 = dµ = ∑
i

νi ·µi. (C.6)
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C Thermodynamic Equilibrium

With the definition of the Gibb’s free energy of reaction

∆RG = ∑
i

νi ·µi = ∑
i

νi ·
(

µ
o
i + R ·T · ln

(
fi
f o
i

))
= ∆RGo +∑

i
νi ·R ·T · ln

(
fi
f o
i

)
, (C.7)

the equilibrium constant Keq for
(

dG
dξ

)
p,T

= ∆RG = 0 can be defined:

∆RGo = ∑
i

νi ·µo
i = –∑

i
νi ·R ·T · ln

(
fi
f o
i

)
= –R ·T · ln∏

(
fi
f o
i

)νi
= –R ·T · ln Keq (C.8)

with Keq = ∏

(
fi
f o
i

)νi
= exp

(
–

∆RGo

R ·T

)
. (C.9)

The standard chemical potential µo
i of species i thereby can be calculated from its standard

enthalpy of formation and standard entropy (cf. Eqs. B.2 and B.3), respectively. In this study
IUPAC SATP conditions (To = 298.15 K, po = 1 bar) are used as standard conditions.

µ
o
i = ∆fH

o
i – T ·∆So

i (C.10)

The fugacity fi for a gas species i can be expressed via the fugacity coefficient ϕi, its molar
fraction yi and the total pressure p [392].

fi = ϕi · yi ·p (C.11)

With Eq. C.9 and Dalton’s law, this leads to the expression:

Keq = exp
(

–
∆RGo

R ·T

)
= ∏

(
ϕi · yi ·p

f o
i

)νi
= ∏ ϕ

νi
i ·∏ pνi

i ·∏
(
f o
i
)–νi . (C.12)

The standard fugacity f o
i of an ideal gas at IUPAC SATP amounts to 1 bar. For ideal gases,

furthermore, ϕi, per definition, is unity [392].

Alternatively, the equilibrium constants are often approximated by an empirical function of
temperature. For CO methanation (cf. Reaction 2.I) and the water-gas shift reaction (cf. Reaction
2.III), they are given in Eqs. C.13 and C.14, respectively [279]. The equilibrium constant for
CO2 methanation (cf. Reaction 2.II) then can be calculated according to Eq. C.15.

Keq,COmet = 810–1 ·
(

T
K

)–3.3
· exp

(
202.3kJmol–1

R ·T

)
(C.13)

Keq,WGS = 9.01 ·10–6 ·
(

T
K

)0.968
· exp

(
43.6kJmol–1

R ·T

)
(C.14)

Keq,CO2met = Keq,COmet ·
(
Keq,WGS

)–1 (C.15)
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Nomenclature

Latin Symbols

A area m2

A Arrhenius constant depends on model
a,b,c unit cell constants Å
a–e fitting values in Shomate equation depends on expo-

nent in polynomial
B magnetic flux density T
∆Bpp linewidth in FMR/EPR spectrum T
c velocity of light m s−1

c concentration mol L−1

cp specific heat capacity J kg−1 K−1

D diffusion coefficient m2 s−1

D dispersion -
d diameter m
d d spacing Å
dred degree of reduction -
E energy J mol−1

Ea activation energy J mol−1

Ebin binding energy J mol−1

∆Eq quadrupole splitting J mol−1

F objective function -
Fs significance parameter for F-test -
f fugacity Pa
G molar Gibbs’s free energy J mol−1

G′ Gibbs’s free energy J
g nuclear g-factor -
GHSV gas hourly space velocity h−1

H molar enthalpy J mol−1

H magnetic field strength A m−1

H′ enthalpy J
h,k, l Miller indices -
I nuclear spin -
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Nomenclature

I intensity a.u.
i, j,k species -
j number of experiment -
K shape factor -
K equilibrium constant depends on model
k reaction rate constant depends on model
k number of response -
M molar mass g mol−1

m mass kg
m nuclear magnetic spin quantum number -
mn nuclear Bohr magnetron J T−1

mb mass balance -
N number of atoms -
n molar amount mol
n order of maximum -
n total number -
n reaction order -
ṅ molar flow mol s−1

