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Zusammenfassung 

 

Dry Reforming (CO2-Reforming von Methan, DRM) wandelt diese beiden 

Treibhausgase miteinander in Synthesegas (H2, CO) mit hohem wirtschaftlichem 

und ökologischem Nutzen um. Die Reaktion wurde zunächst an Katalysatoren mit 

niedrigem Ni-Gehalt auf verschiedenen Mg-Al-Mischoxiden untersucht, um die 

Deaktivierungsmechanismen aufzuklären und stabile wettbewerbsfähige 

Katalysatoren sowohl für milde (stöchiometrische) als auch CH4-reiche 

Bedingungen zu erhalten, wobei letztere perspektivisch interessant sind, um die 

direkte Umwandlung von Biogas oder bestimmten Erdgasen nachzuahmen. 

Diese geträgerten Ni-Katalysatoren wurden aus Hydrotalcit-Vorläufern mit 

verschiedenen Zusammensetzungen und Strukturen hergestellt. Die Katalysatoren 

wurden letztendlich durch Naßimprägnierung und Kalzinierung bei hoher 

Temperatur hergestellt. Der  Ni2+-Precursor wurde mit Zitronensäure (CA) 

komplexiert und/oder mit La3+, Sc3+ oder Gd3+ coimprägniert und der Ni-Gehalt 

wurde auf 2,5 Gew.-% eingestellt. Die Materialien wurden mit N2-Physisorption, 

Röntgenbeugung, temperaturprogrammierter Reduktion, Röntgenphotoelektronen-

Spektroskopie, UV-Vis-Diffus-Reflexionsspektroskopie und Rasterelektronen-

Mikroskopie mit energiedispersiver Röntgenspektroskopie charakterisiert. 

DRM läuft oberhalb von 600 °C und die Katalysatoren deaktivieren durch 

Metallagglomeration oder Verkokung (CH4-Spaltung, CO-Disproportionierung). 

Letztere kann zur Reaktorblockade führen. Die Desaktivierungspfade hängen von 

den Reaktionsbedingungen ab und sind bei Katalysatoren mit niedrigem Ni-Gehalt 

gut unterscheidbar. Ni/Mg1,3AlOx, mit Ni-Spezies eingebettet in ein Mischoxid aus 

MgO und Al2O, zeigte selbst bei 500 °C hohe DRM-Aktivität. Dieser Katalysator 

neigte jedoch zur Verkokung im stöchiometrischen DRM bei niedriger Temperatur 

oder im CH4-reichen DRM und litt unter Agglomeration aufgrund geringer Ni-

Dispersion und niedriger Metall-Träger-Wechselwirkung. 

Durch verschiedene Modifikationen wurden Katalysatoren mit hoher Leistung und 

Stabilität für verschiedene DRM-Bedingungen entwickelt. Im stöchiometrischen 

DRM wies der mit La und CA modifizierte Ni-Katalysator die höchste Stabilität 

gegenüber der Ni-Reoxidation und der Agglomeration auf. Dieser Katalysator zeigte 

außerdem eine niedrige Verkokung und erzielte über 160 h eine hohe Aktivität und 

Produktivität für Wasserstoff (118 L/(gcat × h)). Im CH4-reichen DRM zeigte der auf 

La und CA basierende Ni-Katalysator (Mg1,3AlOx Support bei 1000 °C 

vorbehandelt), eine deutlich verbesserte Verkokungsbeständigkeit. Ein  Gd- und Ni-

dotierter Katalysator (Gd.Ni/Mg1,3AlOx) führte ebenfalls zu verminderter Verkokung. 

Beide Katalysatoren erzielten hohe Aktivität über einen Zeitraum von 100 h mit 

einer Kohlenstoffablagerung von etwa 6 Gew.-%. Diese Ergebnisse sind 

vielversprechend für die Entwicklung von Ni-Katalysatoren für das DRM im 

industriellen Maßstab. 
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Abstract 

Dry reforming also known as CO2 reforming of methane (DRM) is a process that 

simultaneously transforms these two greenhouse gases into syngas (H2, CO) with 

high economic and environmental benefit. This reaction was firstly studied over 

catalysts with low Ni content supported on various Mg-Al mixed oxides to identify 

different deactivation mechanisms and to develop stable and competitive DRM 

catalysts at either mild (stoichiometric) or severe (CH4-rich) conditions with the latter 

having the perspective to mimic the direct conversion of biogas or specific natural 

gases. 

Named Ni catalysts supported on Mg-Al mixed oxides were prepared from 

hydrotalcite precursors with various compositions and structures. The final catalysts 

were then obtained by wet impregnation followed by calcination at high 

temperature. The precursor Ni2+ was either complexed with citric acid (CA) and/or 

co-impregnated with La3+, Sc3+ or Gd3+ and the Ni content in final catalyst was fixed 

at 2.5 wt%. The solids were characterized using N2 physisorption, X-ray diffraction, 

temperature-programmed reduction, X-ray photoelectron spectroscopy, UV-Vis 

diffuse reflectance spectroscopy, and scanning transmission electron microscopy 

with energy-dispersive X-ray spectroscopy.  

DRM runs at temperatures above 600 °C, and the catalysts deactivate due to metal 

particle sintering or coking (methane decomposition, CO disproportionation). The 

latter effect may lead to reactor blockage. The deactivation pathways depend on the 

reaction conditions and can be differentiated well on low Ni content catalysts. 

Ni/Mg1.3AlOx with Ni species embedded in a solid solution of MgO and Al2O3 shows 

high DRM activity even at low temperature (500 °C). However, this catalyst was 

prone to carbon deposition, in stoichiometric DRM at low temperature or in CH4-rich 

DRM, and suffered from metal agglomeration due to poor Ni dispersion and low 

metal support interaction (MSI). 

By applying different modification routes catalysts with exceptional performance and 

stability at different DRM conditions were developed. In stoichiometric DRM, the Ni 

catalyst modified with La and CA-assisted synthesis showed the highest stability 

against both Ni re-oxidation and agglomeration. This catalyst revealed low coking 

rate and maintained high activity over 160 h with outstandingly high productivity of 

hydrogen (118 L/(gcat×h)). In severe CH4-rich DRM, the La- and CA-modified Ni 

catalyst supported on thermally pre-treated Mg1.3AlOx at 1000 °C revealed highest 

coking resistance. Likewise, Gd.Ni/Mg1.3AlOx exposed good carbon suppression 

and both catalysts accomplished high and quite stable activity over 100 h on stream 

with limited carbon deposition (approx. 6 wt%). These results are promising for Ni 

catalyst development for industrial-scale DRM. 
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1 Motivation and Objective  

1.1 Motivation 

The global energy demand is rapidly growing adapted to human activities, and 

about 86% thereof is covered by fossil fuels at the recent time (2015) [1]. However, 

such societal behaviour leads to the unavoidable increasing of anthropogenic 

greenhouse gas (GHG) emissions causing the worldwide environmental problems, 

mostly known with the rising of global temperatures and the increasing volatility of 

global weather patterns [2, 3]. CO2 is the greenhouse gas (GHG) that has the 

largest contribution to climate change due to its long live and abundance in the 

atmosphere [4, 5]. Before 1950, atmospheric carbon dioxide was never higher than 

320 ppm [6, 7]. However, in 2017, it reached 405 ppm with growth rate risen from 

0.6 ppm/year in the early 1960s to an average of 2.3 ppm/year during the past ten 

years [5]. Such increases of atmospheric carbon dioxide concentration are 

predominantly responsible for the total energy imbalance that is causing Earth's 

temperature to rise [2]. As a result, there were attempts to limit CO2 emission from 

industry activities as well as to reduce atmospheric CO2 by applying technological 

progress for CO2 capture and storage (CCS) and utilization (CCU) [8, 9]. However, 

CO2 is also a natural source of carbon that can be used as a building block for 

chemical processes that may achieve both commercial and environmental values 

[10]. Among these are the CO2 transformation via hydrogenation to form 

oxygenates and/or hydrocarbons (such as methanol synthesis) or via reforming into 

syngas or synthesis of organic carbonates using preferably heterogeneous oxide 

catalysts [11].  

CH4 is the second major GHG that is mainly emitted from two sources: from 

naturally occurring activities (40%) and anthropogenic activities (60%) [5, 12]. In oil 

and gas processing, CH4 is the main component of natural gas (NG) which is still 

the preferred feedstock for energy market [13] firstly due to its abundance, with total 

proved reserves of 193.5 trillion cubic meters (2017) [14]. Besides, usage of CH4 is 

also less complicated and expensive in industrial processes compared to other 

fossil sources [15]. Regarding the composition, NG may contain a minor amount of 

other hydrocarbons and also include inert molecules such as nitrogen and carbon 

dioxide [16]. For instance, in 2011 Vietnam discovered the “Blue Whale” gas field 

with a large reserve of about 150 billion m3 of high content CO2 (~ 30 vol%) natural 

gas available for power generation and industrial purposes [17, 18].  

Away from the natural gas reserves, methane can also be generated from biogas 

sources produced from the anaerobic decomposition of organic material. These 

sources comprise different compositions but mainly concentrated CH4 and CO2. For 

example, some landfill gas contains 40–45% methane and 55–60% carbon dioxide 
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by volume [19] while biogas in Germany is expected to have 50–75% and 25–45% 

by volume of methane and carbon dioxide, respectively [2]. 

Rather than energy purposes mainly for industrial heating, residential, and electricity 

generation, there are extensive industry applications and researches implemented 

to indirectly or directly convert methane into chemicals, liquid fuels or higher 

hydrocarbons through different gas to liquid GTL technologies [2, 9, 20, 21]. 

However, the CH4 direct oxidative conversion processes have low yields and are 

not yet industrialized [21, 22]. In contrast, indirect NG conversions to liquids can be 

achieved via several processes, such as widely deployed Fischer-Tropsch (FT) 

technologies, Gas to methanol, Gas to dimethyl ether and Gas to olefins, resulting 

in a range of high-value products [20]. The first step to apply these technologies is 

the production of synthesis gas (syngas) from NG, as being the preferred starting 

material in these large-scale chemical syntheses [23]. In this step, the carbon and 

hydrogen from the CH4 and transformed into carbon monoxide and hydrogen [20]. 

There are three common processes applicable for such transformation which 

are steam reforming of methane (Eq. 1), partial oxidation of methane with oxygen or 

air (Eq. 2) and dry reforming of methane with carbon dioxide (Eq. 3) with equations 

described below [2, 24, 25]: 

 H2O + CH4 → CO + 3 H2 ∆H298 = 206 kJ/mol (Eq. 1) 

 ½ O2 + CH4 → CO + 2 H2 ∆H298 = -35.6 kJ/mol (Eq. 2) 

Steam reforming and partial oxidation of methane are both well-established 

technologies for producing syngas from NG in the industry but still also encounter 

some limitations relating to CO2 emission and requirement of water sources to 

generate steam [26, 27]. Methane steam reforming generates a syngas with high 

ratio of H2/CO = 3 which may be suitable for H2, NH3 or urea synthesis and also 

applicable for Fischer−Tropsch or methanol synthesis (H2/CO = 2) with the 

availability of combined processes adjusting the H2/CO ratio [20, 26, 28-31]. Partial 

oxidation reaction can be applied to produce syngas from CH4 [32]. This partial 

oxidation of methane offers some benefits, such as high conversion, high selectivity 

and very short residence time [33]. However, this reaction has the exothermic 

nature that may generate hot spots on catalyst due to slow heat removal, leading to 

the operation difficulty and complexity.  

Unlike steam reforming and partial oxidation, dry reforming also known as CO2 

reforming of methane (DRM) has not been industrialized. However, the reaction 

gathers attention because it transforms two stable and refractory molecules over 

various metal catalysts into syngas with equimolar ratio of H2 and CO.  Besides, as 

CO2 extraction is economically unprofitable, DRM can be considered to process 

aforementioned CO2-rich gases with a wide range of CO2 content up to 70% [3, 34]. 

https://www.sciencedirect.com/topics/engineering/steam-reforming
https://www.sciencedirect.com/topics/engineering/partial-oxidation-of-methane
https://www.sciencedirect.com/topics/engineering/dry-reforming
https://www.sciencedirect.com/topics/engineering/partial-oxidation-of-methane
https://www.sciencedirect.com/topics/engineering/partial-oxidation-of-methane
https://www.sciencedirect.com/topics/engineering/removal-rate
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However, DRM is a highly endothermic reaction requiring high temperature that on 

the other side leads to serious catalyst deactivation mainly due to the fast 

agglomeration of metal active sites and high coking rate [2, 35]. These obstacles 

are the main reasons that delay this promising process to be commercialized. There 

were made many attempts to improve the coking resistance of DRM catalysts, e. g., 

dispersion improvement by supporting the active metals on suitable supports, 

controlling the metal particle size and selecting suitable modification/promotion 

routes [2]. 

DRM was most commonly studied on Ni-based catalysts due to their high activity, 

obtainability, and acceptable price compared to other transition and noble metals 

[36-38]. Particle size plays an important role in the limitation of carbon deposition 

and for achieving higher catalytic activity and stability in DRM [39]. The small Ni 

particle size can be generated by reducing the metal content in the catalyst [40]. 

Therefore, by preparing catalysts with low Ni content supported on suitable metal 

oxides preferring strong metal-support interaction, highly dispersed Ni particles can 

be obtained which are beneficial for catalyst performance and stability against 

serious metal migration and carbon deposition [17, 40, 41]. While alumina was 

commonly applied as support material of active species in DRM, Ni/Al2O3 catalyst 

systems may encounter problems relating to low basicity, reducibility and stability 

under harsh reaction conditions [2, 3, 42]. The addition of MgO to such material 

results in a mixed oxide support that can be used to prepare the Ni catalyst with 

improved performance via strong metal support interaction and increased basicity 

[42-44]. However, as less focused in DRM studies, low Ni content catalyst might be 

less active due to the partial formation of stable but poorly active phases, such as 

NiAl2O4 spinel or NiO-MgO solid solution [45-47][34]. These structures may limit the 

availability of Ni as the active species for the reaction, subsequently decreasing the 

activity. Besides, even the stability in DRM of these Ni catalysts with low metal 

loading is controversial. Opposing to those results in the literature claiming the 

benefits of low Ni content in coking limitation and good performance, there were 

several recent investigations stating the deactivation of such Ni catalysts. The 

authors in the study [48] recognized that small metal particles achieved with 2 wt% 

Ni/MgO are more prone to be sintered and oxidized during the reaction but without 

clear proofs from their characterization. On the other hand, the investigation [49] 

concluded that the gradual deactivation of 2.5 wt% Ni catalyst supported on 

modified Mg-Al mixed oxide is the result of “mild” coking behaviour although the 

carbon contents were quite negligible and this study itself later found evidence for 

sintering of Ni particles. As a result, the performance and deactivation mechanism 

of these low Ni catalysts was still not clearly confirmed, leaving the gaps for their 

application in DRM.  
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Coking resistance is the next factor to be considered. Suitable modifiers/promoters 

that are able to adjust the acidity/basicity or oxidation/reduction manners of the 

catalyst could be applied to improve the catalyst performance and inhibit carbon 

deposition [2]. Generally, noble metals are effective for Ni catalyst promotion in 

order to stabilize Ni in the metallic state against re-oxidation by CO2 and to improve 

the catalyst resistance to carbon deposition, but are expensive [50]. Adding rare 

earth metal oxides would strongly promote the CO2 dissociative adsorption that 

enhances the availability of surface oxygen species which contribute significantly to 

both activity and coking resistance of a DRM catalyst [51, 52]. However, it was 

reported that the addition of such elements could result in lower Ni dispersion due 

to their commonly large sizes [53]. Therefore, a multi-agent modification routine 

might be preferred. 

The addition of chelating agents is a second potential approach to modify the 

catalyst preparation procedure. The availability of such organic additives leads to 

the establishment of metal complexes which are more evenly and stably spread 

over the solid support during both the impregnation and drying steps [54, 55], finally 

heading to higher metal dispersion with smaller metal particle size, inhibiting the 

rapid coking [56]. It should be noted regarding the thermodynamics at temperatures 

higher than 700 °C, that methane cracking is the main source of carbon deposition 

[57]. However, the gasification is also favoured at such temperature, offering the 

potential of CO2 to remove carbon from such methane decomposition. As a result, 

the benefits of catalyst modifications in terms of coking resistance in high-

temperature DRM maybe unclear. In order to evaluate such carbon resistance, it 

was also suggested to conduct the stoichiometric DRM at lower temperature [57] 

although probably leading to low reactants conversions and H2 selectivity. 

Regarding the sources of CH4 at industrial scale, natural gas and biogas are the 

most focused feedstocks that provide wide ranges of CH4 and CO2 concentrations. 

It was reported that these CH4 sources might include CO2 with contents lower than 

5% [9] in case of natural gas but from 25% up to 55% [58] in case of biogas, and 

both cases require suitable processing technologies. Therefore, in many cases, the 

DRM studies on stoichiometric CH4:CO2 ratio found in literature may not be 

applicable for processing these methane sources. Consequently, the influence of 

such ratio on the catalyst activity and stability should be studied in order to evaluate 

the potential application of Ni catalysts for that purpose. Particularly, the high 

CH4/CO2 ratio (>1) can imitate natural gas (CO2 content up to 30%) which is 

observed in a promising exploration project in Vietnam [59], offering high economic 

value for this developing country. It should be noted that DRM conducted with such 

feedstock, especially at high temperature, can reduce the effect of reverse water 

gas shift reaction and increase H2 productivity (as the H percentage in the feed is 

higher) but creates operational complications due to serious carbon deposition [2]. 
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Besides, carbon gasification could be hampered in such DRM due to the lack of 

CO2 in the feed, leaving the necessity to evaluate different coking resistance 

pathways of modified Ni catalysts. 

1.2 Objective 

There is a vital need to figure out the suitable formulations and preparation routines 

that both make active and stable catalysts for DRM, especially when the severe but 

application-relevant conditions are applied. It is the main task of this thesis to 

investigate whether it is possible to apply MgO-Al2O3 mixed oxides as supports for 

low Ni content catalysts in DRM wherein the catalyst can maintain high activity and 

low carbon deposition in long-term tests at different CH4/CO2 ratios and reaction 

temperatures. Moreover, catalyst deactivation, especially the coking mechanisms, 

as well as the relations between the catalysts’ physicochemical properties and 

performance, must be studied by a combination of proper characterization 

technologies and reaction conditions. To this end, the following strategies will be 

employed: 

• Varying the hydrotalcite Mg/Al ratios during preparation and the calcination 

temperatures to obtain suited support for Ni catalyst that has high activity in 

stoichiometric DRM (Chapter 4). 

• Modifying the Ni catalyst by adding rare earth metal oxides and chelating agent in 

impregnation steps to stabilize Ni catalyst without significantly reducing its activity 

(chapters 5 and 7). 

• Applying non-stoichiometric CH4/CO2 ratio to study the application-related 

performance of Ni catalysts (chapters 6 and 7).  

• Verifying different deactivation effects and studying the coke formation mechanism 

on low Ni content catalysts by varying the reaction temperature and CH4/CO2 ratio 

(chapters 5 and 6). 

• Indicating different measures to augment coking resistance with various catalyst 

modification routes. 

• Investigating the relationship between the catalyst physicochemical properties and 

performance by characterising the fresh and spent catalysts. 
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2 State of the Art 

2.1 Dry reforming of methane  

2.1.1 Thermodynamics 

Dry reforming of methane was first thoroughly studied by Fischer and Tropsch in 

1928 over Ni and Co catalysts [57]. DRM is a highly endothermic process (higher 

heat of reaction than that of steam reforming (Eq. 1). This requires high 

temperatures to maintain the reaction and to achieve the equilibrium conversion to 

syngas. Indeed, according to Gibbs free energy of DRM (Eq. 4) [60], this reaction 

can only be spontaneous above 644 °C, assuming ∆G = 0. Furthermore, CH4 and 

CO2 are very stable molecules with high dissociation energy (435 kJ/mol for CH3-H 

and 526 kJ/mol for CO-O) and therefore catalysts are required for activation [8]. 

DRM can be considered as a component/step in exothermic-endothermic reaction 

cycle systems for transport and storage of energy from renewables or nuclear 

energy that empower such endothermic process [3, 34]. Besides, the equilibrium for 

the production of syngas in DRM is affected by the simultaneous influence of the 

reverse water-gas-shift (RWGS) reaction (Eq. 5) [60].  

 CO2 + CH4 → 2CO + 2H2 ∆H298 = 260.5 kJ/mol (Eq. 3) 

 ∆G0 = 258 - 0.28T (kJ/mol) 

 

(Eq. 4) 

 CO2 + H2 → CO + H2O ∆H298 = 41 kJ/mol (Eq. 5) 

 ∆G0 = -35 + 0.03T (kJ/mol) (Eq. 6) 

Therefore, the conversion of CO2 is always higher than that of CH4 in DRM and the 

reaction yields syngas with the H2/CO ratio lower than unity, which is at first 

unsuited for the synthesis of long-chain hydrocarbons or oxygenate chemicals [50]. 

If necessary, higher H2/CO values for methanol and other Fischer-Tropsch 

syntheses [8] could be achieved by water-gas-shift reaction in the presence of H2O 

to convert CO into CO2 and H2 [61].  

2.1.2 Reaction mechanism  

The kinetics and mechanism of DRM were reviewed in different articles studying 

several catalyst systems [38, 51]. According to these articles, the DRM mechanism 

is illustrated in Figure 2.1 and can be briefly summarized as follows: 
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The first step is the dissociative adsorption of methane wherein it is adsorbed 

(reversibly or irreversibly depending on the catalyst system), activated and cracked 

on the metal surface. The dissociation is generally agreed to be one of the slow 

reaction steps in the reaction sequence. It was found out that steps of the metal 

crystals are more active for methane cracking than close-packed surfaces and the 

decomposition of methane preferentially proceeds on small crystal surfaces. 

The second (parallel) step is CO2 adsorption and activation. Most kinetic studies of 

DRM consider dissociative adsorption of CO2 in this step, which is important for 

catalytic activity and stability. For many catalyst systems, the adsorption of CO2 is a 

fast step and reaches thermodynamic equilibrium. Adsorption of CO2 is dissociative 

on Fe, Ni, Re, Al and Mg surfaces. The activated CO2 species either transform into 

surface adsorbed CO and O species or react with surface hydrogen species, which 

originate from CH4 decomposition (step 1), via RWGS reaction and surface CO and 

OH species are formed. Such proposed dissociative adsorption mechanism of CO2 

is likely affected by the presence of surface atoms, reactive oxygen species, oxygen 

vacancies, oxides of rare earth metals, particularly ceria and lanthana. Besides, 

highly dispersed metal is expected to exhibit good activity as the metal–support 

interface is maximized which is the favourite adsorption site for CO2.  

 

Figure 2.1. Reaction steps in DRM: (a) Dissociative adsorption of CH4 and CO2 on metal surface and 
metal-support interface. (b) Fast desorption of CO and hydrogen. (c) Formation of surface hydroxyls 
and oxygen spillover. (d) Surface hydroxyls and oxygen species oxidize CHx species and form CO 

and H2. (Republished with permission from ref. [51]. Copyright 2012 Springer New York.)  

 

The oxidation of intermediate CHx species and CO/H2 desorption is considered as 

the final step of the DRM. In this step, surface hydroxyl and/or oxygen species 

originating from CO2 migrate on the metal surfaces and react with the hydrogen-

depleted CHx species, forming surface H2 and CO species. Actually, the origin of 

such CO species is controversial. Some studies claimed that the surface CHxO 

groups appear to be precursors that subsequently convert into CO while others 

suggest that CO species are formed directly from CHx. There is another assertion 
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about the reduction of carbonates into CO by carbon. Such CO3
2- species are found 

generated from CO2 adsorbed on basic sites, especially rare earth compounds such 

as metal oxides of La or Gd. Additionally, the catalyst nature and operating 

conditions also play an important role that makes the reaction mechanism on the 

surface of the catalysts still uncertain. However, in most of the studies, the 

formation and/or decomposition of surface CHxO to CO and H2, if available, is 

considered the rate-determining step, while the desorption of CO and H2 is fast. 

Therefore, it is more important to indicate the relative rate of slow surface CHx 

oxidation step compared to their dissociation. Higher rate of oxidation results in the 

formation of CHxO while the opposite order causes the generation of surface C 

atoms, subsequently accumulating into complex carbonaceous species that lead to 

catalyst deactivation. The fast deactivation of the catalyst due to coking is a serious 

issue for the DRM, delaying such process to be commercialized. 

2.1.3 Catalyst deactivation 

Deactivation of catalysts operating under DRM conditions may occur via different 

mechanisms such as agglomeration of the metallic phase, poisoning caused by 

impurities contained in the feed (most commonly H2S) and the accumulation of 

carbonaceous deposits [51]. The carbon deposition tendency can be predicted by 

the ratios of O/C and H/C in the feed. Generally, a higher deposition rate will be 

observed at lower O/C and H/C ratios [23]. In the case of methane steam reforming 

(CH4/H2O=1/1) and partial oxidation of methane (CH4/O2=2), O/C ratios are both 

unity and the H/C ratios are 6 and 4, respectively. On the other hand, while the O/C 

ratio in DRM is also 1, the H/C ratio of the DRM feed mixture is 2 and lower than for 

the two former reactions. As a consequence, DRM has a higher possibility of 

carbon accumulation compared to steam reforming and partial oxidation of 

methane [62].  

Considering the sources of the deposited carbon during DRM, there are two side 

reactions that may run simultaneously with the reforming reaction depending on the 

operating temperature and reactant partial pressure [50]. These first include CH4 

decomposition (MD) reaction (Eq. 7) into solid carbon on the catalyst surface and 

H2. Secondly, the Boudouard (BD) reaction (Eq. 9) occurs where the 

disproportionation of carbon monoxide leads to the formation of carbon dioxide and 

surface carbon.  

 

 

 

https://www.sciencedirect.com/topics/engineering/h-c-ratio
https://www.sciencedirect.com/topics/engineering/partial-oxidation-of-methane
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 CH4 → C + 2H2 ∆H298 = 75 kJ/mol (Eq. 7) 

 

 

∆G0 = 92 - 0.11T (kJ/mol) 

 

(Eq. 8) 

 

 2 CO → CO2 + C ∆H298 = -171 kJ/mol (Eq. 9) 

 ∆G0 = -167 + 0.17T (kJ/mol) (Eq. 10) 

These C1 species are subsequently saturated at preferable conditions to generate 

more complex carbonaceous domains which vary in appearance, reactivity, stability 

and crystallography [51].  

The carbon species deposited during the DRM process can be categorized as Cα, 

Cβ, Cγ, Cv, and Cc which are formed following the proposed mechanism illustrated in 

(Figure 2.2.) [57]. For example, CO and CH4 dissociate at the catalyst surface and 

give Cα, an adsorbed atomic carbon. Cα then reacts to form Cβ, representing 

polymeric amorphous films that react and transform/condense into other types of 

carbon: Cγ (Ni carbide), Cv (vermicular filaments or whiskers), and Cc (graphite 

platelet films) with different complexity [63]. 

 

Figure 2.2. Mechanism of carbon formation on the catalyst surface. (Republished with permission 
from ref. [57]. Copyright 2016 RSC Publishing). 

 

Depending on the carbon growth mechanism and the catalyst system, the 

accumulation may let particles to be encapsulated or detached from the support 

that causes the catalyst deactivation. Besides, the high coking rate can result in 

increasing of the pressure drop or even reactor blockage [51]. 
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Regarding the influence of temperature, the corresponding standard free energies 

(∆G0) indicate the driving force for DRM and other side reactions (Eq. 3) to (Eq. 9). 

According to the free energy calculations in [60], it can be inferred that DRM 

preferably proceeds towards syngas formation above 640 °C while the RWGS can 

run up to 820 °C. The carbon formation can mainly run due to the contribution of 

MD above 557 °C and of BD below 700 °C. Therefore, coking studies should be 

implemented in the temperature range of 557–700 °C in order to investigate the 

influence of both carbon forming reactions. This range can be also seen in the 

equilibrium data plot (Figure 2.3) calculated by HSC Chemistry 7.1 for the DRM 

assuming the occurrence of carbon formation [64]. 

 

Figure 2.3. Thermodynamic equilibrium plots for DRM at 1 bar, from 0-1000 °C and at inlet feed ratio 
of CO2/CH4 = 1, assuming carbon formation occurs. (Republished with permission from ref. [64]. 

Copyright 2013 Elsevier.) 

 

Considering the feed composition, it was proposed that in order to minimize the 

influence of RWGS (Eq. 5) and to increase H2 yield and selectivity related to H2O, 

higher temperature (>750 °C) or higher ratio of CH4/CO2 (>1) should be used [18]. 

As an important additional result, the aforementioned CH4-rich gases can be 

processed in DRM with CO2 being removed completely. However, a higher ratio of 

CH4/CO2 may result in the uncontrolled rising of coking rate that leads to 

operational complexities [3]. 

It should be noted that both reactions MD and BD proceed on the metal surface, 

and the extent of the contribution of each on carbon accumulation also depends on 
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catalyst properties and composition. Therefore, the study of DRM catalyst is 

essential to enhance not only the catalytic performance but also coking resistance.  

2.2 DRM Catalyst 

2.2.1 Influence of active site 

Dry reforming of methane has been investigated on catalysts with a wide variety of 

active components including both noble (Pt, Pd, Rh, Ir and Ru) and non-noble 

metals (Ni, Co and Fe) [65, 66]. Noble metal catalysts gather attention for their 

excellent coking resistance, stability and activity especially at higher temperature 

(>750 °C) [67]. However, noble metals with their superior attributes cannot be 

applied on the industrial scale due to their high costs [66]. From such point of view, 

non-noble metal-based catalysts turn out to be a proper alternative for DRM due to 

their low price [65, 68]. Among these, nickel was the most commonly used base 

metal in DRM-related literature [66] because of its lower cost and high availability 

[51]. Regarding the DRM catalytic activity, Ni is the only transition metal that is 

comparable to precious metals [54].  

Unfortunately, nickel catalysts encounter fast deactivation arising from coke 

deposition [69]. The resulting poor stability delays the commercial application of Ni-

based catalysts for DRM [54]. Consequently, these catalysts were intensively 

investigated to overcome the coking problem by adjusting the acidity-basicity or 

enhancing the Ni dispersion but maintaining the high activity of the Ni-based 

catalyst systems [66]. This can be achieved via applying basic supports, adding 

dopants/modifiers, controlling the metal loading, or focusing on preparation method 

and thermal pre-treatment procedures [2, 51]. 

2.2.2 Influence of support on catalytic activity 

The performance of a catalyst is not only influenced by the nature of the active 

metals, but also by the supporting materials (or supports) that play a vital role in 

DRM reaction in the case of nickel catalysts [51, 70]. Basically, the supports are 

supposed to provide classical properties such as high surface area and mechanical 

and thermal stability to the catalyst and desired dispersion of active atoms, 

governing the high productivity that may meet the industrial needs [51, 71]. In case 

of DRM, the reaction has to go through the adsorptive dissociation of methane, 

which is the rate-limiting step preferably occurring on the small metal surfaces. On 

the other side, carbon deposition favourably runs on larger ensembles than those 

needed for CH4 reforming [51, 72]. This explains the crucial role of nickel 

dispersion. Therefore, the supports are required to offer additional properties firstly 

stated as strong metal-support interaction (MSI) that can maximize and stabilize 
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mentioned dispersion of Ni atoms [71, 73]. That property is also good for high 

availability of metal–support interfaces, enhancing adsorption and dissociation of 

CO2 which is beneficial for DRM and surface carbon gasification [51]. Then the 

surface acidity–basicity may play some role in the adsorption of CO2 which 

produces surface species that can react with carbon to form CO [72, 74]. 

Among the metal oxides, alumina was commonly applied as support material of 

active species in DRM [2, 3, 66] due to its high availability, high specific surface 

area and low price [42]. According to the database in a recent review on catalytic 

dry reforming [66], over 24 different support materials were used in such reaction 

with the lead of γ-Al2O3, which was the choice in about 39% of the data points while 

other supports like ZrO2, CeO2, MgO, SiO2 and TiO2 were also used but in lower 

frequency. As a result, Ni/Al2O3 catalyst system is well studied and commonly 

considered as a benchmark in many DRM studies [51]. Generally, crystallographic 

forms, preparation procedure, and active species loading play important roles in 

Al2O3 supported catalyst performance. However, it is hard to obtain a Ni/Al2O3 

catalyst that has high DRM activity but at low coking rate. For instance, in order to 

increase the resistance to coke formation of such catalyst, there were attempts to 

increase the metal dispersion by lowering the Ni loading or stabilize the active sites 

in defined structure such as NiAl2O4 spinel instead of bulk NiO species by applying 

higher calcination temperature [34]. However, such high-temperature pre-treatment 

suppresses catalytic activity, especially at low reaction temperatures (below 700 

°C), because strong Ni-O bond in NiAl2O4 hinders the Ni2+ reduction to Ni0 which is 

the active site for DRM. Besides, the catalyst basicity and stability of the catalyst is 

also important. This is a challenge for DRM application when pure Ni/Al2O3 mostly 

features a relatively moderate CO2 adsorption which may not properly promote 

surface carbon gasification in DRM [51, 71]. The DRM performance of Ni/Al2O3 was 

also claimed to be unstable under severe conditions and the catalyst was rapidly 

deactivated [75]. Then, the support modification is needed to enhance the basicity 

and stability of the catalyst. Additionally, the conventional impregnation of Ni 

precursor onto Al2O3 may not be appropriate because it led to irregularly distributed 

and larger Ni particles [34]. That random deposition of Ni species is responsible for 

the agglomeration under the reduction and/or reaction conditions that causes the 

unavoidable high coking rate [51].  

Magnesia is another material widely studied for supported Ni-based DRM catalysts 

[66]. MgO is an inexpensive support that has as well high thermal stability. By these 

benefits, MgO is suitable for practical utilization on the industrial scale [51]. Another 

advantage of using MgO for Ni-based DRM catalyst preparation relates to the 

possible formation of a NiO-MgO solid solution at any molar ratio due to the 

similarity of Mg2+ and Ni2+ anion radii as well as the crystal structures and lattice 

parameters of both oxides [34]. Indeed, Ni2+ (0.069 nm) is slightly smaller than that 
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of Mg2+ (0.072 nm) [76] and the former can diffuse into MgO cubic lattice, creating 

mentioned mixed oxide structures with strong interactions between the two phases 

[72, 74]. As a result, NiO is well dispersed in such structure and can only be 

partially reduced, forming very small nickel crystallites on the surface of the mixed 

oxides. Therefore, Ni agglomeration and carbon deposition can be prevented. 

Besides, the relative high basicity of MgO as an alkaline-earth metal oxide 

enhances CO2 adsorption on the basic support during DRM which contributes 

effectively to the suppression of carbon deposition via Boudouard reaction (Eq. 9) 

[34]. In a DRM study [77], several NiO-MgO catalysts were developed with different 

preparation methods that varied the dispersity of Ni in order to investigate the 

preference of carbon removal by CO2. It was found in this study that rapid oxidation 

of carbon species on Ni surface by oxygen species stemming from CO2 through 

dissociation at the metal-support interface, rather than on nickel metal surface, is a 

key step for the coking inhibition. By that, Ni1-xMgxO with solid solution could 

excellently adsorb and activate the CO2 during DRM due to its higher surface 

basicity and also higher dispersity wherein the latter maximized the metal-support 

interfaces. Subsequently, these activated CO2 species are dissociated, providing 

oxygen species migrating toward Ni atoms and reacting with different carbonaceous 

intermediates respective coke precursors such as adsorbed CHx, surface or bulk Ni 

carbides, thereby establishing the resistance to carbon formation. However, the 

MgO-supported Ni catalyst may encounter problems of low activity due to poor 

reducibility, low specific surface area and the existence of lattice defects [51]. As a 

result, the support modification by partial substitution with other oxides with a proper 

preparation method and thermal treatment is needed. 

Although most of the recent works in the DRM were performed over single oxide 

supports, there came also ideas of preparing and evaluating mixed material 

catalysts with benefits from these both two common oxide supports [66]. The 

beneficial effects of magnesia (enhancing chemisorption of CO2 that accelerates the 

gasification of the deposited carbons and prevents the rapid deactivation) and 

alumina (enhancing thermal stability and specific surface area) can be incorporated 

in mixed MgO-Al2O3 support [34, 38, 57]. Indeed, MgO was previously reported to 

improve the catalytic performance of Ni/Al2O3 because it promoted the strong 

interaction between Ni and supports and increased the basicity of the mixed oxide 

support which both could suppress carbon formation in DRM [42, 78]. The specific 

surface area and total pore volume can also be tuned when both oxides are 

available compared to Ni/MgO or Ni/Al2O3 [79]. Cooperation of Mg and Al oxides in 

same support material can generate many compositions, such as most common 

MgAl2O4 spinel, which is a well-studied structure for Ni catalysts support in several 

types of reactions due to good chemical stability and mechanical strength [38, 45]. 

Other structures of MgO-Al2O3 mixed oxides could also be formed depending on 
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different factors, e. g., preparation method and Mg/Al ratio, which were also studied 

as support for catalysts that can offer both good DRM performance and/or coking 

resistance [44, 47, 79, 80]. There are many structures other than MgAl2O4 observed 

in XRD analysis when MgO/(MgO + Al2O3) ratio in the Ni catalysts varies between 

0.06 to 0.94 but they were still not clearly identified [79]. Among these samples, 

Ni/MgO-Al2O3 with intermediate MgO amounts exhibited the highest activity but 

exposed higher deactivation rate compared to that of the samples with higher MgO 

contents due to lacking basicity and interaction between support and Ni species. 

Therefore, in order to simultaneously achieve beneficial targets in DRM, those 

factors influencing the MgO-Al2O3 material features have to be optimized in 

connection with other important parameters of the final catalyst, such as Ni loading 

and the probable necessity of modifiers/dopants [34]. 

2.2.3 Influence of modifiers  

The addition of modifiers/dopants has an influence on catalyst surface nature and 

the interaction between the metal and the support [2]. These additives are used to 

regulate the catalyst acidity/basicity, metal atom electron density and dispersity, 

which are important factors governing catalyst activity and stability. Besides, adding 

the modifiers to DRM catalyst may adjust the adsorption, dissociation and activation 

of methane and carbon dioxide on the catalyst surface, and they can be chosen to 

improve the performance of the catalyst or enhance the carbon resistance. Alkali 

metal, alkaline earth metal oxides, as well as the rare earth metal oxides, are 

frequently used as modifiers for Ni-based catalysts applied for DRM [81]. Addition of 

these oxides has positive effects in common such as neutralizing the surface acidity 

of the catalyst, subsequently reducing the rate of methane cracking and 

dehydrogenation into solid carbon. Also the adsorption of CO2 on the catalyst 

surface can be increased due to the enhancement of basic sites. Inversely, rare 

earth metal oxides such as La2O3 and CeO2 additionally enhance the CO2 

dissociative adsorption that enriches adsorbed oxygen which can be supplied to the 

oxidation of CHx species as a slow step in the DRM reaction [51]. By that, the 

formation of carbonaceous deposits from the over-cracking of CH4 can be 

controlled.  

La2O3 is a good choice among those rare earth metal oxides that improves the 

reducibility of low Ni content catalysts [82] and promotes the CO2 activation rate and 

surface carbon oxidation [83]. These effects accelerate the overall reaction rate and 

reduce the deactivation caused by rapid coking [2, 50], especially when harsh DRM 

conditions are applied. For instance, the addition of La3+ to Ni/Al2O3 catalyst 

resulted in the formation of LaAlO3-Al2O3 and inverse NiAl2O4 spinel structures that 
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were found to stabilize the catalyst activity over 30 h [84]. La3+ was also reported to 

lead to higher activity of Ni-hydrotalcite-derived catalysts at low temperatures [83].  

The presence of rare earth metals (RE2O3) in the catalyst could lead to a strong 

interaction between CO2 and RE2O3 in DRM that accelerates the formation of 

surface RE2O2CO3 species (Eq. 11). There were studies proposing the overall 

mechanism of DRM on La [85] or Gd [86] containing catalysts which can be 

illustrated by the following equations:  

CO2 + RE2O3 → RE2O2CO3 

CH4 + (5-x)* → CHx* + (4-x) H* 

RE2O2CO3 + CHx*→ 2CO* + RE2O3 + x/2 H2 

RE2O2CO3 + C → 2CO + RE2O3 

(Eq. 11) 

(Eq. 12) 

(Eq. 13) 

(Eq. 14) 

In the suggested reaction pathways, the surface RE2O2CO3 species rapidly react 

with CHx species generated by CH4 dissociation (Eq. 13). In this mechanism, the 

activation of CO2 was significantly enhanced via formation of RE2O2CO3 that in turn 

further improved the decomposition of CH4. Therefore, the interfacial area between 

Ni and oxy-carbonate particles should be the most active sites of the catalyst. 

The Ni catalysts can be modified not only by those inorganic oxides but also by 

organic additives in the stage of Ni catalyst preparation that will be subsequently 

removed by thermal treatment. Chelating agents are molecules with two or more 

electron-pair donor atoms which can perform as a ligand attaching to metal ions to 

form metal complexes [87]. These complexes were then applied to modify the 

impregnation method. As a result, uniform distributions and high dispersions of the 

active component over the support were achieved. Such beneficial properties are 

attributed to the diffusion-controlled even distribution of metal atoms in the 

precursor structures as well as to the enhanced viscosity of the gel-like material, 

inhibiting redistribution of the deposited metal species during the subsequent drying 

step. There were made many efforts in using such complexing agents in catalyst 

preparation protocols applied for different reactions, such as HDS [55, 88] and CO 

methanation [89], that led to Ni dispersion improvement. The complexing agent can 

vary in type, such as ethylenediamine [54], citric acid [90], cyclodextrin [91], 

arginine [92], that were used for Ni impregnation. In DRM, there have been several 

studies focusing on Ni/SiO2 catalysts that applied such complexation-impregnation 

method to overcome the obstacle of insufficient Ni dispersion [93-95]. 

2.2.4 Influence of content and metal particle size 

Active metal loading is one of the important factors (apart from support type, 

promoter availability, preparation method and thermal pre-treatment) affecting the 
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metal particle size of the catalyst which plays a key role to suppress of carbon 

deposition and attain higher catalytic activity and stability [39]. The Ni catalysts 

applied for DRM were reported to have Ni contents varying from 1 wt% to above 50 

wt% [34]. Generally, the increase of metal particle size leads to more serious coking 

and significant decline in catalytic activity due to loss of active surface [17, 96]. An 

investigation on catalytic performance and coking in DRM was implemented on Ni-

mesoporous alumina with different Ni loadings (7, 10 and 15 wt%), showing the rise 

of catalytic activity when the Ni content increased from 7 to 15 wt% [97]. However, 

higher loading of Ni led to the problem of bigger metal particles (>15 nm) due to the 

low surface area that lowered the conversions of the reactants. Besides, it also was 

found that the smaller particles (<15 nm) generated the active amorphous 

carbon species that could be easily removed by the reversed Boudouard reaction. 

In contrast, larger metal particles created less reactive carbon (as seen in the case 

of 15 wt% Ni catalyst), mostly initiated by the high-rate methane decomposition, 

causing the catalyst deactivation. 

The increasing carbon formation rate from MD reaction on large metal particles can 

be explained by a mechanism [51] (and references therein) suggesting that each 

CHx species formed from dissociated CH4 is preferentially located at a site which 

thereby completed its tetravalency. By that, CH3 can adsorb on top of a single metal 

atom, CH2 presents bridged adsorption on two closed atoms, while CH and C 

require the associated occupation of higher coordination sites. The two latter 

species, especially C, would be adsorbed on hollow sites with many nearest 

neighbouring sites, which occur when big particles/clusters of Ni are created.  

The decrease in surface area and catalytic activity by increasing the Ni content from 

3.5 to 18.4 wt% was also observed in a study with mesoporous Ni−CaO−ZrO2 

nanocomposite [98]. The highest catalytic activity was attributed to the higher metal 

dispersion while the smaller particle size prevented carbon deposition.  

There were several studies of MgO supported DRM catalysts indicating that the 

loading of Ni species also regulates metal particle size and thus catalyst 

performance, independent whether Ni is deposited on MgO [48] or diffused in NiO-

MgO solid solution structures [99, 100]. It was found in these publications that Ni 

content in the range of 5–15 wt% was effective for DRM, whereas at higher Ni 

contents, the metal particles became large and behaved like the bulk materials, 

bringing about a negative effect on the anti-coking performance in DRM and thus 

limiting the catalyst stability. On the other hand, the catalysts with the very low 

nickel loading (< 2 wt%) encountered low specific activity due to an insufficient 

amount of active species. 

https://www.sciencedirect.com/topics/engineering/nanocomposite
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There were very few studies focusing on catalysts with Ni contents in the range of 

1-3 wt% (Table 2.1), but collecting the results regarding Ni catalyst systems with 

high performance and/or stability. Generally, in order to achieve better stability or 

higher H2 and CO productivity at high space velocity, higher Ni loadings had to be 

applied. Exceptionally, the Ni/ZrCe-Al2O3 catalyst system with low Ni content (2 

wt%) maintained 80% of the original activity after 72 hours on stream at high space 

velocity [101]. However, the low feed concentration of CH4 and CO2 due to dilution 

by N2 may have pushed such apparently superior performance.  

Table 2.1. Literature results on Ni-based catalysts regarding the performance and/or stability in 
DRM; (*) A: diluting gases (He, Ar, N2); (**) thousand h

-1
, n. a.: no applied data 

Nickel Catalyst wt% 
GHSV 

L/(gcat·h) 
Reactant 

CH4:CO2:A
*
 

t 
(h) 

T 
(º C) 

X%CH4 X%CO2 Ref 

Ni/MCM-41 1.2 50 1:1:2 30 750 70 n. a. [102] 

Ni/ZrCe-Al2O3 2 130 1:1:7 72 700 95 n. a. [101] 

Ni-Zr/MCM-41 2 50 1:1:2 72 750 91 n. a. [65] 

Ni/Ce0.75Zr0.25O2 2.1 13.2 5:5:1 9 850 92 95 [103] 

Ni/Al2O3  3.8 42 1:1:5 25 650 57 63 [104] 

Ni-MgO/ZnO 4.8 40 1:1:12 100 800 99 99 [105] 

Ni/Mo/SBA15-La2O3 5 12 1:1 120 800 84 96 [106] 

Ni/MgAl2O4 5 90 1:1 60 750 85 96 [45] 

Ni-Mo/SBA15 5 12 1:1 100 800 79 96 [107] 

Ni/Al2O3 5 48 1:1:2 50 800 80 85 [108] 

Ni/B2O3-Al2O3 5 60 1:1 65 700 72.5 69 [109] 

Ni-K-Ca/ZSM-5 5 60 
**
 1:1:2.2 140 800 n. a. 90 [110] 

Ni-K/MgO-ZrO2 8 150 1:1:8 14 750 90 91 [111] 

Ni/MgO-Al2O3 8 60 1:1 100 750 87 89 [75] 

Ni/CeO2-Al2O3 9.4 90 4:4:2 25 800 76 86 [112] 

Ni/Mg-ZrO2 10 240 1:1:2 5 600 25 25 [113] 

Ni/CeO2-Al2O3 10 20 1:1 250 800 80 90 [114] 

Ni/Al2O3 10 90 1:1:1 48 800 94 93 [115] 

Ni-Ce/SiO2 10 12 1:1 100 800 85 91 [116] 

Ni/SBA15 12.5 12 
**
 1:1 720 800 90 90 [117] 

Ni/MgO-Al2O3  12.6 30 1:1:1 150 800 92 95 [118] 

Ni–Ce0.8Zr0.2O2 15 216 0.98:1.02:1 100 800 92 93 [119] 

Ni-MgO-Ce0.8Zr0.2O2 15 480 
**
 1:1:3 200 800 95 96 [120] 
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Ni/MgO 15.7 60 1:1 150 790 91 97 [121] 

Ni0.15Mg0.02Al0.83Ox 16.2 15 1:1 100 700 95 96 [122] 

Co0.075Ni7.425Mg92.5O  16.4 60 1:1 1000 800 81 n. a. [123] 

NiO/MgO 16.4 20.4 25:25:18 100 760 70 83 [124] 

Ni−yolk/Ni/SiO2 18.6 36 1:1:1 90 800 90 95 [125] 

Ni0.36Mg0.32Al0.32Ox 38 300 10:10:80 8 750 68 90 [126] 
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3 Experimental section  

3.1 Catalyst preparation 

In this thesis, low content Ni catalysts were prepared using various types of Mg-Al 

supports and modified with rare earth metals (RE3+, RE: La, Sc, Gd) and CA-based 

synthesis. The impregnation (imp.) was the main preparation method. All the 

catalysts were denoted in Table 3.1 with their parameters varied. These prepared 

samples can be briefly described as below: 

In chapter 4, the pre-treatment and material composition of Mg-Al supports were 

studied and selected in terms of their corresponding Ni catalyst activity in DRM. 