Nu Nusselt number -
P characteristic value for TPR experiments in

[218]
K

p pressure Pa
pi partial pressure of species i Pa
p′i reduced partial pressure of species i
Pr Prandtl number -
Q mass-normalized volumetric flow rate at

standard conditions
NL g−1

cat h−1

Ri net formation rate of species i mol g−1
cat s−1

r radius m
r reaction rate mol g−1

cat s−1

Re Reynolds number -
S molar entropy J mol−1 K−1

S specific surface area m2 g−1
cat

S selectivity -
S degree of rate control -
S′ entropy J K−1

s adsorption stoichiometry -
Sc Schmidt number -
Sh Sherwood number -
SV space velocity h−1
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Nomenclature

T temperature K
t time s
t statistic t-value -
U adsorption uptake mol g−1

cat
u velocity m s−1

V volume m3

V̇ volumetric flow rate m3 s−1

w loading -
WTY weight time yield mol kg−1

cat h−1

X conversion -
x,y molar fraction -
Y yield -
Y normalized molar flow -
y degree of hydrogenation in COHy -
z degree of hydrogenation in CHz -
z charge C
∗ free site -

Greek Symbols

α heat transfer coefficient W m−2 K−1

α exponent for statistical and thermodynamic
consistency in [187]

-

α ,β ,γ angle in crystal lattice °
β mass transfer coefficient m s−1

β full width at half maximum °
γ ,δ fitting parameters in [192] -
δ isomer shift in Mößbauer spectrum mm s−1

ε pellet porosity -
η dynamic viscosity Pa s
θ diffraction angle °
θ surface coverage -
λ wavelength nm
λ heat conductivity W m−1 K−1

µ chemical potential J mol−1

ν frequency Hz
ν stoichiometric factor -
ν̃ wavenumber cm−1

ρ density kg m−3

σ cross sectional area m2

τ2 tortuosity -
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Nomenclature

Φ work function eV
φm dimensionless parameter -
ϕi fugacity coefficient of species i -
ψ Wilke-Chang parameter -
ω weighting factor -

Constants

C constant -
h Planck constant J s
NA Avogadro’s constant mol−1

R universal gas constant J mol−1 K−1

Superscript

o standard state (at 25 °C and 1 bar)
* adsorbed
′ lumped parameter
exp experimental
calc calculated
out at reactor outlet

Subscript

A adsorptive
a aging
ads adsorbed, adsorption
app apparent
Au Auger
B bulk
BET determined by BET theory
C crystallite
c calcined
calc calculated
cat catalyst
crit critical
COmet CO methanation
CO2met CO2 methanation
des desorption
dil dilution
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Nomenclature

eff effective
el electrical
eq equilibrium
ex exposed
exp experiment
f formation
g gas
Hüttig Hüttig
i impregnated, derived from impregnated catalyst
in entering the reactor, bypass measurement
int internal
kin kinetic
Kn Knudsen
L liquefaction
l liquid
M metal
m melting
m molar
m molecular
max maximum
met methanation
min minimum
ML monolayer
Néel Néel temperature
out leaving the reactor, reactor measurement
P particle
P pellet
pore pore
R reaction
ref reference
rel relative
resp response
S surface
SR steam reforming
Tammann Tammann
th thermal
V isosteric
v vaporization
x derived from co-precipitated catalyst
0 reference
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Nomenclature

1 first layer
50 at 50 % CO2 conversion
(I) impregnated first
(II) impregnated second

Abbreviations

BET Brunauer-Emmett-Teller
BJH Barrett-Joyner-Halenda
BSE backscattered secondary electron
CI confidence interval
CVD chemical vapor deposition
DFT density functional theory
DoE design of experiments
EDX energy-dispersive X-ray spectroscopy
EPR electron paramagnetic resonance spectroscopy
FMR ferromagnetic resonance spectroscopy
FT-IR Fourier transform infrared spectroscopy
ICP-OES inductively coupled plasma-optical emission spectroscopy
IR infrared
LHHW Langmuir-Hinshelwood-Hougen-Watson
PGA process gas analyzer
PSRA pulse surface reaction analysis
RDS rate-determining step
RF reference point
S temperature variation cycle
SE secondary electron
SSITKA steady-state isotopic transient kinetic analysis
TEM transmission electron microscopy
TOS time on stream
TPD temperature-programmed desorption
TPO temperature-programmed oxidation
TPR temperature-programmed reduction
WGS water-gas shift reaction
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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