Firstly, a Mg-Al mixed-oxide solid with 50 wt% of MgO, obtained by calcining the 

commercial hydrotalcite at 550 °C in 3 hours, was chosen as the default support 

due to its published properties [127]. This sample was denoted as Mg1.3AlOx 

because of its Mg/Al molar ratio, according to ICP. Then thermal pre-treatments 

were applied on this material with different temperatures (T = 700 °C, 800 °C, 

1000 °C), producing various Mg-Al bare supports denoted as Mg1.3AlOx.T. Then the 

Ni catalysts were from these supports and finally calcined at 800 °C. Consequently, 

since Ni/Mg1.3AlOx with no support pre-treatment was included in the next study of 

the influence of MgO-Al2O3 composition, a series of Mg-Al mixed-oxides with other 

Mg/Al ratios (0.5, 1.3 or 3.0) were prepared, denoted as MgaAlOx, and applied to Ni 

catalyst preparation.  

In chapter 5, Ni/Mg1.3AlOx was chosen to study the catalyst modification and activity 

stabilization. In this investigation, La3+ (denoted as La) and/or CA-based synthesis 

(denoted as (CA)) were applied to modify Ni/Mg1.3AlOx. 

In chapter 6, the Mg1.3AlOx.1000 supported Ni catalyst studied in chapter 4 was also 

applied in order to investigate the catalytic performance and coking resistance in 

comparison with Mg1.3AlOx, also in CH4-rich DRM. 

In chapter 7, Gd3+ (denoted as Gd) and Sc3+ (denoted as Sc) modified Ni catalysts 

were developed for CH4-rich DRM but still being applicable in stoichiometric DRM. 

Several materials applied as the references (Ref.) mainly for characterization can 

also be found in Table 3.1. 
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Table 3.1. List of supports, Ni catalysts, and reference samples used in this thesis 

Samples 

MgO content 
in support 

(wt%) 

Calcination 
temperature 

(°C) 

Modification Chapter 

Mg1.3AlOx 50 550  4,5,6,7 

Mg1.3AlOx.700 50 700  4 

Mg1.3AlOx.800 50 800  4 

Mg1.3AlOx.1000 50 1000  4,6,7 

Al2O3 0 550  4 

Mg0.5AlOx 30 550  4 

Mg3AlOx  70 550  4 

MgO 100 550  4 

Ni/Mg1.3AlOx  50 800  4;5;6;7 

Ni/Mg1.3AlOx.700 50 800  4 

Ni/Mg1.3AlOx.800 50 800  4 

Ni/Mg1.3AlOx.1000 50 800  4;6 

Ni/Al2O3 0 800  4 

Ni/Mg0.5AlOx  30 800  4 

Ni/Mg3AlOx 70 800  4 

Ni/MgO 100 800  4 

Ni(CA)/Mg1.3AlOx 50 800 CA-assisted imp. 5;6 

La.Ni/Mg1.3AlOx 50 800 La
3+

 5;6 

La.Ni(CA)/Mg1.3AlOx 50 800 La
3+

, CA-assisted imp. 5;6 

La.Ni(CA)/Al2O3 0 800 La
3+

, CA-assisted imp. 5 

La.Ni(CA)/Mg1.3AlOx.1000 50 800 La
3+

, CA-assisted imp. 6;7 

Sc.Ni/Mg1.3AlOx 50 800 Sc
3+

 7 

Gd.Ni/Mg1.3AlOx 50 800 Gd
3+

 7 

MgAl2O4 30 1000  Ref. 

NiO N/A 800  Ref. 

LaNiO3 N/A 800  Ref. 

La.Ni/MgO 100 800 La
3+

 Ref. 

La.Ni(CA)/MgO 100 800 La
3+

, CA-assisted imp. Ref. 
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3.1.1 Synthesis of Ni catalysts with different Mg-Al supports  

Mg-Al mixed oxide supports were prepared from Mg-Al hydrotalcite (Pural MG, 

Sasol). The default mixed oxide Mg1.3AlOx was obtained by calcining the 

corresponding Mg-Al hydrotalcite (MG50) at 550 °C. From this material, the first 

series of the bare supports was collected from the thermal pre-treatments at 

different temperatures for 6 h in air.  

The most suitable thermal pre-treatment procedure in terms of final catalyst activity 

was then applied to the investigation focusing on the impact of Mg/Al molar ratio. As 

the activity test results showed that no further pre-treatment was needed because 

Ni/Mg1.3AlOx exposed the best efficiency in stoichiometric DRM, the study moved on 

with other support candidates: Mg0.5AlOx (from MG30) and Mg3AlOx (from MG70) 

collected via the same procedure as for Mg1.3AlOx. These support candidates were 

then also used for Ni catalyst preparation to study the impact of Mg/Al ratio on the 

catalytic performance. 

In order to prepare the catalysts for DRM, these Mg-Al mixed oxide supports were 

treated with metal precursors in the wet impregnation step. Ni(NO3)2
.6H2O (Alfa 

Aesar) was used as the precursor for Ni. The calculated amount of Ni precursor 

was dissolved in deionized water and the solution was stirred for 4 h. The Mg-Al 

supports were then put into the solution and the slurry was kept stirring at 60 °C for 

15 h. Water was removed by a rotary evaporator and the samples were dried 

overnight and calcined at 400 °C for 3 h and then at 800 °C for 6 h both in air. The 

nominal content of Ni in all supported Ni-containing catalyst was 2.5 wt%. Other 

materials were used as reference. They are MgO (FLUKA) and Al2O3 (boehmite 

calcined at 550 °C, Pural SB, Sasol) as well as their corresponding 2.5 wt% Ni 

samples (Ni/MgO and Ni/Al2O3). Pure NiO was prepared by calcining Ni(NO3)2
.6H2O 

(Alfa Aesar) at 800 °C. The study on the samples mentioned in this section will be 

described in chapter 4. 

3.1.2 Synthesis of Ni catalysts pre-treated with La3+ and/or citric acid 

Mg-Al mixed oxide supported Ni catalysts studied in chapter 5 were prepared by 

wet (co-)impregnation of Mg1.3AlOx with an procedure identical to that described in 

section 3.1.1. Prior to impregnation, the hydrotalcite (MG50) was calcined at 550 °C 

in air to obtain the bare support Mg1.3AlOx. Ni(NO3)2·6H2O and La(NO3)3·6H2O 

(99%, ABCR GmbH) were used as metal precursors for Ni2+ and La3+, respectively. 

Citric acid (> 99%, Alfa Aesar) was added simultaneously (denoted as CA) to such 

metal precursor solution in some cases. The nominal content of Ni in all supported 

Ni-containing catalysts was 2.5 wt%. The molar ratio of La and Ni was set to 0.8, 

and the CA/metal molar ratio was always fixed at 1.5. Other materials were used as 
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references: MgO and the corresponding 2.5 wt% Ni samples (Ni/MgO, La.Ni/MgO) 

were similarly prepared to Mg-Al supported catalysts. Bare Mg1.3AlOx.800, studied 

in chapter 4, was also used as reference sample in XRD and TPR. LaNiO3 was 

prepared by citrate sol-gel method [128] from the same metal precursors in the 

presence of CA (CA/metal molar ratio = 1.5). The material was then calcined at 800 

°C. La.Ni(CA)/Al2O3 with same La and Ni concentrations and CA-assisted synthesis 

as used for La.Ni(CA)/Mg1.3AlOx was also prepared to study the effectivity of MgO in 

catalyst stabilization. 

3.1.3 Synthesis of Ni catalysts for CH4-rich DRM 

Mg-Al mixed oxide supported Ni catalysts were also prepared by wet (co-) 

impregnation of calcined Mg-Al hydrotalcite (Mg/Al ratio ~ 1.3). Prior to 

impregnation, the hydrotalcite precursor (MG50) was calcined at 550 °C to obtain 

Mg1.3AlOx. Besides, in order to generate Mg1.3AlOx.1000, Mg1.3AlOx was pre-treated 

at 1000 °C for 6 h in air. Subsequently, the (co-)impregnation procedures for 

Ni(NO3)2·6H2O, La(NO3)3·6H2O and/or CA onto these supports were carried out 

similarly to that described in section 3.1.1. The nominal content of Ni in all 

supported Ni-containing catalysts was kept at 2.5 wt%. The molar ratio of La and Ni 

was also set to 0.8, and the CA/metal ratio was fixed at 1.5. The study on the 

samples mentioned in this section will be described in chapter 6. 

3.1.4 Synthesis of Ni catalysts modified with other rare earth elements  

Modified Ni catalysts studied in chapter 7 were also prepared by wet (co-) 

impregnation of Mg1.3AlOx. Prior to impregnation, Mg1.3AlOx was generated as 

described in 3.1.2 from corresponding hydrotalcite precursor (MG50). 

Subsequently, the solutions containing dissolved metal precursors for Ni2+, La3+, 

Gd3+ or Sc3+ were prepared. While same Ni(NO3)2·6H2O, La(NO3)3·6H2O metal 

precursors as before were used for Ni2+, La3+ sources, the solution of Gd3+ or Sc3+ 

were prepared by following steps: Gd and Sc (metal state, > 99%, smart-elements 

GmbH) were dissolved in HNO3 solution (Fisher Scientific) forming the 5% Gd3+ or 

Sc3+ solutions. Then the (co-)impregnation procedure similar to that described in 

section 3.1.1 was implemented. The nominal content of Ni in all supported Ni-

containing catalysts was kept at 2.5 wt%. The molar ratio of RE3+ and Ni were also 

set to 0.8.  

3.2 DRM activity test 

DRM was carried out in a fixed-bed continuous-flow quartz reactor (ambient 

pressure, GHSV = 85-170 L/(gcat×h); 500–800 °C). All volumetric flow rates given in 

this study are related to 25 °C and 1 bar. For every experiment, 50 mg of catalyst 
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with the grain size below 315 µm was diluted by 2 g of inert quartz and introduced 

to the reactor. After in situ pre-reduction with pure H2 (700 °C, 100% H2, 50 mL/min) 

for 1 h (used in all activity experiments in chapter 4 as well as in long-term tests 

with CH4:CO2 = 1 in chapter 5 and 7) or 1.5 h, the temperature was adjusted and 

maintained for whole time on stream (TOS) from 8 to 160 hours. The feed gas was 

composed of 80 vol% CH4 in He (Air Liquide) and admixed pure CO2 (Linde) with 

CH4/CO2 = 1 or 2. He served as internal standard for volume change estimation in 

the reaction. The gas compositions were then analysed by an on-line gas 

chromatograph (Agilent 6890) equipped with flame ionization detector (HP Plot Q 

capillary, 15 m × 0.53 mm × 40 µm) and thermal conductivity detector (Carboxene 

packed, 4.572 m × 3.175 mm) for analysis of hydrocarbons and permanent gases, 

respectively. Pure components were used as the references for peak identification 

and calibration. Carbon balances were calculated from gas products reaching more 

than 97% in this work. Conversions (X) and H2/CO ratio were calculated using the 

formulas given below: 

XCH4
 (%) =

moles of  converted CH4

moles of CH4 in feed
×100% 

(Eq. 15) 

XCO2
 (%) =

moles of CO2 converted

moles of CO2 in feed
×100% 

(Eq. 16) 

H2/CO ratio =
moles of H2 produced

moles of CO produced
 

(Eq. 17) 

H2 productivity =
Flowrate of output H2 

mass of catalyst
 (Eq. 18) 

  

3.3 Catalyst characterization techniques 

Catalyst characterization is essentially concerned in any practical catalytic research 

and industrial activities as it provides important parameters including composition, 

surface texture, crystalline phases, morphology, reducibility, and metal coordination 

of the catalysts which are connected with catalytic performance.  

In this section, the major principles and experimental details of physicochemical 

methods employed to characterize the catalysts in this thesis are described. 
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3.3.1 X-ray diffraction (XRD) 

X-ray powder diffraction is a non-destructive technique commonly used to study the 

atomic structure of crystalline matter [129]. Since the wavelengths of X-ray radiation 

are in the order of magnitude of atomic distances, X-ray diffraction is an important 

characterization technique to provide the structural information of a crystalline 

material [130]. Generally, this diffraction method applies the interference of the 

radiations scattered by the atoms in the ordered structures [129].  

In XRD, the Bragg’s law is the fundamental theory describing the relationship of 

lattice spacing (or interplanar distance) with the angles 2θ between the incident X-

ray and the scattered waves generated as the result of the interaction between the 

radiations and the atoms from a crystalline material [130]. In that law, the conditions 

for constructive interference (in phase) of the scattered waves at angle 𝜃 are given 

(Eq. 19) where n is an integer, d is the interplanar distance of crystal and 𝜆 is the 

wavelength of the incident X-ray beam. 

nλ = 2dsinθ (Eq. 19) 

According to the equation, when the sample position and the X-rays wavelength are 

fixed, constructive interference is dependent on the incident angle theta. This 

interference will occur if the difference between path lengths of the waves from two 

different parallel lattice planes (2dsinθ) is an integer multiple of the wavelength, 

resulting in the reflection peaks collected in XRD detectors. At other incident angles, 

subtractive or destructive interferences (out phase) among the scattered waves 

occur [131].  

As the results, the analysis of the position and intensity of these reelection peaks in 

the diffraction pattern offers the results to identify the sample crystalline phases as 

well as quantify their composition.  

Experimental description: XRD powder patterns were recorded on a Panalytical 

X'Pert diffractometer equipped with a Xcelerator detector using automatic 

divergence slits and Cu Kα1/α2 radiation (40 kV, 40 mA; λ= 0.015406 nm, 

0.0154443 nm). Cu beta-radiation was excluded using a nickel filter foil. The 

samples were mounted on silicon zero background holders. The obtained 

intensities were converted from automatic to fixed divergence slits (0.25°) for further 

analysis. Peak positions and profile were fitted with Pseudo-Voigt function using the 

HighScore Plus software package (Panalytical). Phase identification was done by 

using the PDF-2 database of the International Center of Diffraction Data (ICDD). 
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3.3.2 Low-temperature N2 adsorption 

The textural properties of the catalyst (specific surface area, pore volume and pore 

size distribution) are essential to be measured.  These properties of the solid 

catalysts can be determined by conducting the physical adsorption experiment and 

applying Brunauer-Emmett-Teller (BET) theory [131, 132]. Nitrogen is commonly 

used as an adsorbate molecule. The adsorption force in this measurement method 

is van der Waals force which is a weak interaction between the solid surface and 

the adsorbent. The measurement is usually carried out at the boiling temperature of 

liquid nitrogen (-196 °C). Based on the Langmuir theory of monolayer physisorption, 

the BET theory is extended to multilayer adsorption. Thus, additional layers can be 

adsorbed on top of the monolayer with heats of adsorption equivalent to heat 

of liquefaction or heat of vaporisation. 

The resulting BET adsorption isotherm equation is 

p

v(p0  − p)
  =  

(C − 1)

vmC

p

p0
+   

1

vmC
    

(Eq. 20) 

where v is the volume of gas adsorbed at the relative pressure p/p0, and vm is the 

volume adsorbed at the monolayer, p is the measured pressure of the gas, p0 is the 

saturation pressure of the gas at the temperature of adsorption, and the parameter 

C is exponentially related to the energy of monolayer adsorption [133]. 

The range of linearity of the BET is always lying between relative pressures (p/p0) of 

0.05 and 0.35. As a result, from the linear (Eq. 20), the values of vm and C can be 

determined. Subsequently, the specific surface area (SBET) can be calculated by 

  SBET =  
vmNs

Vm
 

(Eq. 21) 

in which s is the cross-sectional area of the adsorbate molecule, m is the mass of 

adsorbent, V the molar volume of the adsorbate gas, and N is the Avogadro 

constant = 6.0231023. 

Barrett-Joyner-Halenda (BJH) is a method for calculating pore size distribution from 

experimental isotherms using the Kelvin model of pore filling as follow [134] 

  rK =  
−2σv1

RTln (p/p0)
 

(Eq. 22) 

where rK is the Kelvin radius, ν1 is the molar volume of the liquid condensate, and σ 

is the surface tension of the liquid condensate. The pore radius of cylindrical pores 

is given by Kelvin radius and the film thickness of adsorbed multilayer t as given by 

  rp =  rK + t (Eq. 23) 

https://en.wikipedia.org/wiki/Liquefaction
https://en.wikipedia.org/wiki/Heat_of_vaporisation
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in which rp is pore radius and t is the statistical thickness of adsorbed film which can 

be derived from standard isotherms. 

The BJH method is valid only to the mesopore and small macropore size range. 

The pore size distribution is usually calculated from the desorption branch of the 

isotherm.  

Experimental description: Nitrogen physisorption method served for calculating 

the specific surface area and pore volume distribution according to the BET theory, 

while for pore size distribution BJH method was used for the calculation. The low-

temperature N2 adsorption measurements were performed on a Micromeritics 

ASAP 2010 apparatus at -196 °C. The samples were degassed at 200 °C in 

vacuum for 4 h before the analysis. 

3.3.3 Inductively-coupled plasma optical emission spectrometry (ICP-OES) 

The elemental composition of prepared catalysts is essential to evaluate the 

accuracy of the experiments and to subsequently conduct the comparative studies 

regarding other characterisation techniques (e.g. TPR, XPS) or the catalytic 

performance. The weight percentages of metal elements can be quantified by ICP-

OES. This method is a type of emission spectroscopy that uses the inductively 

coupled plasma to excite atoms and ions that causes electromagnetic radiation 

emission at the wavelengths which are characteristic for particular elements. The 

atomic emission emitting from the plasma is displayed in either a radial or axial 

configuration, collected with a lens or mirror, and then imaged onto the entrance slit 

of a wavelength selection device.  

Experimental description: The metal (Ni, Mg, Al, La, Sc, Gd) contents of the 

samples were determined by ICP-OES using a 715-ES device (Varian Inc.).  

3.3.4 Carbon deposition analysis 

Rapid coking deposition is a common issue in DRM. In order to evaluate the 

stability of the Ni catalysts against this problem, the content of carbon accumulated 

on the corresponding spent catalysts after DRM tests were determined.  

Experimental description: The carbon deposition on spent catalysts was analysed 

using a TruSpec Micro CHNS analyser (LECO Corporation). Up to 10 mg of the 

investigated sample are catalytically burned with oxygen in the helium stream at 

1100 °C. The resulting gas was analysed with an infrared detector and a thermal 

conductivity detector. 
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3.3.5 Temperature-programmed reduction by H2 (H2-TPR) 

The reducibility of Ni catalysts plays an important role, specifically in the pre-

treatment step in which the catalyst is reduced to obtain the metal state of Ni which 

represents the active sites in DRM. The reducibility of the catalysts can be 

determined using H2-TPR method [135]. In the TPR measurement, the Ni catalysts 

were subjected to a programmed temperature rise, as the reductant gas mixture (H2 

diluted in inert gas) was passed over the sample. Thermal conductivity detector 

(TCD) is typically used for the effluent gas analysing. This detector measures the 

changes in the thermal conductivity of the gaseous stream. Based on H2-TPR 

profiles, information on the number of the redox species present in the catalyst as 

well as the reduction temperature of these active species can be obtained. 

Experimental description: The H2-TPR experiments were performed with a 

Micromeritics Autochem II 2920 instrument. A 300 mg sample was loaded into a U-

shaped quartz reactor and heated from room temperature (RT) to 400 °C with 20 

K/min in 5%O2/He (50 mL/min) for 30 min at 400 °C, then cooled to RT while 

flushing with Ar. The TPR run was carried out from RT to 1000 °C in a 5%H2/Ar flow 

(50 ml/min) with a heating rate of 10 K/min and then held at final temperature for 30 

min before cooled to room temperature. The H2 consumption peaks, indicating the 

reduction, were recorded using a thermal conductivity detector. The amount of H2 

consumed was calculated based on the peak areas. 

3.3.6 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is used to determine the oxidation state of 

Ni species as the active sites for DRM on the catalyst surface as well as their 

chemical interaction with surrounding Mg-Al mixed oxide supports [136]. XPS is 

based on the photoelectric effect arising when high energy photons (usually in the 

keV range) hit a surface of the materials with the consequent emission of electrons 

(photoelectrons) [137]. These photoelectrons leaving the (solid) sample are then 

characterized in order to estimate their kinetic energy (EK) values which are 

essential to calculate the corresponding binding energies (BE). This BE depends on 

the element of its origin. Generally, almost all elements of the periodic table can be 

detected by different characteristic BE peak positions, except Hydrogen [136]. The 

surface sensitivity of the XPS technique is determined by the relatively low escape 

depth (0.5 – 3 nm) of the only elastically scattered electrons. In the XPS 

experiments, Al K (1486.6 eV) X-ray sources are often used. With the help of an 

electron spectrometer, the kinetic energy of the emitted photo electrons is 

measured. Taking the known energy of the incident X-ray radiation used for 

excitation (hv), the binding energy can be calculated by the following equation 

based on the work of Einstein and Rutherford [136]: 
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BE =  h − Ek −   (Eq. 24) 

where ϕ is the work function depending on both the spectrometer and the material. 

For one element, BE depends on valence charge or oxidation state of the 

investigated atoms and effective potential of the surrounding atoms [136]. It is 

known that the decrease in oxidation state leads to higher BE values. However, the 

impact of surrounding atoms is more complicated but can be simply estimated by 

considerations of electronegativity differences of these atoms.  

Experimental description: XPS measurements were carried out with a VG 

ESCALAB 220iXL instrument (Thermo Fisher Scientific) with monochromatic AlKα 

radiation (E = 1486.6 eV). Samples are prepared on a stainless steel holder with 

conductive double sided adhesive carbon tape. The electron binding energies were 

obtained with charge compensation using a flood electron source and referenced to 

the C1s peak of C-C and C-H bonds at 284.8 eV. For quantitative analysis the 

peaks were deconvoluted with Gaussian-Lorentzian curves, the peak areas were 

divided by the transmission function of the spectrometer and a sensitivity factor 

obtained from the element specific Scofield factor. 

3.3.7 UV-Vis diffuse reflectance spectroscopy (UV-Vis-DRS) 

UV-Vis spectroscopy is useful to study coordination geometries, aggregation or 

oxidation states of transition metal ions [138]. This characterization technology is 

suitable for the analysis of Ni species because the intense charge-transfer in 

octahedral NiO lattice can be observed [139] and the major coordination forms of 

Ni2+ species can be differentiated [140]. Besides, because Ni is the only element 

that is sensitive to UV-Vis-DRS in all prepared and studied catalysts, the 

information of Ni2+ species are individually revealed. 

The application of UV-Vis spectroscopy is related to the excitation and transitions of 

electrons which are observed when the lights with wavelengths in the UV or visible 

region (200 – 400 nm or 400 -800 nm, respectively) scatter by the catalyst particles. 

There are several types of electronic transitions that may be involved in UV-Vis- 

DRS of inorganic catalytic materials:  

• Ligand to metal (LMCT) and metal to ligand (MLCT) charge transfers. 

• Metal to metal charge transfers or d  d transitions. 

In the diffuse reflection mode of UV-Vis spectroscopy used for catalyst particles, the 

light is supposed to be irradiated from all directions without transmission by the 

solid samples. The reflected radiation from a powdered surface involves two 

components: specular reflection without any interaction with the sample and diffuse 

https://en.wikipedia.org/wiki/Work_function
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reflection which penetrates the sample and is reflected after multiple scattering at 

sample particles by which electron transitions are excited.  

The reflectance is given by R∞ = I/I0, where I and I0
 
are the intensities of the incident 

and reflected light, respectively. Since reflectance of the sample is compared to that 

of the standard compound, the relative quantity R∞ = R∞(sample)/R∞(standard) is 

used. This reflectance is related to both the absorption coefficient (K) and the 

scattering coefficient (S) in the Kubelka-Munk F(R∞) function as follow [138]: 

F(R∞
 ) =  

(1 − R∞
 )2

2R∞


 =
K

S
 (Eq. 25) 

Experimental description: UV-Vis-DR spectra were measured over the 

wavelength range of 200-800 nm using a Cary 5000 spectrometer (Varian) 

equipped with a diffuse reflectance accessory (praying mantis, Harrick). BaSO4 was 

used as a white reference standard and diluted material was used for the 

measurement with pure NiO because of its high Ni content. 

3.3.8 Scanning transmission electron microscopy (STEM) 

STEM is a precious tool for the characterization of nanostructures, offering a range 

of different imaging modes with information of elemental composition and material 

morphology at the high sensitivity of atom level [141]. In STEM, a highly focused 

electron probe is scanned across the specimen and several types of scattering from 

transmitted electrons are collected as a function of the position [131]. Using an 

aberration corrector in the condenser system, atomic resolution can be achieved. 

Multiple detectors can be simultaneously operated to gather these electrons for the 

maximum complementary information [141]. Generally, the bright field detectors 

include the unscattered beam, the voids of the material then appear bright. In 

contrast, dark field detectors exclude these unscattered electrons and the holes 

appear dark.  

In bright-field STEM, the angle-adjustable annular detectors collecting the electrons 

around a direct beam disk are employed to observe the light and heavy atoms in a 

single STEM image [142]. However, these detectors are preferably applied to give 

the atomic resolution STEM images of various light elements, such as hydrogen 

[143], carbon [144] and oxygen [145]. Nevertheless, it is difficult to interpret bright 

field images as several contrast mechanisms need to be differentiated [142]. 

High-angle annular dark-field imaging (HAADF) with high accuracy of atomic 

positions uses incoherently scattered electrons (Rutherford scattering) with a large 

scattering angle [146]. This technique is highly sensitive to identify atomic species 

because the intensity per atom depends on the atomic number or Z-contrast [147]. 

For elements with the higher Z values, more electrons can be scattered at higher 

https://en.wikipedia.org/wiki/Rutherford_scattering
https://en.wikipedia.org/wiki/Atomic_number
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angles due to greater electrostatic interactions between the nucleus and emitted 

electrons [148]. As a result, the HAADF detectors may collect the higher signal 

proportionally to such values of the atoms, leading their positions appearing brighter 

in the resulting images. However, usage of this method without bright-field STEM 

may encounter the lack of light element information because of their invisibility 

[142].  

Besides, the X-rays generated by the samples and collected via an electron 

dispersive X-ray spectroscopy detector provide accurate elemental analysis with 

high spatial resolution, generating elemental maps with high resolution [131]. 

Experimental description: STEM measurements were performed at 200 kV with 

an aberration-corrected JEM-ARM200F (JEOL, Corrector: CEOS). The microscope 

is equipped with a JED-2300 (JEOL) energy-dispersive X-ray-spectrometer (EDXS) 

for chemical analysis. The aberration-corrected STEM imaging (High-Angle Annular 

Dark Field (HAADF) and Annular Bright Field (ABF)) was performed under the 

following conditions: HAADF and ABF both were done with a spot size of 

approximately 0.13 nm, a convergence angle of 30-36° and collecting at semi-

angles for HAADF and ABF of 90-170 mrad and 11-22 mrad, respectively. The 

sample was deposited without any pre-treatment on a holey carbon supported Cu-

grid (300 mesh) and transferred to the microscope. 
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4 Development of low nickel content catalysts for dry reforming of methane   

As mentioned in section 2.2.4, applying the low Ni content catalysts in DRM may 

encounter the problem of low specific activity due to the lack of active sites. In the 

DRM reaction, these sites are Ni species in the metal state which are produced in 

the pre-reduction step of Ni catalysts that transform oxides of Ni into Ni0. The 

availability of these Ni0 domains to the reaction influences the performance of 

catalysts. Therefore, the reducibility and surface exposure of the Ni species play 

significant roles in catalytic activity.  

The Mg-Al mixed oxides were used as the catalyst supports. It was mentioned that 

Ni can form stable but poorly reducible structures with MgO or Al2O3, negatively 

influencing the catalyst activity.  

Remarkably, Ni/Mg1.3AlOx catalyst with low Ni content in this section was effectively 

applied for stoichiometric DRM at low temperature and high GHSV [149]. In this 

chapter, the influence of Mg-Al support composition and pre-treatment temperature 

on Ni catalyst activity will be discussed. Firstly in section 4.1, the contribution of 

these two parameters to the structural, surface and redox properties and Ni 

coordination of the catalysts will be studied. Afterwards, in section 4.2 and 4.3, the 

correlation between these catalyst attributes and the performance in terms of CH4 

and CO2 conversions will be clarified. Finally, section 4.4 will describe the 

performance of the best catalyst in DRM activity test from 500 °C to 780 °C in 

comparison with calculated thermodynamic balance. Comparatively high GHSV was 

applied in all experiments within this chapter in order to benchmark with similar 

investigations from the literature. 

4.1 Catalytic characterization 

The crystalline structures of all supports and the corresponding Ni catalysts were 

characterized by X-ray diffraction. Figure 4.1 depicts the XRD patterns of Mg-Al 

mixed oxides (Mg/Al = 1.3) including Mg1.3AlOx and thermally pre-treated samples 

thereof at different temperatures from 700 °C to 1000 °C. Therein are also indicated 

the reference reflections for suitable materials that contain high degree of γ-Al2O3 

(ICDD file No. 00-010-0425) [150], periclase (the cubic form of magnesium oxide, 

ICDD file No. 00-045-0946) [151] and MgAl2O4 (ICDD file No. 00-021-1152) [152] 

crystalline phases. When there was no pre-treatment applied to Mg1.3AlOx or the 

pre-treated temperatures did not exceed 800 °C, the resulting materials show broad 

reflections at about 2θ = 43.5° and 63° which have 2θ values higher than those of 

periclase but lower than that of γ-Al2O3. Therefore, these reflections reveal the 

incorporation of Al2O3 with small Al3+ cations into the bulk of periclase (MgO) lattice, 

resulting in a mixed structure between two oxides [153, 154]. This structure could 
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be named as a solid solution according to [154] in order to be distinguished from 

well-known MgAl2O4 spinel. Increasing pre-treatment temperature of Mg1.3AlOx 

adjusts such Mg-Al incorporation in the solid solution which can be observed via the 

shifts of XRD reflections to lower 2θ values. At 800 °C, the pattern of such solid 

solution is still observable but other broad reflections (2θ = 31.3°; 37°; 45°; 55.5°; 

59°; 65°) are also seen, which can be assigned to the initial formation of MgAl2O4 

phase. Opposed to these Mg-Al samples, Mg1.3AlOx.1000 discloses no reflection of 

mentioned solid solution structures while XRD peaks corresponding to periclase 

(MgO) and MgAl2O4 phases become sharp and characteristic, reflecting the high 

crystallinity of these structures. Such transformations from hydrotalcite precursors 

into several Mg-Al mixed oxide structures were also mentioned in other studies 

[153, 155, 156] focusing on the thermal decomposition behaviour of these precursor 

materials, particularly when a low heating rate was applied.  

 

Figure 4.1. XRD patterns of the references (MgO, -Al2O3, MgAl2O4) and the Mg-Al bare supports 
pretreated at different temperatures. Phase symbols: periclase (MgO) (1), γ-Al2O3 (2), MgAl2O4 (3). 

 

The XRD patterns of as-calcined Ni catalysts supported on these Mg-Al supports 

(Mg/Al = 1.3) were characterized (Figure 4.2). Generally, Ni/Mg1.3AlOx and 

Ni/Mg1.3AlOx.700 display XRD patterns similar to that of Mg1.3AlOx.800 due to the 

phase transformation during the calcination step with the temperature (800 °C) 

being higher than that in the support thermal treatments. However, compared to 

XRD pattern of Mg1.3AlOx.800, Ni/Mg1.3AlOx.800 shows additional diffractions at 2θ 

= 34.8°, 38.9° and 60.5° probably corresponding to Mg6Al2(OH)18·4.5H2O (ICDD file 
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No. 00-035-0965) in the rhombohedral structure as the result of the rehydration of 

calcined hydrotalcite (Mg1.3AlOx.800) during the Ni impregnation step [154]. In 

contrast, the Ni impregnation onto Mg1.3AlOx.1000 and its subsequent calcination 

produced the catalyst Ni/Mg1.3AlOx.1000 with an XRD pattern similar to the support.  

 

Figure 4.2. XRD patterns of Ni catalysts (all calcined at 800 °C) and two Mg-Al supports (Mg/Al = 
1.3) calcined at 800°C or 1000 °C. Phase symbols: periclase (1), γ-Al2O3 (2), MgAl2O4 (3), 

Mg6Al2(OH)18·4.5H2O (*). 

 

As Mg1.3AlOx was chosen for the next study on the effect of Mg-Al support with 

different Mg/Al molar ratios, the supports Mg0.5AlOx and Mg3AlOx were prepared by 

hydrotalcite calcination at 550 °C without any further pre-treatment and applied to Ni 

catalyst preparation. The final catalysts were also subsequently calcined at 800 °C 

before being tested. XRD patterns of these Ni catalysts are depicted in Figure 4.3. 

Besides, XRD profiles of Ni/MgO and Ni/Al2O3 are also shown as the references. 

The magnification of XRD patterns in 2θ range from 61.5° to 63° of MgO and 

Ni/MgO samples is also illustrated. XRD patterns of the Ni catalysts supported on 

single oxides, MgO or Al2O3, depicts the slight shifts compared to the diffractions of 

periclase or γ-Al2O3 phases, respectively, reflecting the formation of NiO-MgO solid 

solution [157] or NiAl2O4 spinel structures [158]. The patterns of Mg-Al supported Ni 

catalysts represent the combination of different structures. Ni/Mg0.5AlOx discloses 

main reflections at the positions close to that of MgAl2O4. On the other hand, such 

spinel diffractions are less intensive in Ni/Mg1.3AlOx and Ni/Mg3AlOx XRD patterns. 

In the XRD profiles of both latter samples, the major diffraction peaks nearly locate 
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at 2θ positions belonging to periclase structure. However, among these two 

samples, Ni/Mg3AlOx with lower Al content shows the reflections at 2θ positions 

being closer to that in Ni/MgO XRD pattern, reflecting the Ni-Mg-Al solid solution 

structure with less concentration of Al2O3 in the periclase parent structure [153]. 

 

Figure 4.3. XRD patterns of Ni catalysts (all calcined at 800 °C) with different Mg/Al molar ratio with 
crystalline phases: periclase (MgO) (1), γ-Al2O3 (2), MgAl2O4 (3). 

 

It should be noted that in the XRD results of all Ni catalysts in both series, the 

absence of specific NiO diffractions may generally reflect the fact that the 

crystallites of this oxide are smaller than the detection limit of XRD measurements 

[159, 160]. This absence is probably due to the low content of Ni and high 

calcination temperature applied for these catalysts, leading to the fine dispersion of 

Ni species which may diffuse into the bulk of Mg-Al mixed oxides [160]. 

The XRD measurements of two spent Ni catalysts collected after DRM at 650 °C 

were conducted and presented in Figure 4.4 in order to determine the effect of Mg 

in the stabilization of catalysts during the reaction. Ni metal species (Ni0), which are 

the result of the pre-reduction process with H2 before DRM as well as the reduction 

by CO/H2 mixture during the reaction, were detected with reflections at 2θ = 44.5° 

and 51.8° (ICDD file No. 01-071-3740) in spent Ni/Al2O3. Compared to the fresh 
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one, this change is assigned to the formation of highly crystalline Ni0 domains due 

to agglomeration during reaction. In contrast, the XRD pattern of spent Ni/Mg1.3AlOx 

displays a similar profile as the fresh sample without Ni0 domains, proving the 

stability of the Ni dispersion during the reaction. This result probably depicts the 

incorporation of Ni species into the stable structures of solid solution and/or 

MgAl2O4 spinel that can prevent the structural transformation and particle migration 

at the high reaction temperature [40, 44, 45]. 

 

Figure 4.4. XRD patterns of fresh and spent Ni catalysts samples: Ni/Al2O3 and Ni/Mg1.3AlOx after 
DRM (650 °C, 1 bar, CH4: CO2 = 1, GHSV = 85 L/(gcat×h), TOS = 8 h). 

 

The textural parameters of the calcined Ni samples are summarized in Table 4.1. 

The supported Ni catalysts show comparable surface area and pore volume, except 

Ni/MgO and Ni/Mg1.3AlOx.1000. Ni/Mg1.3AlOx.1000 possesses quite low surface 

area probably because its support was calcined at higher temperature (1000 °C) 

and sintering and collapsing may have occurred. However, in any case, no limitation 

by internal diffusion was expected for the feed molecules, which have the kinetic 

diameters [161] being smaller compared to the size of the pores. 
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Table 4.1. Textural properties of Ni catalysts. 

Catalyst SBET (m
2
/g) Total pore volume (cm

3
/g) Average Pore Diameter (Å) 

Ni/Mg1.3AlOx 174 0.40 74 

Ni/Mg1.3AlOx.700
 

167 0.39 71 

Ni/Mg1.3AlOx.800 165 0.38 70 

Ni/Mg1.3AlOx.1000 82 0.36 126 

Ni/Mg0.5AlOx 154 0.43 95 

Ni/Mg3AlOx 162 0.42 70 

Ni/Al2O3 178 0.47 81 

Ni/MgO 45 0.33 318 

 

The reducibility of supported Ni catalysts after calcination was evaluated by TPR 

measurements (Table 4.2, Figure 4.5 and Figure 4.6). Ni2+ species are the main 

reducible ones in all catalysts. The TPR measurement of unsupported NiO as the 

reference for these Ni samples was also conducted (Figure 4.5). In this test, an 

intense peak at 350 °C was observed, indicating the bulk NiO reduction. In contrast, 

all supported Ni samples display poorer reducibility with the main reduction peaks 

appearing first above 600 °C possibly due to several factors: the low Ni loading 

leading to the formation of highly dispersed Ni species and the stable structure 

generation between Ni and MgO and/or Al2O3 in the supports at high sample 

calcination temperature as confirmed by XRD (Figure 4.2 and Figure 4.3). These 

factors probably cause strong interaction of Ni2+ and the corresponding supports, 

suppressing the formation of observed bulk NiO species being reducible at lower 

temperature [157, 162]. Ni/Al2O3 shows high-temperature reduction peaks at 850 °C 

and the reduction is incomplete up to 1000 °C (Figure 4.6). This poor reducibility is 

caused by nickel aluminate spinel species in alumina supported samples, especially 

when low content of Ni and high calcination temperature were used [163]. Ni/MgO 

exposes apparently poor reducibility with low H2 consumption (Figure 4.6 and Table 

4.2). However, TPR profile of this sample discloses a low-temperature peak at 

around 400 °C, possibly relating to the reduction of Ni2+ species in the outer face or 

subsurface layers of the MgO lattice. In contrast, the high-temperature shoulder of 

such profile is assigned to the reduction of the Ni species located in periclase 

lattice, forming a stable solid solution structure [157]. 
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Table 4.2. The H2 consumption of Ni catalysts in TPR measurement. 

Catalyst H2 consumption (µmol/g) 

Ni/Mg1.3AlOx 494 

Ni/Mg1.3AlOx.700
 

474  

Ni/Mg1.3AlOx.800 450 

Ni/Mg1.3AlOx.1000 404 

Ni/Mg0.5AlOx 469 

Ni/Mg3AlOx 487 

Ni/Al2O3 397 

Ni/MgO 181 

Theoretical H2 uptake for Ni
2+ 
 Ni

0
 for 2.5 wt% Ni  428 

 

Reducibility of Ni catalysts supported on different Mg-Al supports (Mg/Al = 1.3) was 

evaluated (Figure 4.5). These samples except Ni/Mg1.3AlOx.1000 expose similar 

TPR profiles but are different in H2 consumption (Table 4.2). On the other hand, 

Ni/Mg1.3AlOx.1000 discloses a shift of reduction peak maximum to higher 

temperature (900 °C) and lower hydrogen consumption, illustrating the presence of 

poorly reducible Ni2+ species that probably have stronger interaction with the 

support [46, 164].  

 

Figure 4.5. TPR profiles of Mg-Al supported Ni catalysts (Mg/Al = 1.3). The profile of NiO was 
normalised to the relative Ni weight percentage of supported Ni samples (2.5 wt%). 
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Mg-Al supported Ni catalysts with various Mg/Al molar ratio show a TPR peak 

starting at 550 °C (Figure 4.6), reflecting the reduction of mainly recalcitrant Ni2+ 

species in the solid solution [164] and/or in the spinel structure [165]. These 

catalysts demonstrate higher H2 consumption compared to Ni/Al2O3 or Ni/MgO, 

probably showing the benefit of availability of both Al2O3 and MgO at the same time 

in the support that lead to the formation of more stable MgO-Al2O3 mixed structures 

instead of other poorly reducible Ni species, such as NiAl2O4 spinel or NiO-MgO 

solid solution [47, 166]. Among the Mg-Al mixed oxides with different Mg/Al ratios, 

Ni2+ species supported on either MgO- or Al2O3-rich materials show poorer 

reducibility compared to those in Ni/Mg1.3AlOx. Indeed, this catalyst discloses the 

highest H2 uptake (Table 4.2) and a reduction peak starting at the lowest 

temperature (550 °C). However, the broader peak of reduction found in such 

sample suggests less homogeneous dispersion of Ni2+ in the bulk of the catalyst. 

 

Figure 4.6. TPR profiles of Mg-Al supported Ni catalysts with different Mg/Al ratio. 

 

XPS measurements were implemented to characterize the surface nature of the 

materials. The binding energy (BE) values were also evaluated to indicate the 

oxidation states of the atoms as well as their chemical and physical environment. All 

the samples show the binding energy around 854-857 eV (Table 4.3) corresponding 

to the Ni 2p3/2 region [124, 167]. These are close to the BE values that were 

observed for free NiO (854 eV) [168], Ni2O3 (856 eV) [164, 167], NiAl2O4 (856 eV) 

[164, 167], NiO-MgO solution (855.7 eV [169] or 856 eV [170]) and solid solution 

Mg(Ni,Al)O (855.5 eV) [164]. 
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In any case except Ni/Mg0.5AlOx, the BEs of Ni 2p3/2 have values higher than that of 

free NiO, suggesting the transfer of electrons from nickel to electron-poor Mg2+ 

and/or Al3+ species in the structure [164, 170]. These results generally indicate 

strong interaction of Ni with supports, as seen in TPR results, lowering its 

reducibility compared to pure NiO (Figure 4.5 and Figure 4.6). 

Table 4.3. XPS and ICP
 
results for the catalysts. 

Sample BE (eV) Surface molar ratio 
1
 Bulk molar ratio 

2
 

 Ni 2p3/2 Ni/(Mg+Al) Mg/Al Ni/(Mg+Al) Mg/Al 

Ni/Al2O3 855.5 0.029 - 0.022 0 

Ni/MgO - 
3
 - 

3
 - 0.017 - 

Ni/Mg0.5AlOx 853.7 0.036 0.3 0.021 0.5 

Ni/Mg3AlOx 856.5 0.024 0.6 0.018 3.0 

Ni/Mg1.3AlOx 856.9 0.063 0.4 0.019 1.3 

Ni/Mg1.3AlOx.700 856.9 0.027 0.6 0.019 1.3 

Ni/Mg1.3AlOx.800 861.7 0.043 1.0 0.019 1.3 

Ni/Mg1.3AlOx.1000 856.1 0.057 0.3 0.019 1.3 

Mg1.3AlOx - - 1.2 - 1.3 

Mg1.3AlOx.800 - - 1.1 - 1.3 

Mg1.3AlOx.1000 - - 1.5 - 1.3 

(1)
 XPS results; 

(2)
 ICP results; 

(3)
 Ni content is below the XPS detection limit. 

 

Regarding the Mg/Al surface ratio, the Ni catalysts show remarkable differences 

from their corresponding supports, suggesting the dissolution and re-dispersion of 

the Mg2+ and Al3+ of the supports during the impregnation step. It is not yet fully 

understood but the surface Ni concentrations of those samples are still comparable. 

Comparison of the surface Ni/(Mg+Al) ratio (from XPS) and bulk composition (from 

ICP) (Table 4.3) highlights the preferred location of Ni in different supports. 

Regarding the reference samples, Ni/MgO exposes almost no Ni on the surface and 

Ni/Al2O3 shows slightly higher surface Ni/(Mg+Al) ratio (0.029) compared to the 

corresponding bulk values (0.022). On the other hand, Ni catalysts supported on 

Mg-Al mixed oxides reveal that Ni is preferably located on the surface indicated by 

higher atom ratios (0.024-0.063) compared to their bulk values (0.018-0.021). 

These data reflect the Mg-Al coexistence in the supports that can avoid the Ni 

diffusion into the pure MgO or Al2O3 lattices, subsequently augmenting the active Ni 

species on the outer shell of materials [47]. Among such Ni catalysts, Ni/Mg1.3AlOx 

discloses highest surface Ni/(Mg+Al) ratio, which may correlate with its best 
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reducibility (Figure 4.5 and Figure 4.6). Applying the thermal pre-treatment to 

Mg1.3AlOx support before final catalyst preparation and calcination or varying the 

Mg/Al molar ratio to 0.5 or 3 resulted in less Ni2+ domains on the surface available 

for reduction.  

 

Figure 4.7. UV-Vis-DR spectra of NiO, Ni/Mg1.3AlOx and the corresponding support. 

 

The coordination of the nickel species (mostly Ni2+) in the samples was examined 

by UV−Vis-DRS. Almost no absorption can be seen for the support sample (Figure 

4.7). On the other hand, the UV-Vis-DR spectra of the Ni impregnated samples 

show light absorption bands, suggesting that only Ni species are sensitive at the 

chosen analysis conditions. As a reference, UV−Vis-DR spectrum of NiO calcined 

at 800 °C was also measured. The sample reveals strong absorption over the whole 

range of 200–800 nm which can be assigned to nonstoichiometric NiO containing 

some Ni3+ domains [139].  

The UV-Vis-DR spectra of the Ni-impregnated samples expose intense signals in 

the UV region of 250–350 nm (Figure 4.8a), which relate to the O2-  Ni2+ ligand to 

metal charge transfer (LMCT) in octahedral NiO lattice [139]. Mg-Al supported Ni 

catalysts show shoulders in the range of 250-350 nm which cannot be found in the 

spectra of Ni/MgO or Ni/Al2O3, suggesting weaker metal support interaction (MSI) in 

Ni samples with Mg-Al mixed oxides [159]. Among these Mg-Al supported Ni 

catalysts, Ni/Mg1.3AlOx induces the strongest red-shift of LMCT band of NiO, which 

points to the weakest interaction of Ni species and support. This result together with 

data from XPS (Table 4.3) can be used to explain the excellent reducibility of 

Ni/Mg1.3AlOx among Ni catalysts (Figure 4.5 and Figure 4.6). Indeed, as 
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Ni/Mg1.3AlOx contains Ni2+ species preferably locating on the surface and having 

lower MSI with the support, it is more easily reduced than other Mg-Al supported 

catalysts. 

 

Figure 4.8. UV-Vis-DR spectra in the region a) 200-350 nm and b) 350-800 nm of Ni catalysts and 
the references Ni/MgO, Ni/Al2O3 and bulk NiO. Ni(Oh): Ni species in octahedral coordination; Ni(Th): 

Ni species in tetrahedral coordination. 

 

The UV-Vis-DR spectra in the visible region (350–800 nm) of Ni catalysts can be 

seen in Figure 4.8b. The signals in this visible region represent d  d transitions of 

Ni2+ ions mainly in octahedral (Oh) and tetrahedral coordination (Th) [171]. As a 

reference, NiO displays intense signals at 380, 420 and 720 nm which illustrate the 

Ni2+ (Oh) in the cubic (rock-salt) NiO lattice [172]. Ni/MgO displays a spectrum 

similar to that of NiO sample. It presents an intense signal at 410 nm and a wide 

band at 600−800 nm which suggests a majority of Ni2+ (Oh) species. These bands 

belong to the solid solution of NiO and MgO as Ni species migrate into the MgO 

lattice, which has cubic rock-salt structure as well [173]. The absence of intense 

signals at 380 nm and 720 nm is probably due to the lack of bulk NiO formation in 

Ni/MgO [174]. This formation of the solid solution instead of bulk NiO is supported 

by the XRD pattern of Ni/MgO (Figure 4.3), in which no crystalline structure of NiO 

was found but shifts of main diffractions compared to those in the pattern of MgO. 

Indeed, the low content of Ni in the sample and strong interaction between NiO and 

MgO result in the high dispersion of Ni species, thus suppressing the agglomeration 

of NiO during the calcination. Ni/Al2O3, on the other hand, shows a doublet signal at 

600−640 nm which is related to the Ni2+ (Th) species in the nickel aluminate spinel 
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lattice [158, 172, 175]. Besides, a small absorption band at 380 nm can be assigned 

to Ni2+ (Oh) in the NiAl2O4 spinel [174]. 

By comparing to such references, the Mg-Al supported Ni samples in this study 

show the combination of different types of coordination when Mg/Al ratios and 

support pre-treatments are varied. Ni/Mg0.5AlOx presents the doublet signal at 

600−640 nm relating to the Ni2+ (Th) species in the spinel structures (Mg1-xNixAl2O4) 

of the support framework which were evidenced by XRD (Figure 4.3). These 

Ni2+(Th) species probably are responsible for the lower reducibility in case of 

Ni/Al2O3 and Ni/Mg0.5AlOx compared to that of Ni/Mg1.3AlOx with higher contribution 

of Ni2+(Oh) (Figure 4.6) [84, 176]. This comparison predicts the ability of Mg2+ to 

preferably react with Al3+ ions which subsequently lowers the tendency towards 

Ni2+(Th) and NiAl2O4 formation [75, 84].  

Ni/Mg3AlOx with MgO-rich support predominantly exposed the formation of Ni2+(Oh) 

with the intense signal at 410 nm close to that of Ni/MgO and a broad band at 

600−800 nm. As suggested by XRD (Figure 4.3), Ni/Mg3AlOx comprises mostly the 

MgO-rich solid solution with the cooperation of Al3+ in a periclase structure where 

both Mg2+ and Al3+ have octahedral coordination [173]. By combing these XRD and 

UV-Vis observations, it can be suggested that Ni2+ species in Ni/Mg3AlOx expose 

the same coordination when diffusing into such solid solutions and predominantly 

interacting with MgO. Ni/Mg1.3AlOx also depicts a majority of Ni2+ (Oh) although the 

catalyst comprises solid solution and spinel structures of Mg-Al mixed oxides 

(Figure 4.1 and Figure 4.2). However, compared to Ni/Mg3AlOx, this catalyst shows 

the blue-shift of the band at around 400 nm toward the position of Ni2+ (Oh) in 

Ni/Al2O3 (Figure 4.8b). This shift depicts the change in solid solution environment, 

where more Al3+ ions interact with Ni2+. Such difference between Ni/Mg1.3AlOx and 

Ni/Mg3AlOx probably points out less NiO-MgO interaction in Ni/Mg1.3AlOx, probably 

resulting in higher reducibility of Ni2+ in this sample (Figure 4.6) [177]. 

Likewise, compared to Ni/Mg1.3AlOx.1000, Ni/Mg1.3AlOx shows similar band blue-

shift being assigned to less NiO-MgO interaction which possibly also results in the 

weaker MSI (Figure 4.8a) and better reducible Ni species in the latter sample 

(Figure 4.5). 

4.2 Effect of support pre-treatment on the catalytic activity 

Blank tests at the reaction conditions applied for Ni catalysts were implemented with 

the diluting material (SiC) or only with the supports (not shown). No activity was 

observed at the favoured conditions. Figure 4.9 exposes the CH4 and CO2 

conversions in DRM during 8 h on stream over Ni catalysts at 650 °C with various 

Mg-Al mixed oxides supports (Mg/Al = 1.3) with or without the thermal pre-
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treatment. The comparatively mild reaction conditions (650 °C, 1 bar, CH4: CO2 = 1, 

GHSV = 85 L/(gcat×h)) were chosen to operate the catalysts in a kinetically 

controlled regime so that their performance can be differentiated. Ni/Mg1.3AlOx 

presents the highest conversion of both CH4 and CO2 while supporting Ni2+ on 

Mg1.3AlOx.1000 resulted in a catalyst with lowest conversions. These activity results 

are corresponding to the reducibility (Figure 4.5 and Table 4.2), surface Ni 

concentration (Table 4.3), and surface area (Table 4.1) of the Ni catalysts. Indeed, 

Ni/Mg1.3AlOx reveals most suitable properties, especially high Ni surface exposure 

and reducibility with lowest reduction temperature and highest H2 consumption in 

TPR measurements. By that, it can be suggested that more active Ni sites were 

formed on the surface in the pre-reduction step, and thus higher DRM activity was 

obtained. Ni/Mg1.3AlOx was then chosen for the next study due to its excellent 

activity.  

 

Figure 4.9. Conversions of a) CH4 and b) CO2 in DRM on different Mg-Al supported Ni 
catalysts(Mg/Al = 1.3) (DRM conditions: 650 °C, 1 bar, CH4/CO2 = 1, GHSV = 85 L/(gcat×h)). All the 

catalysts were pre-reduced in situ at 700 °C for 1 hour prior to the reaction. 

4.3 Effect of Mg/Al ratio on the catalytic activity 

The Ni catalysts in this series of DRM tests are supported on Mg-Al supports with 

different Mg/Al ratio from 0.5 to 3 (Figure 4.10). These are Ni/Mg0.5AlOx, 

Ni/Mg1.3AlOx and Ni/Mg3AlOx prepared from the corresponding supports calcined at 

550 °C and without any further thermal-pre-treatment. The performances of Ni/Al2O3 

and Ni/MgO were also presented as the references. The higher and more stable 

activity can be attained with Mg-Al supported Ni catalysts compared to Ni/Al2O3 or 

Ni/MgO. The deactivation found in Ni/Al2O3 could be explained by the serious 

agglomeration of Ni species during the reaction which was observed via XRD 

results (Figure 4.4) of the corresponding spent sample recovered after 8 h on 
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stream. Among the Mg-Al supported Ni catalysts, highest conversions of CH4 and 

CO2 are obtained on Ni/Mg1.3AlOx. This result can be also explained by the TPR 

and XPS results in which Ni/Mg1.3AlOx exposed excellent reducibility (Figure 4.6 and 

Table 4.2) and highest availability of surface Ni species (Table 4.3). These 

attributes of Ni/Mg1.3AlOx are probably related to its lowest MSI (Figure 4.8a), as the 

solid solution of Ni2+, Mg2+ and Al3+ was formed with proper amounts of MgO and 

Al2O3 that can suppress both strong NiO-MgO interaction and the formation of 

NiAl2O4 spinel (Figure 4.8b) [166]. 

 

Figure 4.10. Conversions of a) CH4 and b) CO2 on Ni catalysts with different Mg/Al ratio in DRM (650 
°C, 1 bar, CH4/CO2 = 1, GHSV = 85 L/(gcat×h)). All the catalysts were pre-reduced in situ at 700 °C 

for 1 hour prior to the reaction. 

4.4 Catalytic performance of Ni/Mg1.3AlOx at 500 °C–780 °C 

In order to benchmark such high activity of Ni/Mg1.3AlOx, additional DRM tests at 

lower temperature but same GHSV were investigated. Figure 4.11 exposes the 

excellent performance of Ni/Mg1.3AlOx at 500–780 °C in comparison with the 

thermodynamic limit [50]. CH4 and CO2 can be converted already around 500 °C. It 

should be noted that DRM is highly endothermic and the reaction demands high 

temperatures to convert the CH4 and CO2 to syngas. According to the 

thermodynamic calculations in the literature [50, 178], the reaction starts at 350 °C. 

However, remarkable conversions were observed only above 500 °C [38]. Some 

studies claimed catalysts to be active in DRM at very low temperature (400 °C [10] 

or 450 °C [178]). However, therein extremely beneficial conditions for catalyst 

efficiency were applied (high content of active sites or usage of noble metals). In 

this study, the activity of Ni/Mg1.3AlOx is outstanding considering its low Ni content 

because it performs with CH4 and CO2 conversions close to the calculated limit 

even at low temperature and high GHSV (85 L/(gcat×h)) in comparison with other 
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investigations [2, 179, 180]. Figure 4.11 also displays the effect of reaction 

temperature on the H2/CO ratio. This ratio is always lower than 1 at any set reaction 

temperature, which points out the contribution of reverse water gas shift reaction 

(Eq. 5), lowering H2 selectivity through reaction with CO2 to form CO and H2O [1]. 

RWGS plays a more important role at lower temperature due to the thermodynamic 

equilibrium [1]. 

 

Figure 4.11. Performance of Ni/Mg1.3AlOx in comparison with the thermodynamic balance (TDB) (1 bar, 

CH4/CO2 = 1, GHSV = 85 L/(gcat·h)). Data were collected after 2 hours stabilization at each temperature set 

point. 

4.5 Intermediate conclusion from chapter 4 

Ni/Mg1.3AlOx shows highest DRM activity due to its high specific surface area, weak 

interaction of the Ni species with corresponding support, high amount of surface Ni 

species and excellent reducibility. These properties, especially the last attribute, 

were found to correlate with particular coordination of Ni2+species in the catalyst. 

Indeed, among the Ni catalysts with Mg-Al supports and various composition and 

thermal pre-treatment, Ni/Mg1.3AlOx lacks tetrahedrally coordinated Ni2+ species and 

suppresses NiO-MgO interaction which are both beneficial for its high reducibility. 

This sample can activate the reaction at temperature as low as 500 °C with the 

conversions approaching the thermodynamic limitation even at a considerably high 

space velocity (85 L/(gcat·h). However, the weak MSI found in Ni/Mg1.3AlOx possibly 

leads to the fast agglomeration of Ni during the reaction. This metal agglomeration 

may both cause deactivation and govern the carbon deposition (6 wt%) from side 

reactions which will be carefully discussed in the next chapter. As a result, a 

suitable modification is necessary to reduce both effects but maintain the high 

catalyst activity.  
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5 Stabilization of Ni/Mg1.3AlOx by La and CA-assisted preparation  

The previous chapter showed that applying Mg-Al support with a suitable 

composition and pre-treatment produces a catalyst with low Ni content but active for 

DRM even at low temperature and high GHSV. However, it encountered the carbon 

deposition problem after few hours on stream of DRM.  

Motivated by this result, some catalyst modification was implemented for low Ni 

content catalysts with the CA- and La-based procedures being expected to reduce 

the coking rate and stabilize the performance in DRM with even higher GHSV over 

longer time [181]. These modifications, using complexing agents in impregnation 

step or adding rare earth metal elements, have been recognised as being promising 

in recent papers. However, it is rare to observe these trials carried out together on 

low Ni catalyst system.  

Thus, various modified Ni catalysts were prepared, characterized and analysed in 

DRM tests with different conditions. The influences of mentioned modifications on 

Ni coordination, dispersion, MSI and redox properties were evaluated (section 5.1) 

with respect to the catalytic behaviour in DRM (section 5.2) that revealed catalyst 

properties and performance relationships. Finally, the long-term DRM tests were 

conducted in order to study the efficiency of the catalyst modification on the catalyst 

stability against different deactivation pathways which will be indicated and 

discussed.  

5.1 Catalyst characterization 

XRD patterns of Mg1.3AlOx and Mg1.3AlOx.800 were presented together with the Ni 

catalysts in Figure 5.1. Both Mg-Al mixed oxides expose complicated structures with 

solid solution and/or spinel which were previously discussed in section 4.1. 

However, after impregnation and calcination, the final supported Ni catalysts 

generally display XRD patterns similar to that of Mg1.3AlOx.800 rather than of 

Mg1.3AlOx, reflecting the structural change of Mg1.3AlOx during the catalyst 

calcination step. The missing reflections of Ni species may suppose finely dispersed 

Ni2+ species in the sample; however, it has to be considered that Ni content is near 

the detection limit. Additional information is provided by STEM (see below).  
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Figure 5.1. XRD patterns of Mg1.3AlOx, Mg1.3AlOx.800 and Mg1.3AlOx supported Ni catalysts. Phase 
symbols: periclase (MgO) (1), γ-Al2O3 (2), MgAl2O4 (3). 

 

The textural parameters of Mg-Al mixed oxides and Ni and/or La-containing 

samples are summarized in Table 5.1.  

Table 5.1. Textural properties of calcined catalysts and their supports. 

Catalyst SBET (m
2
/g) Total pore volume (cm

3
/g) Average Pore Diameter (Å) 

Mg1.3AlOx 180 0.24 45 

Mg1.3AlOx.800 153 0.25 46 

Ni/Mg1.3AlOx 174 0.40 74 

Ni(CA)/Mg1.3AlOx 156 0.27 53 

La.Ni/Mg1.3AlOx 118 0.26 66 

La.Ni(CA)/Mg1.3AlOx 144 0.23 53 

 

Both Ni catalysts without La show high specific BET surface corresponding to that 

of Mg1.3AlOx, which was the material used in impregnation. However, although 

these catalysts were calcined at 800 °C, their BET surface values are higher than 

that of Mg1.3AlOx.800, possibly reflecting the restructuring of the surface of such 

mixed oxides in the low pH impregnation solution (containing Ni2+ and/or citric acid) 

[159]. La-containing Ni catalysts show lower specific surface area and pore volume 
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values than corresponding Ni catalysts due to the surface coverage by La species. 

However, La.Ni(CA)/Mg1.3AlOx possesses higher BET surface area than the 

corresponding La.Ni/Mg1.3AlOx. The pore size values of these Mg1.3AlOx supported 

catalysts are comparable and bigger than the feed molecules. By that, the internal 

diffusion limitation of reactants is probably suppressed. 

The reducibility of Ni2+ species, which rules the formation of Ni0 as active sites for 

DRM, was measured through TPR. TPR profiles and H2 consumptions of Mg-Al 

support and Ni catalysts can be observed in Figure 5.2 and Table 5.2, respectively. 

The Ni elemental contents measured by ICP (Table 5.2) are shown in order to study 

the fraction of reducible Ni species in each sample. TPR profiles of bulk NiO and 

LaNiO3 serve as the references and were rescaled due to the differences in Ni2+ 

content compared to the Ni catalysts. While NiO possesses its main TPR peak at 

400 °C, representing bulk NiO reduction, there are several additional reduction 

steps of Ni3+ 
 Ni0 from 200 °C to 750 °C [128] observed in LaNiO3. Mg1.3AlOx.800 

also exposes a minor reduction peak with the maximum at 920 °C, probably 

stemming from impurities.  

 

Figure 5.2. TPR profiles of supported Ni catalysts and reference samples. The profiles of NiO and 
LaNiO3 are normalised to the relative Ni weight percentage in supported Ni catalysts (2.5 wt%). 
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Reducibility of the Ni catalysts can be discussed in terms of different parameters: 

the temperature where reduction peaks occur in TPR profile and the related H2 

uptake. Except for Ni/MgO, all supported Ni samples display main peaks of 

reduction at temperatures above 550 °C, exhibiting the formation of dispersed Ni2+ 

species interacting strongly with the support [157, 162]. Modifying the samples with 

La and/or CA remarkably affected their reducibility in different ways. Generally, the 

presence of La enhances the reducibility of samples. For instance, the addition of 

La to Ni/Mg1.3AlOx resulted in the shift of the Ni2+ main reduction peak from 850 °C 

to 825 °C and the increase of H2 consumption (from 494 µmol/g to 550 µmol/g). 

Similar results were also found in the literature where La was claimed to enhance 

Ni2+ reduction by weakening Ni-support interaction [43, 82-84]. In contrast, the 

presence of CA in the impregnation step of Ni(CA)/Mg1.3AlOx and 

La.Ni(CA)/Mg1.3AlOx leads to lower reducibility of these Ni species compared to 

Ni/Mg1.3AlOx and La.Ni/Mg1.3AlOx, respectively, most likely by increasing the 

interaction between Ni2+ and the support [95, 182]. 

Table 5.2. H2 consumption (TPR) and La, Ni contents (ICP) of Ni catalysts, Mg1.3AlOx.800 and the 
reference samples. 

Sample 
H2 consumption 

(µmol/g) 
Ni and La content (wt%) 

Catalysts and support  Ni content La content 

Ni/Mg1.3AlOx 494 2.41 - 

Ni(CA)/Mg1.3AlOx 450 2.47 - 

La.Ni/Mg1.3AlOx 550 2.36 4.38 

La.Ni(CA)/Mg1.3AlOx 521 2.49 4.54 

Mg1.3AlOx.800 64 - - 

Reference samples    

Ni/MgO 181 2.03 - 

La.Ni/MgO 339 2.35 not measured 

Theoretical H2 consumption for 

Ni
2+ 
 Ni

0
 for 2.5 wt% Ni  

428 - - 

 

Besides, the two La-containing samples possess additional low-temperature 

reduction peaks below 550 °C, appearing close to one of those in LaNiO3. It should 

be noted that the H2 consumptions of these La-containing Ni catalysts even exceed 

the sum of the theoretical value for complete Ni2+ reduction to metal (428 µmol/g) 

and Mg1.3AlOx.800 background value (64 µmol/g). Such high consumption suggests 

the presence of some Nim+ species (m > 2) in structures with La (e.g., perovskite) 

[183]. This behaviour was also reported elsewhere [128, 184] with confined LaNiO3 
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structures supported on solid material which was prepared via a similar 

impregnation route. However, dissimilar to these publications, the XRD patterns of 

LaNiO3 are not clearly observed in La containing samples prepared in this study, 

probably due to the low contents of both La and Ni. Moreover, mentioned low-

temperature peaks are spotted clearly in case of Ni/MgO and especially La.Ni/MgO, 

which also disclose higher reducibility observed in La-containing sample. It should 

be noted that such peaks are not seen in the case of Ni/Al2O3 and La.Ni/Al2O3 (not 

shown here). Therefore, it can be proposed that the presence of La in the MgO-

containing catalysts promotes the formation of Ni species with unusual oxidation 

states and/or structures that contribute to the better sample reducibility.  

The surface compositions of the two Ni catalysts without La were measured by XPS 

(Table 5.3). This method is not suitable for complete sample characterization due to 

the overlaps of La 3d3/2 and Ni 2p3/2 peaks, making the accurate determination of 

the Ni 2p BE difficult [185]. Both samples show high surface Ni content compared to 

the ICP bulk values (Table 5.3), indicating the preferred surface locating of Ni 

species when Mg1.3AlOx is used as the support. Introduction of CA during 

preparation further increases the fraction of surface Ni2+ species. However, the 

reducibility of Ni(CA)/Mg1.3AlOx as previously seen is not as high as that of 

Ni/Mg1.3AlOx (Figure 5.2 and Table 5.2). TPR profile of Ni(CA)/Mg1.3AlOx also shows 

a sharp and symmetric reduction peak with maximum temperature around 900 °C. 

These observations suggest that the lower reducibility of Ni(CA)/Mg1.3AlOx is 

essentially the result of higher dispersion of Ni species on the catalyst surface [87] 

having strong interactions with Mg-Al support. Similarly, La.Ni(CA)/Mg1.3AlOx can be 

suggested to have better Ni dispersion than La.Ni/Mg1.3AlOx. 

Table 5.3.  XPS (1) and ICP (2) results for the Ni catalysts without La. 

Catalyst Ni/(Mg+Al) 

 Surface molar ratio 
1
 Bulk molar ratio 

2
 

Ni/Mg1.3AlOx 0.063 0.019 

Ni(CA)/Mg1.3AlOx 0.071 0.019 

 

UV-Vis-DRS data of supported Ni catalysts and references are shown in Figure 5.3. 

In the UV region of 200-350 nm (Figure 5.3a), all samples disclose strong LMCT 

bands, which appear depending on the Ni2+ coordination and aggregation state or 

dispersion degree [186]. The samples prepared with CA show blue-shifts/lower 

intensity of the NiO LMCT bands compared to that in Ni/Mg1.3AlOx and 

La.Ni/Mg1.3AlOx, pointing out the higher dispersity of Ni species in former samples. 

This result confirms the effect of CA on Ni dispersity which was seen in XPS results 

of the two representative samples (Table 5.3). Additionally, these modified Ni 
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catalysts with CA-assisted preparation expose TPR data with main reduction steps 

at higher temperatures compared to that of CA-free analogues (Figure 5.2). These 

observations point out the formation of highly disperse Ni species that have higher 

MSI in cases of La.Ni(CA)/Mg1.3AlOx and Ni(CA)/Mg1.3AlOx. 

The coordination of Ni ions in the samples was examined by UV-Vis-DR spectra in 

the visible region (350-800 nm). All samples show bands at 400 nm and a wide 

band at 600-800 nm (Figure 5.3b), exposing the nature of Ni2+ (Oh) species mainly 

located in the solid solution with Mg1.3AlOx [158, 172, 173]. Indeed, the intense 

absorption bands or shoulders at 380, 420, 450 and 720 nm found in the reference 

UV-Vis spectrum of NiO are less pronounced in the spectra of Mg-Al supported Ni 

catalysts, especially in La.Ni(CA)/Mg1.3AlOx and Ni(CA)/Mg1.3AlOx. This behaviour 

indicates the lack of octahedrally coordinated Ni2+ in NiO lattices [158, 159, 174] in 

the catalysts which suggests the effect of CA in the impregnation step and the 

benefit of low Ni content that both eliminate the formation of accumulated NiO 

domains during calcination.  

Remarkably, the UV-Vis spectrum of La.Ni/Mg1.3AlOx exposes an additional 

shoulder at 450-600 nm, which is very similar to that of Ni/MgO and can be 

assigned to surface Ni2+ domains in trigonal bipyramidal or square pyramidal 

configuration (fivefold coordination). The band for such surface domains was 

previously reported in the literature [173, 187, 188] where MgO was doped with Ni2+ 

and local defect/distorted structures were formed because the ionic radius of Ni2+ 

(0.069 nm) is slightly smaller than that of Mg2+ (0.072 nm) [76]. Such defect 

structures (shoulders in Figure 5.3b) were seen in the outermost and subsurface 

layers of the MgO lattice [157] or at face edges (steps) and corners of MgO sites 

[189, 190]. Such locations were suggested to cause the unusual coordination and 

oxidation states of Ni species that could be reducible at low temperatures of 400-

500 °C or 400-700 °C [191, 192]. Therefore, it can be proposed that La causes the 

formation of such defective species in La.Ni/Mg1.3AlOx and more clearly in 

La.Ni/MgO, contributing to the higher reducibility of these samples compared to 

Ni/Mg1.3AlOx and Ni/MgO, respectively (Figure 5.2 and Table 5.2). However, the 

shoulder at 450-600 nm is not clearly observed in the UV-Vis spectrum of 

La.Ni(CA)/Mg1.3AlOx, probably relating to the effect of CA-based preparation that 

increases both La and Ni dispersion and in turn reduces the amount of defective 

species. This explains also the lower reducibility of this sample compared to 

La.Ni/Mg1.3AlOx (Figure 5.2 and Table 5.2).  
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Figure 5.3. UV-Vis-DR spectra in the region a) 200-350 nm and b) 350-800 nm of Mg1.3AlOx 
supported catalysts. Ni(Oh): Ni species in octahedral coordination; Ni(5): Ni species in surface 

fivefold coordination. 

 

The dispersion of Ni after catalyst calcination was visually disclosed by STEM high-

angle annular dark field (HAADF) images. Figure 5.4 shows representative images 

of the various Mg1.3AlOx supported Ni catalysts with no Ni particles observed. These 

STEM images may point out, in accordance with the XRD (Figure 5.1) and UV-Vis 

results (Figure 5.3b), that Ni species are finely dispersed on the surface and/or 

embedded in the solid structures of the support [193]. For La- containing samples 

(Figure 5.4c and d), the regions with brighter dot patterns represent La-enriched 

phases attached to the lattice of the support, which can be seen well due to the 

element’s high atom weight which can create high STEM-HAADF contrast. 
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Figure 5.4. STEM images of fresh calcined Ni catalysts: a) Ni/Mg1.3AlOx, b) Ni(CA)/Mg1.3AlOx, c) 
La.Ni/Mg1.3AlOx and d) La.Ni(CA)/Mg1.3AlOx. 

 

The elemental mapping of the spent Ni catalysts was also implemented in order to 

examine the dispersion of Ni species after DRM. Figure 5.5 shows EDX elemental 

maps overlaid on their corresponding HAADF images of the various spent Ni 

catalysts on Mg1.3AlOx after 8 hours on stream in DRM at 630 °C.  
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Figure 5.5.  EDX elemental maps overlaid on STEM-HAADF images of spent Ni catalysts supported 
on Mg1.3AlOx: a) Ni/Mg1.3AlOx, b) Ni(CA)/Mg1.3AlOx, c) La.Ni/Mg1.3AlOx, d) La.Ni(CA)/Mg1.3AlOx. DRM 

conditions: 630 °C, 1 bar, 8 h, CH4: CO2 = 1, GHSV = 170 L/(gcat×h). All the catalysts were in situ 
pre-reduced at 700 °C for 1.5 hours prior to the reaction. 

 

Compared to the fresh calcined Ni/Mg1.3AlOx, the spent sample still shows 

dispersed Ni particles but also big Ni particles up to 30 nm have been generated by 

agglomeration (Figure 5.5a). This is a result of the thermal migration of smaller 

clusters moving across the support surface, resulting in the growth of active phase 

crystallites as well as the metal particle size [194]. Such agglomeration then 

reduces surface active site quantity, causing catalyst deactivation and coking in 

high-temperature reactions (> 500 °C). However, the Ni catalysts modified with La 

and/or CA during synthesis reveal a remarkable restriction of such Ni migration, 

proving a stabilizing effect preserving the dispersion of Ni particles during the 
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reaction. This stabilization happens on Ni(CA)/Mg1.3AlOx and La.Ni(CA)/Mg1.3AlOx 

probably due to their high MSI (Figure 5.2) and better dispersion of Ni species in the 

fresh catalysts (Table 5.3 and Figure 5.3).  

In order to understand the deactivation of such catalysts in DRM, two examples of 

agglomerated Ni particles in spent Ni/Mg1.3AlOx (from the same test) were studied 

by STEM-EDX (Figure 5.6). Figure 5.6a shows the STEM annular bright field (ABF) 

image of a Ni particle of 20 nm size covered by a 10 nm thick graphitic carbon layer. 

This carbon accumulation was evidenced by EDX spectra at regions 025 and 022, 

showing different Ni/C ratios. The formation of carbon during DRM preferably on big 

metal particles was reported previously [3, 195]. Further carbon species then 

chemisorb or adsorb on the particle surfaces, grow and encapsulate the active 

sites, subsequently deactivating the catalyst [194]. 

In contrast, Figure 5.6b shows another Ni particle which is relatively smaller 

(approximately 5 nm) and covered by a thin and well-ordered layer. According to 

EDX spectra of region 001 and 002 in the same figure and also pointed out by 

lattice layer distance changes (from 0.20 nm in the core, indicating Ni (101), to 0.24 

nm in the shell which denotes NiO (222)), the layer contains mostly nickel oxide 

(denoted as NiO1-δ), reflecting the partial re-oxidation of the metal. Similar behaviour 

was seen in Ni catalysts in other studies [50, 196-199]. They suggested that the 

presence of basic oxides, such as MgO, promotes the dissociative adsorption of 

CO2 which benefits with the intent to oxidize the surface carbon formed from CH4 

decomposition (Eq. 7) and/or Boudouard reaction (Eq. 9). However, such basic 

components may also improve the oxygen affinity of Ni which then is more prone to 

be oxidized during the reaction [200]. It should be noted that CO2 is a weak oxidant 

compared to H2O or O2 (as found in steam reforming or partial oxidation reactions), 

respectively. However, CO2 could also partially oxidize Ni metal species into oxide 

containing mixtures (denoted as Ni/NiO1-δ) because such transformation is assisted 

by the subsequent favoured formation of certain stable structures of such Ni oxides 

and the support [201]. As a result, such transformation may cause gradual 

deactivation of Ni catalysts in DRM due to the lower activity of Ni/NiO1-δ [200]. 
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Figure 5.6. STEM-ABF images and their EDXS analyses of individual particles on spent Ni/Mg1.3AlOx 
mainly covered by a) carbon and b) NiO1-δ. 

 

Mentioned Ni/NiO1-δ clusters were commonly found in STEM-HAADF images of all 

spent samples (Figure 5.7) with the particle sizes typically below 10 nm. Besides, 

while the Ni particle covered with carbon, as found in spent Ni/Mg1.3AlOx, is larger 

and loosely attached to the rest of the sample (Figure 5.6a), the Ni/NiO1-δ clusters in 

all samples are merged partially to the bulk MgO-Al2O3. For fresh catalysts, UV-Vis 

measurement (Figure 5.3b) and STEM-EDX (Figure 5.4) confirmed that Ni species 

(in oxides) were confined by solution with the support via strong MSI. Ni particles 

agglomerated during DRM but partially re-oxidized at high partial pressure of 

oxidizing CO2 would be limited in size due to such MSI with the stable support. This 

behaviour was also reported for other Ni catalyst systems [200, 202] that contain 

MgO in the support. Therefore, in this study all CA- or La-treated Ni catalysts with 

an apparent strong promotion of dissociative CO2 adsorption [52, 56] might 
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contribute to the stable dispersion of Ni species (Figure 5.5) and lower carbon 

deposition during DRM compared to that of Ni/Mg1.3AlOx which will be illustrated 

below. 

 

Figure 5.7.  STEM-HAADF images of Ni particles covered by NiO in spent samples: a) Ni/Mg1.3AlOx, 
b) Ni(CA)/Mg1.3AlOx, c) La.Ni/Mg1.3AlOx, d) La.Ni(CA)/Mg1.3AlOx. 

 

Remarkably, the La-containing samples still show the dispersion of La on the 

support (Figure 5.7c-d). Nevertheless, in the sample prepared without CA (Figure 

5.7c), the heavier elements seem to locally migrate onto the surface of the Ni 

particles while the sample prepared with CA (Figure 5.7d) negligibly shows such 

behaviour. This is also in line with the elemental mapping of these two samples 

after catalyst calcination (Figure 5.8), wherein more homogeneous dispersion of 

both La and Ni atoms was obtained in La.Ni(CA)/Mg1.3AlOx. This difference again 
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confirms the effect of CA in dispersion and stabilization of both La and Ni species 

during the reactions.  

 

Figure 5.8.  EDX elemental map overlaid on STEM-HAADF images of a) La.Ni/Mg1.3AlOx, b) 
La.Ni(CA)/Mg1.3AlOx. Green dots: La, Red dots: Ni. 

 

An additional DRM test at 630 °C was conducted on La.Ni(CA)/Al2O3 (Figure 5.9) to 

study the stability of MgO-free catalyst prepared via this beneficial modification 

route as applied to Ni/Mg1.3AlOx. Similar to other Mg1.3AlOx supported samples, 

La.Ni(CA)/Al2O3 after catalyst calcination exposes high dispersion of La and Ni. 

However, the spent sample of this catalyst recovered after 8 hours on stream shows 

a severe agglomeration of Ni atoms, leading to the formation of big Ni particles with 

the size up to 20 nm. This behaviour is seen in contrast with the result obtained 

from the same test with La.Ni(CA)/Mg1.3AlOx, which preserved the Ni distribution 

during the reaction (Figure 5.5d). In chapter 4, a similar comparison was also 

implemented between Ni/Mg1.3AlOx and Ni/Al2O3, which pointed out the effect of 

MgO in catalyst stabilization. Therefore, it is suggested that the enhancement in 

catalyst stabilization by La and CA-based synthesis was not achievable with 

La.Ni(CA)/Al2O3. This observation may relate to the mentioned formation of solid 

solutions of re-oxidized Ni species with the supports in MgO-containing catalysts 

during the reaction. This formation was seen enhanced for the catalyst with both 

modifications during preparation, thus limiting the size of Ni particles in DRM (Figure 

5.7).  
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Figure 5.9.  a) STEM images of fresh and b) EDX elemental map overlaid on STEM-HAADF images 
of spent La.Ni(CA)/Al2O3. DRM conditions: 630 °C, 1 bar, 8 h, CH4: CO2 = 1, GHSV = 170 L/(gcat×h). 

Catalyst was in situ pre-reduced at 700 °C for 1.5 hours prior to the reaction. 

5.2 Performance of La and/or CA treated Ni catalysts in DRM at 630 °C  

The DRM tests were conducted at low temperature (630 °C) and high space 

velocity (170 L/(gcat×h)) on Ni catalysts in order to differentiate the catalyst activities 

and to observe the carbon formation from both side reactions, methane cracking 

(Eq. 7) and Boudouard reaction (Eq. 9) [50]. The CH4 and CO2 conversions are 

presented in Figure 5.10 and are all stable after a short equilibration stage during 8 

h on stream. Among the catalysts, Ni/Mg1.3AlOx exhibits the highest activity with the 

conversions of CH4 and CO2 reaching 50% and 60%, respectively, close to the 

thermodynamic limits at set reaction temperature [50]. The Ni catalysts with CA-

based synthesis show slightly lower conversions which are probably due to their 

higher MSI, as confirmed by TPR (Figure 5.2), lessening the Ni2+ reducibility in H2 

atmosphere. 
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Figure 5.10.  Conversions of a) CH4 and b) CO2 in DRM on Mg1.3AlOx supported Ni catalysts (630 
°C, 1 bar, CH4/CO2 = 1, GHSV = 170 L/(gcat×h)). All the catalysts were pre-reduced in situ at 700 °C 

for 1.5 hours prior to the reaction. 

 

The H2/CO ratios in DRM with all samples are lower than 1 (Figure 5.11a), revealing 

the strong influence of reverse water gas shift reaction (Eq. 5) at low reaction 

temperature, decreasing H2 selectivity and forming H2O as a side product. Besides, 

while all catalysts disclose comparable activity in DRM, the coking rates are 

significantly different. Indeed, CH elemental analyses of the spent samples of La 

and/or CA-assisted synthesis modified catalysts, collected after 8 hours on stream, 

demonstrate the remarkable suppression of carbon formation compared to that of 

Ni/Mg1.3AlOx (Figure 5.11b). The reactions with CH4/Ar (without CO2) and same 

GHSV on these Ni catalysts were also conducted to study the source of deposited 

carbon (Figure 5.11b). Therein, all catalysts expose low coking rate, reflecting the 

slow methane cracking reaction at the chosen temperature, probably due to the 

small size of Ni particles attributing to low Ni content (Figure 5.4) and/or 

thermodynamic limit. However, lower carbon deposition has been achieved on 

Ni(CA)/Mg1.3AlOx and La.Ni(CA)/Mg1.3AlOx, which also present better coking 

resistance in DRM (CH4/CO2 = 1). These excellent results confirm the positive 

influence of the stable dispersion of Ni atoms obtained in both Ni(CA)/Mg1.3AlOx and 

La.Ni(CA)/Mg1.3AlOx during DRM, as observed in EDX elemental maps of their 

corresponding spent catalysts (Figure 5.5). Therefore, it can be suggested that the 

CA-assisted preparation generated finely dispersed Ni species which strongly 

interact with the Mg-Al supports, as proven by TPR (Figure 5.2) and UV-Vis (Figure 

5.3), and are less prone to the agglomeration during the reaction. Interestingly, 

although La.Ni/Mg1.3AlOx shows less homogeneous Ni dispersion (Figure 5.8), 

weak MSI and does not enhance coking resistance in methane cracking reaction 

(Figure 5.11b), it still exhibits the lowest carbon deposition (Figure 5.11b) and 
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limited agglomeration (Figure 5.5) during DRM. That result points out the potential 

of CO2 in surface carbon removal and Ni/NiO1-δ formation that might limit both 

coking rate and the size of Ni particles.  

 

Figure 5.11. DRM performance of Mg1.3AlOx
 
supported Ni catalysts with a) H2/CO ratio and b) 

fraction of carbon deposits on spent catalysts after DRM (630 °C, 1 bar, CH4/CO2 or CH4/Ar = 1, 
GHSV = 170 L/(gcat×h), TOS = 8 hours). All the catalysts were pre-reduced in situ at 700 °C for 1.5 

hours prior to the reaction. 

5.3 Long-term stability testing and benchmarking 

Long-term stability tests were implemented at severe conditions, i.e., high 

temperature (750 °C) and high space velocity (170 L/(gcat×h)) in order to study the 

deactivation of the catalysts. Such reaction conditions were also chosen to target a 

higher specific production of syngas that could meet industry needs. Figure 5.12 

shows CH4 and CO2 conversions with all Ni catalysts in DRM over 160 hours on 

stream. Although carbon amount was negligible (< 1.5 wt%) in all spent samples, 

deactivation was observed for all samples with different degrees. Therefore, 

together with the Ni agglomeration most likely happening to Ni/Mg1.3AlOx, the partial 

re-oxidation of the active atoms during DRM can be suggested as another 

deactivation pathway. Indeed, at the chosen reaction temperature (750 °C), the 

gasification by dissociatively adsorbed CO2 (reverse Boudouard reaction) is 

thermodynamically favoured [2, 50]. This oxidation reaction not only affects the 

carbon species but also Ni metal sites, forming Ni/NiO1-δ, as observed in STEM 

characterization (Figure 5.6b and Figure 5.7). Among the catalysts, 

La.Ni(CA)/Mg1.3AlOx is likely least affected by such oxidation and excellently 

maintains high and stable reactivity during 160 h on stream. Although both 

La.Ni(CA)/Mg1.3AlOx and Ni(CA)/Mg1.3AlOx disclose stable dispersion of Ni during 
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DRM (Figure 5.5d and b), the former sample benefits from its good reducibility, 

evidenced by a low-temperature reduction peak (Figure 5.2) and remarkably higher 

H2 consumption in TPR (Table 5.2). That advantage might make the Ni species in 

La.Ni(CA)/Mg1.3AlOx more reactive with not only H2 in pre-reduction step but also 

CO/H2 during the reaction and thus more stable against re-oxidation. Additionally, 

compared to La.Ni(CA)/Mg1.3AlOx, La.Ni/Mg1.3AlOx shows a higher amount of 

defective species (Figure 5.3) containing oxygen vacancies, which affect the 

electron density and oxygen affinity of the Ni atoms [200, 203]. Therefore, Ni 

species in La.Ni/Mg1.3AlOx are more sensitive to oxidation by dissociative CO2 

adsorption, leading to faster catalyst deactivation. 

 

 

Figure 5.12. Conversions of a) CH4 and b) CO2 in long-term DRM on Mg1.3AlOx supported Ni 
catalysts (750 °C, 1 bar, CH4/CO2 = 1, GHSV = 170 L/(gcat×h)). All the catalysts were in situ pre-

reduced at 700 °C for 1 hour prior to the reaction. 

 

The performance of the best catalyst described in this chapter, La.Ni(CA)/Mg1.3AlOx, 

was outstanding compared to Ni-based catalysts from recent studies [66, 71]. 

According to the database, very few studies applied Ni contents below 5 wt%. 

Among those investigations with low Ni content, only a few employed comparable 

high space velocity [101, 113, 120, 204]. However, most of these studies show low 
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H2 productivities due to the low conversion of reactants or diluted CH4/CO2 in the 

feedstock. There is reported a catalyst system with high Ni content (15 wt%) [120] 

that demonstrated highest H2 productivity (178 L/(gcat×h)) at 800 °C, which is slightly 

higher than that in this study (118 L/(gcat×h)). However, considering the fraction of 

cost-driving Ni and reaction temperature, the catalyst productivity in the present 

study is superior. Other studies [112, 120, 205] also exposed remarkably stable 

DRM up to 200 hours on stream without significant catalyst deactivation. 

Outstandingly, Fan et al. [112] were successful with 1000 hours of DRM with only 

13% loss of activity compared to 3% after 160 hours in the present study. However, 

the higher Ni content (16.4 wt%) and lower GHSV (60 L/(gcat×h)) indicate that 

stability was preserved at the cost of productivity per Ni atom. 

5.4 Intermediate conclusion from chapter 5 

Applying La and/or CA-based modification during the preparation of Ni catalysts 

results in improved coking resistance while still maintaining the high activity 

comparable to Ni/Mg1.3AlOx. Such modifications lead to significantly lower coking 

rate in DRM, especially at low temperature due to enhanced MSI and/or CO2 

activation which help to stabilize the Ni species and remove surface carbon during 

the reactions. However, CO2 activation could show negative impact at high 

temperature by causing Ni re-oxidation resulting in gradual loss of conversion. Such 

behaviour causes catalyst deactivation, but in contrast, it may offer benefit in 

governing the Ni particles size by partially stabilizing the as-formed oxides on the 

support during the DRM with high CO2 partial pressure.  

La.Ni(CA)/Mg1.3AlOx exposes not only less coking at low reaction temperature (630 

°C) but also high and stable activity at high temperature (750 °C) and high space 

velocity (170 L/(gcat×h)). This best performance is the result of the balance between 

Ni dispersion and reducibility that brings strong MSI, preventing Ni agglomeration 

and carbon deposition but still making this catalyst less sensitive to oxidation by 

CO2. Remarkably, such low Ni content catalyst presents high and stable DRM 

activity at same condition over 160 h on stream. 

The effect of Ni re-oxidation and carbon gasification, both induced by CO2 activation 

during DRM, presumably depends on the partial pressure of CO2 in the reactant 

mixture. Therefore, DRM of the mixture of CH4 and CO2 with different ratios should 

be studied to indicate different coking resistance pathways. Besides, such 

investigation would be useful because there are particular CH4/CO2 ratios that 

imitate biogas and natural gas sources mentioned in section 1.1.  
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6 Performance of low Ni content catalysts in CH4-rich DRM  

As mentioned above in section 1.1, DRM can be considered to directly process CH4 

gas sources containing a significant but under-stoichiometric concentration of CO2. 

In this chapter, the feedstock with CH4:CO2 molar ratio of 2 (CH4-rich DRM) was 

used in order to imitate the natural gas and biogas sources that contain up to 30 

vol% of CO2. As a result, such CH4-rich DRM offers the opportunity to obtain a 

higher H2 selectivity but encounters high coking rate due to lack of CO2 which is the 

oxidant for the surface carbon removal via gasification during the reaction. 

In chapter 5, La.Ni(CA)/Mg1.3AlOx was described to be the most active and stable 

catalyst in stoichiometric DRM. Compared to other catalysts in the same chapter, 

this material was suggested to be less affected by Ni re-oxidation occurring at 

higher reaction temperature and partial pressure of CO2. In this chapter, the 

performance of these Ni catalysts in CH4-rich DRM will be evaluated in order to 

determine their potential in conversion of mentioned gases and verify the 

contribution of CO2 in metal re-oxidation during the reaction [181]. 

Also for the purpose of determining the stable Ni catalysts in CH4-rich DRM, further 

catalyst modifications and Mg1.3AlOx pre-treatments were applied.  

By applying various feed compositions and reaction temperatures, the coking 

mechanism was studied. As a result, different catalyst modification effects were 

indicated and evaluated with regard to coking resistance. 

6.1 Catalyst characterization 

Figure 6.1 represents the XRD patterns of Mg1.3AlOx.1000 and the corresponding 

catalysts. The magnification of XRD patterns in the 2θ range from 61° to 64° of 

these samples is also illustrated. The support Mg1.3AlOx.1000, prepared by 

thermally pre-treating Mg1.3AlOx at 1000 °C, shows the sharp and characteristic 

reflections of periclase MgO and MgAl2O4 crystalline phases. XRD results of 

Ni/Mg1.3AlOx.1000 and La.Ni(CA)/Mg1.3AlOx.1000 display patterns similar to the 

Mg1.3AlOx.1000 as their support material, suggesting the formation of finely 

dispersed La3+ and Ni2+ species heading to very small particles that were not 

noticed by the XRD measurements [160]. However, these Ni catalysts also expose 

a slight shift at 62.2° to higher 2θ values compared to that of their corresponding 

support, suggesting the NiO-MgO solid solution structure formation (Figure 6.1).  
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Figure 6.1. XRD patterns of references (MgAl2O4, MgO), Mg1.3AlOx.1000 and the corresponding 
supported Ni catalysts. Crystalline phases: periclase (MgO) (1), MgAl2O4 (2). 

 

The textural parameters of Mg1.3AlOx.1000 and the corresponding catalysts are 

summarized in Table 6.1. Compared to Mg1.3AlOx.1000, Ni/Mg1.3AlOx.1000 shows 

similar values whereas La.Ni(CA)/Mg1.3AlOx.1000 has lower BET surface area and 

pore volume due to the increased surface coverage by La species. Besides, it 

should be noted that these Mg1.3AlOx.1000 supported catalysts expose significantly 

lower values of the textural parameters compared to those of Mg1.3AlOx-derived 

materials. Compared to the molecule size of the reactants, the catalysts pore sizes 

are significantly larger, probably increasing internal diffusion during DRM. 

Table 6.1. Textural properties of Mg1.3AlOx.1000 and its catalysts  

Catalyst 
SBET         

(m
2
/g) 

Total pore volume 
(cm

3
/g) 

Average Pore Diameter 
(Å) 

Mg1.3AlOx.1000 85 0.37 118 

Ni/Mg1.3AlOx.1000 82 0.36 126 

La.Ni(CA)/Mg1.3AlOx.1000 80 0.25 97 

 

TPR measurements with Ni catalysts supported on different supports were 

conducted and data are shown in Figure 6.2 and Table 6.2. Ni/Mg1.3AlOx.1000 

discloses poorer reducibility compared to Ni/Mg1.3AlOx which was discussed before 

in chapter 4. Compared to the H2 consumption of La.Ni(CA)/Mg1.3AlOx (521 µmol/g), 
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La.Ni(CA)/Mg1.3AlOx.1000 exhibits lower value (493 µmol/g) but higher than that of 

Ni/Mg1.3AlOx.1000 (404 µmol/g) and also higher than the theoretical value for 

complete Ni2+ reduction to metal. TPR profile of La.Ni(CA)/Mg1.3AlOx.1000 reveals 

different reduction peak maxima at various temperatures. 

 
 

Figure 6.2. TPR profiles of Ni catalysts supported on Mg1.3AlOx.1000 and Mg1.3AlOx. 

 

Similar to La.Ni(CA)/Mg1.3AlOx, La.Ni(CA)/Mg1.3AlOx.1000 exposes a low-

temperature reduction peak below 550 °C but with higher intensity. On the other 

side, La.Ni(CA)/Mg1.3AlOx.1000 shows a splitted main reduction peak with a first 

maximum at 885 °C which is seen at a somewhat lower temperature than the 

maxima of La.Ni(CA)/Mg1.3AlOx (930 °C) and Ni/Mg1.3AlOx.1000 (900 °C). These 

features of La.Ni(CA)/Mg1.3AlOx.1000 again confirm the benefit of La incorporation 

on Ni catalysts’ reducibility. The second reduction peak at 980 °C found in 

La.Ni(CA)/Mg1.3AlOx.1000 probably can be assigned to highly dispersed Ni species 

that have a stronger MSI.  
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Table 6.2. H2 consumption (TPR) and La, Ni contents (ICP) of Ni catalysts and their support. 

Sample H2 consumption 
(µmol/g) 

Ni content 
(wt%) 

La content 
(wt%) 

Catalysts and support    

Ni/Mg1.3AlOx.1000 404 2.40 - 

La.Ni(CA)/Mg1.3AlOx.1000 493 2.13 4.10 

Mg1.3AlOx.1000 32 - - 

Theoretical H2 uptake for Ni
2+ 
 Ni

0
 

of 2.5 wt% Ni sample 
428 - - 

 

The UV-Vis DR spectra in the region of 200-350 nm for these catalysts (Figure 

6.3a) give some hints on the Ni dispersity via the appearance of their Ni2+ LMCT 

bands. La.Ni(CA)/Mg1.3AlOx.1000 displays the LMCT band with weaker intensity 

and/or blue shift compared to that of Ni/Mg1.3AlOx.1000, indicating a higher degree 

of Ni dispersion which is most likely due to the CA-based synthesis. This behaviour 

confirms the formation of poorly reducible species in La.Ni(CA)/Mg1.3AlOx.1000 

(Figure 6.2). However, this catalyst still has benefits in reducibility, especially in 

terms of higher H2 consumption than that of Ni/Mg1.3AlOx.1000 (Table 6.2). This 

relation might depict the existence of certain unusual oxidation states and structures 

of Nim+ (m > 2) which can be confirmed by studying the UV-Vis spectrum of the 

sample in the visible region. 

The UV-Vis spectrum of La.Ni(CA)/Mg1.3AlOx.1000 in the region 350-800 nm is 

compared with that of Ni/Mg1.3AlOx.1000 and the corresponding Mg1.3AlOx 

supported Ni catalysts (Figure 6.3b). No Ni2+ (Th) species mainly in NiAl2O4 spinel 

were found in all four samples. The absence of such Ni2+ (Th) species in 

Mg1.3AlOx.1000 supported samples reflects the lack of Al3+ ions which were already 

in the stable MgAl2O4 structure with surplus Mg2+ [166], confirmed by XRD (Figure 

6.1), leaving Ni2+ in the octahedral coordination in the solid solution with MgO.  

In the UV-Vis spectrum of Ni/Mg1.3AlOx there are two absorption bands at 400 nm 

and 660 nm (Figure 6.3b) which were also found for La.Ni(CA)/Mg1.3AlOx with a 

similar appearance. Ni/Mg1.3AlOx.1000 also reveals the bands at these two regions. 

However, La.Ni(CA)/Mg1.3AlOx.1000 shows only a strong band at 400 nm with a 

broad absorption range ending at 600 nm, which is quite similar to that of 

La.Ni(CA)/MgO. Additionally, XRD patterns of La.Ni(CA)/Mg1.3AlOx.1000 reveals the 

crystalline structure of periclase (MgO) (Figure 6.1). Therefore, similar to 

La.Ni(CA)/MgO, La.Ni(CA)/Mg1.3AlOx.1000 can be suggested to be influenced by 

unusual structures of MgO in periclase support doped with Ni2+ which are 

responsible for the benefits in the reducibility of the sample compared to that of 
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Ni/Mg1.3AlOx.1000 (Figure 6.2 and Table 6.2). However, the shoulder at 450-600 

nm, as seen in Ni/MgO, correlated with Ni2+ species in the local defect/distorted 

structures (chapter 5), was less intensive/blue shifted in the UV-Vis plot of 

La.Ni(CA)/Mg1.3AlOx.1000.  

 
 

 
Figure 6.3. UV-Vis-DR spectra in the region a) 200-350 nm and b) 350-800 nm of Mg1.3AlOx.1000 
supported Ni catalysts and Ni/Mg1.3AlOx and La.Ni(CA)/Mg1.3AlOx. Ni(Oh): Ni species in octahedral 

coordination; Ni(5): Ni species in surface fivefold coordination. 

6.2 Carbon formation pathways in DRM  

The coking mechanism was studied by determining the amount of carbon deposits 

on Ni/Mg1.3AlOx after 8 hours on stream in DRM at different reaction temperatures 

(500-750 °C) at same GHSV of 170L/(gcat×h) using feeds composed of CH4/Ar = 1 

or 2 (both without CO2) as well as CH4/CO2 = 1 or 2 (Figure 6.4). Generally, carbon 

formation in DRM is the result of two reactions: methane decomposition (Eq. 7) 

above 550 °C and Boudouard reaction (Eq. 9) below 700 °C [50]. 

At 500 °C, the carbon contents on all the spent catalysts are negligible. The higher 

reaction temperature and concentration of CH4 cause higher carbon deposition in all 

tests with CH4/Ar, reflecting the impact of MD reaction and/or intensive metal 

agglomeration which are both enhanced at high temperature [60, 194]. At both 

reaction temperatures of 630 °C and 750 °C, the carbon deposition negligibly 

changed when CH4/Ar ratio was varied. However, when CO2 was converted in DRM 

at 630 °C with CH4 at any portion, such deposition was significantly higher, 

reflecting the main contribution of BD via CO formed during reaction outnumbering 
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that of MD. However, at 750 °C, the contribution of BD is decreased. Indeed, when 

Ar is replaced with CO2, the carbon amount insignificantly changes in case of 

CH4/CO2 = 2 and dramatically decreases in case of CH4/CO2 = 1, adapting to the 

fact that the BD is thermodynamically unfavorable at high temperature [60]. In these 

two cases with different CH4/CO2 ratios, carbon deposition in DRM with 

stoichiometric CH4/CO2 ratio is low, reflecting the carbon gasification by CO2 

(reversed reaction of BD) which is favorable at higher temperature (750 °C) and 

concentration of CO2 (50 vol%). This behavior probably is attributed to the presence 

of MgO as basic element in the catalyst that promotes the gasification of carbon 

species originating from MD reaction [60].  

 

Figure 6.4. Carbon deposition on spent Ni/Mg1.3AlOx after reactions with CH4/CO2 or CH4/Ar with 
molar ratio of 1 or 2 (fixed GHSV = 170 L/(gcat·h)) at different reaction temperatures. The catalysts 

were pre-reduced in situ at 700 °C for 1.5 hours prior to the reaction. 

 

The predominant contribution of BD reaction in coke formation in DRM at 630 °C on 

Ni/Mg1.3AlOx was further clarified with additional runs at other CH4/CO2 ratios 

(Figure 6.5). It can be seen that the carbon formation proportionally varied to the 

amount of CO formation during the reactions. These observations indicate that the 

carbon deposition on Ni/Mg1.3AlOx in DRM at 630 °C is mainly initiated from BD 

reaction, in which CO is transformed into C. Indeed, regarding the thermodynamics 

of these two reactions [60], the Boudouard reaction is favorable at the chosen 

temperature (630 °C) over the CH4 decomposition. In contrast, when DRM with 

CH4/CO2 = 0.5 was carried out (Figure 6.5), the carbon content had significantly 
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lowered, reflecting the contribution of the gasification in response to the high partial 

pressure of CO2. 

 

Figure 6.5. Performance of Ni/Mg1.3AlOx with different feed compositions (fixed T = 630 °C). The 
catalysts were pre-reduced in situ at 700 °C for 1.5 hours prior to the reaction. 

6.3 Mg1.3AlOx supported catalysts in CH4-rich DRM  

Figure 6.6 and Figure 6.7 present the performances of Mg1.3AlOx supported Ni 

catalysts in DRM with CH4/CO2 = 2 at different temperatures (630 °C and 750 °C) 

and high space velocity (170 L/(gcat×h)). Such CH4-rich DRM is favourable to avoid 

H2O formation from RWGS reaction but faces the obstacle of low CO2 content that 

leads to rapid carbon deposition on unmodified catalyst Ni/Mg1.3AlOx [2]. In other 

words, the gasification of carbon stemming from MD and BD reactions is limited, 

which was indicated by higher carbon amount analysed after DRM at 750 °C with 

CH4/CO2 = 2 compared to that with CH4/CO2 = 1 (Figure 6.4). Therefore, by 

applying CH4-rich DRM, the benefits of the catalyst modifications for successful 

carbon suppression at such severe conditions were clarified. 

In Figure 6.6, the conversions of CH4 and CO2 increase with temperature because 

of the endothermic nature of the reaction. The CO2 conversion was remarkably 

higher than that of CH4 because the latter was present in surplus. Among the 

Mg1.3AlOx supported catalysts, Ni/Mg1.3AlOx exposes lowest conversions and 

fastest deactivation at both temperatures while the three other catalysts have similar 

conversions and maintain their activity for at least 8 hours on stream. This 
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observation can be suggested as another proof for the Ni re-oxidation by CO2 

proposed in the previous chapter. Indeed, in DRM with CH4/CO2 ratio = 1, partial Ni 

re-oxidation by CO2 could occur with all La and/or CA modified catalysts, 

subsequently decreasing conversions below those with Ni/Mg1.3AlOx (Figure 5.10). 

Such undesired Ni transformation in DRM is expected to be reduced by the lower 

concentration of CO2 (CH4/CO2 = 2), taking advantage of the higher activities of 

modified catalysts. Compared to Ni/Mg1.3AlOx, CA-modified catalysts, 

La.Ni(CA)/Mg1.3AlOx and Ni(CA)/Mg1.3AlOx reveal more stable activity which can be 

assigned to their stronger MSI (Figure 5.2 and Figure 5.3a), probably leading to 

preserved dispersion of Ni atoms during CH4-rich DRM, similar to the results in last 

chapter with CH4/CO2 = 1 (Figure 5.5b and d).  

 

Figure 6.6. a) CH4 conversions and b) CO2 conversions of Mg1.3AlOx supported Ni catalysts in CH4-
rich DRM at different temperatures (Triangles = 630 °C; squares = 750 °C, 1 bar, CH4/CO2 = 2, 

GHSV = 170 L/(gcat×h),). All the catalysts were in situ pre-reduced at 700 °C for 1.5 hours prior to the 
reaction.  

 

Almost unity H2/CO ratio is attained with the modified catalysts at 750 °C (Figure 

6.7a), reflecting the high H2 selectivity and limited contribution of reverse water-gas 

shift reaction (Eq. 5). The coking behaviour in CH4-rich DRM was characterized by 

the amount of carbon deposits analysed on spent catalysts after 8 hours on stream 

(Figure 6.7b). In contrast to the results in chapter 5 (Figure 5.11b), the enhanced 

coking resistance of La.Ni/Mg1.3AlOx is not observed in CH4-rich DRM compared to 

that of Ni/Mg1.3AlOx, probably because the carbon gasification effect by CO2 

becomes less advantageous in DRM with lower CO2 partial pressure. It can be 

suggested that La.Ni/Mg1.3AlOx promotes carbon removal mainly by gasification 

with CO2 rather than by stabilizing a strong MSI as observed in the cases of 

La.Ni(CA)/Mg1.3AlOx and Ni(CA)/Mg1.3AlOx. However, La.Ni/Mg1.3AlOx leads to more 



Performance of low Ni content catalysts in CH4-rich DRM 
 

72 
 

stable conversions of CH4 and CO2 than Ni/Mg1.3AlOx in DRM of CH4-rich feed. This 

result is possibly due to the presence of La3+, similarly to a study in which a Ni 

catalyst promoted with Na+, another basic element, displayed stable activity even 

though serious coking was observed [206]. It should be noted that La.Ni/Mg1.3AlOx 

displays higher carbon deposition at lower temperature (630 °C), indicating the 

significant contribution of BD similar to Ni/Mg1.3AlOx (Figure 6.5). This issue is 

probably due to local defects or less dispersed Ni atoms in these two materials 

(Figure 5.3, Figure 5.8, Table 5.3), similar to what was proposed elsewhere [207, 

208]. In contrast, when La.Ni(CA)/Mg1.3AlOx or Ni(CA)/Mg1.3AlOx with more finely 

dispersed Ni species were applied, better coking resistance was achieved in DRM 

with CH4/CO2 ratio = 2, especially at 630 °C (Figure 6.7b).  

 

Figure 6.7. DRM performance of Mg1.3AlOx supported Ni catalysts with CH4-rich feed with a) H2/CO 
ratio (triangles = 630 °C, squares = 750 °C) and b) fraction of carbon deposits after 8 hours on 

stream (1 bar, CH4/CO2 = 2, GHSV = 170 L/(gcat×h)). All the catalysts were in situ pre-reduced at 700 
°C for 1.5 hours prior to the reaction.  

6.4 Mg1.3AlOx.1000 supported catalysts in CH4-rich DRM 

The modification of Mg1.3AlOx supported Ni catalysts obviously offers benefits for 

CH4-rich DRM at 630 °C (Figure 6.6 and Figure 6.7). However, there is a limitation 

to reduce the carbon formation at 750 °C which preferably runs via MD reaction. 

That challenge requires further enhancement of the catalyst properties. According 

to chapter 4, applying the thermal pre-treatment at 1000 °C to Mg1.3AlOx before 

impregnation remarkably improved the interaction of Ni2+ species with the support 

(Mg1.3AlOx.1000) in the final catalyst. Therefore, Ni/Mg1.3AlOx.1000 and 

La.Ni(CA)/Mg1.3AlOx.1000 were evaluated in the same CH4-rich DRM experiments 

in order to be compared with their corresponding Mg1.3AlOx supported Ni catalysts. 
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Similar to Ni/Mg1.3AlOx, Ni/Mg1.3AlOx.1000 deactivates within 8 hours on stream at 

both reaction temperatures but with the lower rate (Figure 6.8). This difference 

depicts the expected higher MSI occurring in Ni/Mg1.3AlOx.1000 (Figure 4.5 and 

Figure 4.8a) that stabilizes the dispersion of Ni species during the reaction. Further 

modifying Ni/Mg1.3AlOx.1000 by La incorporation and CA-assisted synthesis led to 

better performance and stabilization improvement in CH4-rich DRM. The 

conversions are even comparable with La.Ni(CA)/Mg1.3AlOx, the best performing 

catalyst in CH4-rich DRM (previous section), especially at 750 °C. Compared to 

Ni/Mg1.3AlOx.1000, this better performance of La.Ni(CA)/Mg1.3AlOx.1000 can be 

assigned to the enhanced reducibility of Ni species in the presence of La (Figure 

6.2, Table 6.2). 

 

Figure 6.8. a) CH4 conversions and b) CO2 conversions of Ni catalysts supported on Mg1.3AlOx or 
Mg1.3AlOx.1000 in CH4-rich DRM at different temperatures (triangles = 630 °C or squares = 750 °C, 1 
bar, CH4/CO2 = 2, GHSV = 170 L/(gcat×h)). All the catalysts were in situ pre-reduced at 700 °C for 1.5 

hours prior to the reaction. 

 

La.Ni(CA)/Mg1.3AlOx.1000 also attains a stable H2/CO ratio near unity at 750 °C 

(Figure 6.9a), exposing the high H2 selectivity. The amounts of carbon deposits on 

spent catalysts after 8 hours on stream were also measured (Figure 6.9b). Among 

the presented samples, catalysts with Mg1.3AlOx.1000 support expose lower coking 

rate at both reaction temperatures. The carbon deposition in CH4-rich DRM at high 

temperature (750 °C) is mainly formed by MD reaction and it was a problem with all 

studied Mg1.3AlOx supported Ni catalysts (Figure 6.7b), but can be remarkably 

suppressed on La.Ni(CA)/Mg1.3AlOx.1000.  
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Figure 6.9. DRM performance of Ni catalysts on different supports with CH4-rich feed with a) H2/CO 
ratio (triangles = 630 °C, squares = 750 °C) and b) fraction of carbon deposits after 8 hours on 

stream (1 bar, CH4/CO2 = 2, GHSV = 170 L/(gcat×h)). All the catalysts were in situ pre-reduced at 700 
°C for 1.5 hours prior to the reaction.  

 

In order to clarify this exceptional result, additional stoichiometric DRM experiments 

(Figure 6.10) and coking tests (Figure 6.11) were carried out. The significant low 

CH4 and CO2 conversions on both Mg1.3AlOx.1000 supported catalysts and also a 

gradual decline on La.Ni(CA)/Mg1.3AlOx.1000 are observed in stoichiometric DRM at 

630 °C (Figure 6.10), probably reflecting the high contribution of Ni re-oxidation by 

CO2. This effect may cause both low initial catalytic activity and gradual deactivation 

as seen in section 5.2 and 5.3. Compared to other Mg1.3AlOx supported Ni catalysts 

and even Ni/Mg1.3AlOx.1000, this deactivation on La.Ni(CA)/Mg1.3AlOx.1000 

happened even at low reaction temperature, reflecting the high impact of CO2 

oxidation potential toward this sample. However, this high CO2 activation offered the 

advantage in CH4-rich DRM.   

On the other side, Mg1.3AlOx supported Ni catalysts show almost similar or higher 

carbon contents in CH4-rich DRM (CH4/CO2 = 2) compared to runs with CH4/Ar = 2 

(Figure 6.11). Therefore, as the coking tests with CH4/Ar = 2 (no CO2) elucidated 

the specific influence of MD on carbon deposition, these catalysts disclose low 

potential of CO2 activation for carbon removal via gasification in CH4-rich DRM. In 

contrast, Ni/Mg1.3AlOx.1000 and especially La.Ni(CA)/Mg1.3AlOx.1000 form lower 

amounts of carbon in CH4-rich DRM compared to reaction with CH4/Ar = 2. This 

difference reflects the high potential of these catalysts in CO2 activation, even at low 

partial pressure, which cannot be seen with other Ni catalysts supported on 
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Mg1.3AlOx. The CO2 activation, in this case, reduces the coking rate in CH4-rich 

DRM due to MD reaction via the gasification reaction.  

 

Figure 6.10. Conversions of a) CH4 and b) CO2 in DRM on La.Ni(CA)/Mg1.3AlOx.1000 in comparison 
with Mg1.3AlOx supported catalysts  (630 °C, 1 bar, CH4/CO2 = 1, GHSV = 170 L/(gcat×h)). All the 

catalysts were pre-reduced in situ at 700 °C for 1.5 hours prior to the reaction. 

 

This enhanced CO2 activation is attributed to preferred NiO-MgO interaction in 

Mg1.3AlOx.1000 supported Ni catalysts. Indeed, this interaction in a catalyst with 

NiO-MgO solid solution structure was also previously claimed to be responsible for 

the improvement of CO2 dissociation at the metal–support interface [77]. By that, 

the surface oxygen species would be effectively provided to react with intermediate 

CHx intermediates adsorbed on Ni, surface Ni carbide, and bulk Ni carbide, thereby 

strengthening the resistance to carbon formation. In this study, the preferred NiO-

MgO interaction in both Ni catalysts supported on Mg1.3AlOx.1000 can also be 

observed via their structures. The bare support Mg1.3AlOx.1000 exposes sharp and 

characteristic peaks assigned to periclase MgO which were not observed in any 

Mg1.3AlOx supported Ni catalyst (Figure 6.1 and Figure 5.1). Compared to 

Mg1.3AlOx.1000, the two corresponding catalysts disclose XRD diffraction shifts 

assigned to the NiO-MgO solid solution formation (Figure 6.1). Besides, the UV-Vis 

spectra in the visible range of these two Mg1.3AlOx.1000 supported samples also 

show a stronger influence of MgO on doped Ni2+ than Ni/Mg1.3AlOx or 

La.Ni(CA)/Mg1.3AlOx (Figure 6.3b). 
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Figure 6.11. Carbon deposition on spent La.Ni(CA)/Mg1.3AlOx.1000 and Ni/Mg1.3AlOx.1000 after 
reaction with CH4/CO2 = 2 or CH4/Ar = 2, in comparison with corresponding Mg1.3AlOx supported Ni 
catalysts (750 °C, 1 bar, GHSV = 170 L/(gcat×h)). The catalysts were pre-reduced in situ at 700 °C 

for 1.5 hours prior to the reaction. 

 

Regarding the surface composition, the Ni 3p3/2 binding energy (Table 4.3) from 

XPS measurement of Ni/Mg1.3AlOx (856.9 eV) shows the contribution of Ni2+
 ions 

located in the surface NiAl2O4 spinel species (856.8 eV) [158]. The respective BE 

value of Ni/Mg1.3AlOx.1000 (856.1 eV) is close to that of Ni-containing surface 

species within NiO-MgO solutions (855.7 eV) [169, 170] (Figure 6.12). Thus, it can 

be indirectly inferred by this result that La.Ni(CA)/Mg1.3AlOx.1000 reveals a similar 

Ni surface behaviour. Among both Ni catalysts supported on Mg1.3AlOx.1000, 

La.Ni(CA)/Mg1.3AlOx.1000 has better coking resistance and more stable activity in 

CH4-rich DRM due to the higher dispersity of Ni (Figure 6.2 and Figure 6.3a) and/or 

the presence of La3+.  
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Figure 6.12.  Ni 2p XPS plots of Ni/Mg1.3AlOx and Ni/Mg1.3AlOx.1000 (colored lines: deconvoluted 
signals; blue = Ni 2p3/2 and Ni 2p1/2, magenta = corresponding satellite signals, green = averaged 

raw data). 

6.5 Intermediate conclusion from chapter 6 

No rapid carbon formation was observed during DRM with high content of CH4 for 

all catalysts. La.Ni(CA)/Mg1.3AlOx
 and Ni(CA)/Mg1.3AlOx are able to maintain their 

activity over 8 hours in DRM at a high space velocity of CH4-rich feedstock but they 

still suffer from carbon deposition at high temperature mainly due to the contribution 

of MD reaction.  

Alternatively, the catalysts supported on Mg1.3AlOx.1000 show significantly 

improved coking resistance. La.Ni(CA)/Mg1.3AlOx.1000 appeares to be the best 

catalyst at high feed rate (170 L/(gcat×h)) in CH4-rich DRM as it presents high and 

stable activity over at least 8 hours on stream and coking rate is lowest at both 

temperatures (630 °C and 750 °C). Such best performance occurs most likely 

based on fine dispersion of Ni species, presence of La3+ and the preferable NiO-

MgO interaction which excellently enhance CO2 activation, thereby reducing the 

coking rate in CH4-rich DRM. 

However, this catalyst La.Ni(CA)/Mg1.3AlOx.1000, in turn, shows fast deactivation in 

stoichiometric DRM even at low reaction temperature due to high sensitivity to Ni re-

oxidation at high partial pressure of CO2. That drawback will limit the application of 

such catalyst in regular DRM. Therefore, the alternative ways to modify Ni catalysts 

offering better balanced performance between stoichiometric and CH4-rich DRM 

should be investigated.  
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7 Modification of Ni catalysts with other rare earth elements 

As illustrated in Figure 6.10, La.Ni(CA)/Mg1.3AlOx.1000 disclosed less stable 

conversions of CH4 and CO2 compared to other Mg1.3AlOx supported Ni catalysts in 

stoichiometric DRM. In order to obtain a catalyst that is relatively stable at different 

DRM conditions (CH4/CO2 ratio), the modification of Mg1.3AlOx supported Ni 

catalysts was considered.  

La.Ni/Mg1.3AlOx revealed a poor Ni dispersity and MSI leading to limited applicability 

in CH4-rich DRM (section 6.3). The replacement of La3+ by Sc3+ and Gd3+ was 

implemented in development of catalysts for such severe DRM conditions. In the 

past, these rare earth elements (RE) were merely applied to DRM, especially for 

CH4-rich DRM. According to our recent study [209], Ni catalyst with Sc3+ modified 

SiO2 support provided better performance due to higher MSI. Addition of Gd3+ was 

also conducted to prevent the agglomeration of the Ni nanoparticles when 

embedding them into stable structures [210, 211]. 

In this chapter, the Ni/Mg1.3AlOx was modified with Gd3+ and Sc3+ with molar ratio of 

RE:Ni = 0.8. On the best RE-doped Ni catalyst, a long-term stability test in CH4-rich 

DRM was carried out in comparison with that on La.Ni(CA)/Mg1.3AlOx.1000. This is 

the first time that long-term CH4-rich DRM experiments were studied, showing the 

potential for direct processing of CH4-based gases with approximately 30% CO2 into 

more valuable intermediate mixtures or products in industrial scale. 

7.1 Catalyst characterization 

The crystalline structures of Ni/Mg1.3AlOx and samples thereof modified with 

different rare earth metal oxides (La3+, Sc3+ and Gd3+) are revealed by XRD 

measurements (Figure 7.1). They all show similar patterns comprising main 

diffractions assigned to several  solid solution and/or spinel structures of the Mg-Al 

mixed oxides, similar to those Ni catalysts discussed in chapter 4 and 5. Rather 

than that, almost no clear pattern is observed for the impregnated compounds, 

probably due to the high dispersion.  
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Figure 7.1. XRD patterns of Mg1.3AlOx supported Ni catalysts modified with different rare earth metal 
oxides. Crystalline phases: periclase (MgO) (1), γ-Al2O3 (2), MgAl2O4 (3). 

 

The textural parameter values of Mg1.3AlOx supported catalysts are listed in Table 

7.1. Compared to Ni/Mg1.3AlOx, the modified samples show lower BET surface area 

and pore volume values due to the increased surface coverage by RE3+ species. 

Besides, these values of modified samples are also varied, reflecting the impact of 

such parameters on the rare earth ion sizes. However, all catalysts show larger 

pore diameter compared to the sizes of the reactant molecules, indicating the less 

likely limitation of internal diffusion during the reaction.  

Table 7.1. Textural properties of different Mg1.3AlOx supported catalysts  

Catalyst SBET (m
2
/g) Total pore volume (cm

3
/g) Average Pore Diameter (Å) 

Ni/Mg1.3AlOx 174 0.40 74 

La.Ni/Mg1.3AlOx 118 0.26 66 

Sc.Ni/Mg1.3AlOx 150 0.33 64 

Gd.Ni/Mg1.3AlOx 160 0.27 50 

 

UV-Vis-DR plots in the region of 200-350 nm of Ni/Mg1.3AlOx and RE modified 

samples are exposed in Figure 7.2, indicating the differences in aggregation state of 

the Ni species due to the corresponding LMCT bands. According to the literature 

[144, 211-214], the addition of oxides of La, Gd and Sc as lanthanide or rare earth 
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modifiers to Ni catalysts was reported to influence the dispersion of active metal and 

to tune the MSI depending on nature of support and loading of these modifiers. In 

this study, the bands in UV region are weaker/blue shifted in case of 

Sc.Ni/Mg1.3AlOx and Gd.Ni/Mg1.3AlOx compared to those of Ni/Mg1.3AlOx and 

La.Ni/Mg1.3AlOx, suggesting that better Ni dispersion is achieved in the two former 

samples. These Ni catalysts modified with Gd and Sc oxides with more finely 

dispersed Ni were expected to have stronger MSI with the applied Mg1.3AlOx. 

 

Figure 7.2. UV-Vis-DR spectra in the region 200-350 nm of Mg1.3AlOx supported Ni catalysts 
modified with different rare earth metal oxides. 

 

Reducibility of the catalysts was studied in order to determine their ability to form Ni 

in reductive atmospheres used before and during DRM. TPR profiles, consumed H2 

amounts and the molar ratio of RE/Ni of Mg1.3AlOx supported Ni catalysts are 

presented in Figure 7.3 and Table 7.2. 

Table 7.2. The H2 consumption in TPR measurement and ICP results of the Mg1.3AlOx supported Ni 
catalysts 

Catalyst H2 consumption (µmol/g) 
1
 Bulk molar ratio of RE/Ni 

2
 

Ni/Mg1.3AlOx 494 0 

La.Ni/Mg1.3AlOx
 

550  0.78 

Sc.Ni/Mg1.3AlOx 480 0.68 

Gd.Ni/Mg1.3AlOx 482 0.80 

(1)
 TPR results; 

(2)
 ICP results 
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Among these modified samples with quite comparable RE/Ni ratios, La.Ni/Mg1.3AlOx 

is exceptional with an additional low-temperature peak and remarkably higher H2 

consumption (550 µmol/g) assigned to the above discussed distorted structures 

respective unusual oxidation states of Ni species (Ni3+). Other samples show mainly 

reduction above 550 °C and comparable H2 consumption of 480-494 µmol/g. 

However, shifts of main peak maxima to higher temperatures were observed in Gd 

(870 °C) and Sc (900 °C) modified catalyst samples compared to that of 

Ni/Mg1.3AlOx (850 °C). Besides, these peaks in the first two samples are narrower 

and more symmetric, especially in the case of Ga.Ni/Mg1.3AlOx, probably pointing to 

better dispersed Ni species. These properties confirm the stronger interaction of Ni 

species and support when promoted with Sc and Gd oxides [214]. This interaction 

would be beneficial because it can prevent the mobility of the Ni particles on the 

support surface at high temperatures, possibly maintaining the catalyst performance 

and resisting the carbon accumulation. 

 

Figure 7.3. TPR profiles of supported Ni catalysts with different RE modifiers. 

 

7.2 Performance of RE modified catalysts with CH4/CO2 = 1  

7.2.1 Low temperature DRM 

The DRM tests on Mg1.3AlOx supported Ni catalysts were firstly carried out at 630 

°C and GHSV = 170 L/(gcat×h)) to distinguish the catalyst activities and the carbon 

accumulation stemming mainly from Boudouard reaction (as suggested in chapter 5 

and 6).  
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Figure 7.4. Conversions of a) CH4 and b) CO2 in DRM on RE-modified Ni catalysts (630 °C, 1 bar, 
CH4/CO2 = 1, GHSV = 170 L/(gcat×h)). All the catalysts were pre-reduced in situ at 700 °C for 1.5 

hours prior to the reaction. 

 

All catalysts generally expose stable conversions of both CH4 and CO2 (Figure 7.4). 

Compared to Ni/Mg1.3AlOx, it should be noted that both Sc.Ni/Mg1.3AlOx and 

Gd.Ni/Mg1.3AlOx disclose stronger MSI and poorer reducibility (Figure 7.2, Figure 

7.3). The Sc-containing catalyst has activity comparable with that of Ni/Mg1.3AlOx, 

whereas the Gd-modified sample shows a relative decline. However, compared to 

the performance of La.Ni/Mg1.3AlOx.1000 at the same DRM conditions (Figure 

6.10), this Gd-modified sample still has higher and more stable activity. 

The H2/CO ratios in DRM obtained with all samples are clearly lower than unity 

(Figure 7.5a), revealing the low H2 selectivity due to the H2O formation via RWGS 

(Eq. 5). However, compared to Ni/Mg1.3AlOx, the coking rate is significantly reduced 

but diverged when different RE modifiers were applied (Figure 7.5b). While 

Sc.Ni/Mg1.3AlOx only presents a moderate carbon formation (2.6 wt% after 8 hours 

of DRM), much less carbon is found on spent Gd.Ni/Mg1.3AlOx and La.Ni/Mg1.3AlOx. 

According to the results in chapter 6, BD reaction plays an important role in carbon 

deposition at 630 °C. Therefore, similar to La.Ni/Mg1.3AlOx, it could be suggested 

that Gd.Ni/Mg1.3AlOx more effectively promotes the surface carbon gasification via 

dissociative CO2 adsorption. Consequently, although both Sc.Ni/Mg1.3AlOx and 

Gd.Ni/Mg1.3AlOx show stable activity and strong MSI being good for coking 

resistance (chapter 5), the latter may reveal higher carbon oxidation potential that 

can effectively remove carbon.  
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Figure 7.5. DRM performance of modified Ni catalysts with a) H2/CO ratio and b) fraction of carbon 
deposits on spent catalysts after DRM (630 °C, 1 bar, CH4/CO2 = 1, GHSV = 170 L/(gcat×h), TOS = 8 

hours). All the catalysts were pre-reduced in situ at 700 °C for 1.5 hours prior to the reaction. 

7.2.2 High temperature DRM 

All the RE-modified catalysts were applied to DRM at more severe conditions, first 

by increasing temperature (T = 750 °C, GHSV = 170 L/(gcat×h). According to the 

results in chapter 5, the Ni catalysts are less prone to high coking rate because the 

BD is not favoured at this temperature [50]. However, the catalysts are then 

deactivated by partial Ni re-oxidation by CO2 that can oxidize both C and Ni. The 

carbon amounts deposited on all spent samples were negligible (< 1 wt%, not 

shown here) after 20 hours on stream. All catalysts expose stable activity over 

complete time on stream except Gd.Ni/Mg1.3AlOx, which is gradually deactivated by 

approximately 10% within 10 hours on stream (Figure 7.6). It should be noted that 

this deactivation occurred although the catalyst exposed strong MSI and low coking 

rate, probably reflecting the contribution of proposed Ni oxidation by CO2.  
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Figure 7.6. Conversions of a) CH4 and b) CO2 in DRM on modified Ni catalysts (750 °C, 1 bar, 
CH4/CO2 = 1, GHSV = 170 L/(gcat×h)). All the catalysts were pre-reduced in situ at 700 °C for 1 hour 

prior to the reaction. 

7.3 Performance of RE-modified catalysts in CH4-rich DRM  

Opposing to reaction with CH4/CO2 = 1, the DRM activity tests with CH4/CO2 = 2 

were presumed to suppress the partial Ni re-oxidation by setting lower CO2 partial 

pressure. All modified catalysts present stable conversions of CH4 and CO2 during 8 

hours on stream while Ni/Mg1.3AlOx is gradually deactivated. Among these samples, 

Gd.Ni/Mg1.3AlOx and Sc.Ni/Mg1.3AlOx maintain initial activity (Figure 7.7a) due to 

their high Ni dispersion and strong MSI, but the Gd-based sample reveals even 

higher stability which can be attributed to its better reducibility (Figure 7.3).  

 

Figure 7.7. CH4-rich DRM performance of RE-modified Ni catalysts with a) CH4 conversions and b) 
CO2 conversions (750 °C, 1 bar, CH4/CO2 = 2, GHSV = 170 L/(gcat×h)). All the catalysts were in situ 

pre-reduced at 700 °C for 1.5 hours prior to the reaction. 
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Both samples also give high and stable H2 selectivity with H2/CO values near unity 

(Figure 7.8a). The coking rate on Ni catalysts was evaluated via analysis of the 

carbon deposition on spent catalysts after 8 hours on stream (Figure 7.8b). As 

suggested in chapter 6, DRM of CH4-rich feed encounters serious issues with fast 

coking due to the shortage of CO2 that causes insufficient carbon gasification. 

Among the catalysts, Gd and Sc modified samples show enhanced coking 

resistance, probably due to their strong MSI. However, the suppression of carbon 

deposition on these catalysts is even better than that of Ni catalysts prepared with 

CA at the same CH4-rich DRM conditions (Figure 6.7b), probably due to other side 

effects rather than strong MSI. Among these two RE modified catalysts, the carbon 

elimination is more effective in case of Gd.Ni/Mg1.3AlOx probably because of the 

higher impact of CO2. 

 

 

Figure 7.8. CH4-rich DRM performance of RE modified Ni catalysts with a) H2/CO ratio and b) 
fraction of carbon deposits after 8 hours on stream (750 °C, 1 bar, CH4/CO2 = 2, GHSV = 170 

L/(gcat×h)). All the catalysts were in situ pre-reduced at 700 °C for 1.5 hours prior to the reaction. 

 

In order to indicate the main factors influencing the carbon deposition in CH4-rich 

DRM of Gd.Ni/Mg1.3AlOx, the coking test (MD) with the feed of CH4/Ar = 2 was 

additionally conducted (Figure 7.9). This test points out that, Gd.Ni/Mg1.3AlOx 

disclosed the higher carbon deposition in CH4-rich DRM compared to that of 

reaction with CH4/Ar = 2. This behaviour of Gd.Ni/Mg1.3AlOx is similar to other 

Mg1.3AlOx supported Ni catalysts (Figure 6.11 and Figure 7.9), elucidating also the 

limitation of CO2 activation for carbon removal via gasification in CH4-rich DRM. As 

a result, the Mg1.3AlOx supported Ni catalysts may achieve highest potential of CO2 
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activation in stoichiometric DRM on Gd.Ni/Mg1.3AlOx that is beneficial for carbon 

removal (Figure 5.11b and Figure 7.5b). However, this activation on 

Gd.Ni/Mg1.3AlOx was insufficient to suppress the carbon formation when the CO2 

partial pressure was reduced.  

Nevertheless, it should be noted that the low carbon deposition on spent 

Gd.Ni/Mg1.3AlOx after the reaction with CH4/Ar = 2 is exceptional among the Ni 

catalysts (Figure 6.11 and Figure 7.9) which can be assigned to the ability of such 

catalyst to prevent MD cracking. 

It was previously observed that the rate of CH4 activation step (Eq. 12) is slowed 

down compared to that of CO2 dissociation in the presence of RE3+ elements [38]. 

Besides, the interaction of Ni species and the supports affects the activation of the 

C–H bond governing the extent of methane cracking [51]. In other words, as CH4 

forms a variety of CHx species (x: number of H atom in CH4 molecule, x = 0 - 4) 

through dissociative adsorption [38], higher MSI in Ni catalysts obviously leads to a 

higher value of x and consequently reduces the formation of C atoms as coke 

precursors. Therefore, these properties of Gd.Ni/Mg1.3AlOx can be suggested to 

decrease the rate of CH4 decomposition which is the main carbon source in both 

CH4/Ar reaction and CH4-rich DRM. Therefore, as CH4 dissociation rate may be 

lower compared to that of CO2, the high impact of CO2 on Gd.Ni/Mg1.3AlOx can be 

explained that rules the high coking resistance in both CH4-rich and stoichiometric 

DRM.  

 

Figure 7.9. Carbon deposition on spent Gd.Ni/Mg1.3AlOx after reaction with CH4/CO2 = 2 or CH4/Ar = 
2, in comparison with other Mg1.3AlOx supported Ni catalysts (750 °C, 1 bar, GHSV = 170 L/(gcat×h)). 

The catalysts were pre-reduced in situ at 700 °C for 1.5 hours prior to the reaction. 
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7.4 Long-term stability in DRM with CH4/CO2 = 2 and benchmark comparison 

The two best catalysts in DRM of CH4-rich feedstock from chapter 6 and 7 were 

employed in long-term tests over 100 hours at the same temperature of 750 °C and 

GHSV of 170 L/(gcat×h) (Figure 7.10). Over 100 hours on stream of CH4-DRM, both 

Gd.Ni/Mg1.3AlOx and La.Ni(CA)/Mg1.3AlOx.1000 presented quite similar CH4 and 

CO2 conversions with a slightly decreasing trend which can mostly be assigned to 

the unavoidable Ni agglomeration. The spent catalysts were characterized and 

limited carbon amounts (~ 6 wt%) were determined on both samples (Figure 7.11). 

Such carbon deposition contents were predictably higher but did not significantly 

exceed the values in 8 hour DRM tests, pointing out the stable performance 

achieved with these two catalysts.  

 

Figure 7.10. CH4 and CO2 conversions in long-term CH4-rich DRM of Gd.Ni/Mg1.3AlOx and 
La.Ni(CA)/Mg1.3AlOx.1000 (750 °C, 1 bar, CH4/CO2 = 2, GHSV = 170 L/(gcat×h)). All the catalysts 

were pre-reduced in situ at 700 °C for 1.5 hours prior to the reaction. 

 

It should be noted that, compared to La.Ni(CA)/Mg1.3AlOx.1000, Gd.Ni/Mg1.3AlOx 

exposed lower carbon resistance potential in CH4-rich DRM during 8 hours on 

stream. As a result, it can be suggested that these two catalysts disclosed dissimilar 

carbon suppression mechanisms with different efficiency within 8 hours on stream. 

However, after the long-term stability both catalysts reveal comparable carbon 

amounts (Figure 7.11). By that, the less stability of the main coking resistance 

pathway of La.Ni(CA)/Mg1.3AlOx.1000, CO2 activation potential, can be suggested. 

This instability is probably related to the unavoidable agglomeration of Ni atoms 

during the reaction, leading to the loss of Ni surfaces and metal-support interfaces 

which are the preferable sites for dissociative CO2 adsorption [51] (Figure 2.1). 

Therefore, Gd.Ni/Mg1.3AlOx can be also considered as promising candidate for CH4-
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rich DRM that gives exceptional performance and stability comparable to that of 

La.Ni(CA)/Mg1.3AlOx.1000. 

 

Figure 7.11. Carbon deposition on spent Gd.Ni/Mg1.3AlOx and La.Ni(CA)/Mg1.3AlOx.1000 at different 
DRM conditions and time scales (750 °C, 1 bar, GHSV = 170 L/(gcat×h)). The catalysts were pre-

reduced in situ at 700 °C for 1.5 hours prior to the reaction 

 

It was previously claimed that it should be almost impossible to fully avoid carbon 

accumulation at high CH4/CO2 ratio with Ni catalysts [215], and thus the quantity of 

studies focusing on DRM of CH4-rich mixture is insignificant due to the commonly 

expected severe coking rate [66]. Such fast carbon deposition apparently makes 

transition metal catalysts impractical for maintaining stable performance [3]. 

However, in the present study, the applied catalyst modifications (use of RE and/or 

CA during preparation and proper support thermal pre-treatment) clearly better 

suppress carbon formation and stabilize the conversions of both reactants as 

compared to Ni/Mg1.3AlOx. Both Gd.Ni/Mg1.3AlOx and La.Ni(CA)/Mg1.3AlOx.1000 

show a remarkably low amount of carbon deposits after 8 hours on stream in CH4-

rich DRM and maintain this excellent stability over 100 hours. Actually, several 

studies were focusing on Ni-based catalysts for such harsh conditions [66]. Likely, 

they faced the obstacle with higher rate of coking than that observed in this study, 

causing fast deactivation or even reactor blockage [216, 217]. Only few 

investigations [124, 218, 219] presented results from DRM of CH4-rich feed with low 

coking rates. However, in these investigations, the lower space velocities, 

application of noble promoters, and most important shorter time on stream, were 

selected that limit the meaningful comparison to the results achieved in this study. 
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7.5 Intermediate conclusion from chapter 7 

Modification of Ni catalysts with Sc3+ and Gd3+ enhances performance and coke 

resistance in DRM of both stoichiometric and CH4-rich mixtures. Among Mg1.3AlOx 

supported catalysts, Gd3+ containing sample discloses lowest carbon deposition in 

both stoichiometric and CH4-rich DRM, probably relating to its CH4 cracking rate 

limitation. 

Gd.Ni/Mg1.3AlOx also showed the CO2 activation but with lower potential compared 

to that of La.Ni(CA)/Mg1.3AlOx.1000 which discloses more limited application in 

stoichiometric DRM due to its higher Ni re-oxidation possibility by CO2. However, as 

Gd.Ni/Mg1.3AlOx obviously limits the rate of CH4 cracking, it exposes relatively 

stable activity over 100 hours on stream with limited carbon amounts, making it 

comparable with La.Ni(CA)/Mg1.3AlOx.1000. These results are exceptional regarding 

the implementation of CH4-rich DRM that provides opportunities for further 

synthesis gas production from biogas or CO2-rich natural gas direct conversion. 
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8 Thesis conclusions 

In this PhD research, various low Ni content catalyst formulations were elaborated 

that have an exceptionally high and stable performance at different DRM conditions. 

These formulations are based on Mg-Al mixed oxides offering the ability to adjust 

catalyst structure, metal coordination, reducibility and MSI via several pre-treatment 

and modification processes. It was found that La.Ni(CA)/Mg1.3AlOx is the most 

promising catalyst for stoichiometric DRM because it maintained the high activity 

and H2 productivity over 160 hours. On the other side, it is inefficient for the CH4-

rich reaction in terms of strictly required coking resistance. In contrast, 

La.Ni(CA)/Mg1.3AlOx.1000 and Gd.Ni/Mg1.3AlOx showed promising application 

potential for operation at such severe DRM conditions over 100 hours on stream 

with exceptionally low carbon deposition but may be unsuitable for DRM with an 

equimolar mixture of CH4 and CO2 at chosen GHSV. Therefore, depending on the 

properties of the Ni catalysts, there are corresponding preferred applications in 

DRM at different conditions.  

The Mg-Al supports play a key role in DRM performance of Ni catalysts. Each 

component, either MgO or Al2O3 in the support, has its specific tendency to form a 

stable structure with Ni2+. By selecting suitable parameters, the precursor 

hydrotalcite is converted into the material Mg1.3AlOx and to prepare a low Ni content 

catalyst that has high activity in stoichiometric DRM. The crystalline structure of 

resulting catalyst Ni/Mg1.3AlOx is quite complicated, mainly comprising the mixed 

phases of solid solution and spinel structure formed by both oxides MgO and Al2O3. 

However, thanks to UV-Vis spectroscopy in the visible range, XPS and TPR, the 

coordination, location and metal-support interaction (MSI) of Ni species were 

revealed. These species were found octahedrally coordinated in solid solution of Ni-

Mg-Al mixed oxides,  preferably located on the support surface and obtained low 

MSI. These properties are responsible for its high activity observed via high CH4 

and CO2 conversions even at low reaction temperature and high space velocity. Ni 

catalysts with other support composition and pre-treatment temperatures may 

preferably form Ni2+ in NiAl2O4 or NiO-MgO structures which are less reducible 

and/or available at the surface, thus lowering catalyst activity in DRM.  

However, as predicted, the high availability of surface metal species with low MSI 

may lead to poor metal dispersion that negatively affects the catalyst stability and 

coking resistance in DRM. Therefore, different modification routes for Ni/Mg1.3AlOx 

were implemented in terms of improving the dissociative adsorption of CO2 and/or 

enhancement of Ni dispersion and MSI. The modified catalysts show different 

coking resistance mechanisms depending on their properties and the reaction 

conditions. It was figured out that, the Gd-, Sc- or CA-modified Ni catalysts with 
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improved Ni dispersity and MSI were stabilized against rapid coke formation and 

metal agglomeration. Especially, Gd-modified sample exposes the additional effect 

of CH4 cracking rate limitation. In contrast, the sample modified with rare earth 

metal oxide (La3+) having only the CO2 activation effect without the mentioned 

strong MSI may be insufficiently effective in reaction with the lower partial pressure 

of CO2 (in CH4-rich DRM) which is the vital oxidative species for removal of carbon 

atoms stemming from CH4 cracking. The catalysts with support Mg1.3AlOx pre-

treated at 1000 °C disclosed preferable NiO-MgO interaction that enhances the 

catalyst stability and carbon suppression even in CH4-rich DRM. Among all studied 

catalysts, La.Ni(CA)/Mg1.3AlOx.1000 and Gd.Ni/Mg1.3AlOx offered the combinations 

of different improvement attributes leading to their most excellent performance with 

regard to coking resistance and activity stabilization in the severe reaction 

conditions of CH4-rich DRM and high temperature. This is the DRM condition in 

which most Ni catalysts were seriously affected by rapid coking and/or metal 

agglomeration.  

This study also revealed a less discussed deactivation pathway, namely Ni re-

oxidation. This Ni transformation may only be observed in stoichiometric DRM on 

low Ni content catalysts that are modified to obtain high CO2 activation potential.  

On these catalysts, both carbon and Ni react as the reducing agents that are 

oxidized at a high CO2 partial pressure, leading to negligible coking but also the 

formation of Ni/NiO1-δ clusters over the spent catalysts. The formation of these 

Ni/NiO1-δ species results in the gradual decreasing of the activity of the catalysts in 

DRM. This deactivation pathway limits the application of particular modified Ni 

catalysts in stoichiometric DRM which is seen most critical in case of 

La.Ni(CA)/Mg1.3AlOx.1000. La.Ni(CA)/Mg1.3AlOx appears to be the most promising 

candidate for stoichiometric DRM, not only showing coking resistance but also 

achieving exceptional high and stable DRM performance against mentioned Ni re-

oxidation. 

Although much progress has been made on those Ni catalysts in this thesis, the 

H2/CO ratio as a measure for selectivity is always below 1, limiting the application of 

the DRM products. Therefore, further studies should be made on Ni-based catalyst 

from this work, combining DRM with partial oxidation of methane and/or steam 

reforming via autothermal reforming (ARM) or tri-reforming (TRM). These 

combinations can help to minimize the carbon deposition problem and to reduce 

amounts of heat required for operation as well as to control H2/CO ratio. 

This work focused less on the impact of catalyst preparation method on the DRM 

performance. According to the literature, Ni can also be substituted into the parent 

structure of Mg-Al mixed oxide by one-step sol-gel, co-precipitation or via 

hydrolysis/condensation methods. These are preferred to obtain defined powder 
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particle size and uniform pores compared to impregnation. Furthermore, with a 

suitable preparation technology, the final powdered Ni catalyst can be anchored on 

a cordierite-based monolith as a carrier. The monolith catalyst applied for DRM will 

be a step closer to the industrial scale, where the catalyst has to be shaped before 

any utilization. 
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Appendix 

Layer distance change in section 5.1 

Such change is illustrated in STEM-ABF image of a Ni/NiO1-δ particle from 

Ni/Mg1.3AlOx spent catalyst. The lattice distance change from 0.20 nm to 0.24 nm 

indicates the existence of both Ni (101) and NiO (222) in a particle. 

 

Figure S. 1. STEM-ABF image with lattice distance values of an individual particle on spent 
Ni/Mg1.3AlOx mainly covered by NiO1-δ. 

 

XRD patterns of the references NiO and LaNiO3 used in chapter 4 and 5 

 

Figure S. 2. XRD patterns of the references NiO and LaNiO3. Phase symbols and ICDD file Number: 
NiO (01-078-0643) (1), LaNiO3 (00-033-0711) (2), La2NiO4 (00-034-0984) (3), NiO (01-075-0197) (4) 
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STEM characterization of Ni/Mg1.3AlOx after reduction at 700 °C for 1.5 hours 

STEM images of reduced Ni/Mg1.3AlOx are shown exemplarily below. This reduced 

sample Ni/Mg1.3AlOx has an inhomogeneous Ni distribution which may be due to 

NiO domains already observed in UV-Vis spectra of the precursory calcined sample 

(Figure 5.3b). Such NiO domains may result in larger Ni particles (5 nm) after 1.5 

hour reduction at 700 °C and might be the origin of the serious agglomeration after 

additional 8 hours in DRM. Unlikely, the CA- and La-modified samples show less 

NiO lattices after calcination, which might explain the even distribution of Ni species 

at stable dispersion after both reduction and reaction (Figure 5.5).  

 
 

Figure S. 3. a) EDX elemental maps overlaid on STEM-HAADF image of reduced Ni/ Mg1.3AlOx and 
b) its STEM-HAADF image focusing on Ni particles. Reduction conditions: 700 °C, 1.5 h 

 

Representative Gas Chromatogram 

The gas compositions before and after every reaction were analysed by an on-line 

gas chromatography (Agilent 6890) equipped with flame ionization detector (FID) 

and thermal conductivity detector (TCD) for analysis of hydrocarbons and 

permanent gases, respectively. Figure S. 4 illustrates two chromatogram examples 

from one representative DRM run. Before the reaction, there are CH4 recorded by 

both TCD and FID, He and CO2 in TCD. After feeding these compounds into the 

reactor, H2 and CO were additionally recorded in TCD. 
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a) 

 

b) 

Figure S. 4. Representative chromatograms of the gas mixture a) before and b) after reaction 

 

Representative DRM setup pictures 

 

Figure S. 5. The oven with fixed bed reactor for DRM 
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