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Abstract 

Carbon dioxide emission mitigation arises as one of the critical challenges for sustainable 

development and to minimize the negative effects of climate change. Besides transitioning to 

renewable carbon free energy sources, several technologies will play an important role in 

achieving a more sustainable power supply and industry. Dual-phase (DP) membranes for 

high-temperature separation of carbon dioxide have been suggested as potential post-

combustion capture technology in fossil fuel power plants. Once separated, carbon dioxide 

can be converted to valuable chemicals by means of, amongst others, heterogeneous 

catalysis. Still, fundamental knowledge and performance optimization in both the separation 

and activation processes needs to be developed in order for these technologies to be 

industrially applied. 

 Within the framework of this thesis, and with the goal to expand the knowledge on 

these processes, DP membranes have been prepared using two different materials as ceramic 

skeletons: samarium doped ceria (SDC) and iron and samarium co-doped ceria (FSDC). 

Magnesium oxide (MgO) has been applied as pore generator/sacrificial template to control 

the membrane’s porosity, required for a rational comparison of the performance of the 

membrane materials which display different sintering behavior as demonstrated by hot stage 

microscopy (HSM). The structure of the fluorite-type SDC upon both iron doping and ex-

solution of iron has been studied by powder XRD and Rietveld refinement of the XRD data, 

and the influence of the sintering temperature on the crystallite size of the SDC materials has 

been evaluated. SEM/EDX characterization along the membrane fabrication steps confirms 

the controllable membrane porosity and microstructure which underlines a success of the 

hard template approach with MgO. After impregnation with an eutectic mixture of molten 

carbonates (Li, Na, K), the performance of the resulting dual-phase membranes has been 

evaluated in a high-temperature membrane permeation setup, which was designed, 

constructed and operated in the course of the this thesis. An improved carbon dioxide 

permeability of the FSDC-based DP membranes - when compared to the SDC-based DP 

membranes – is due to the previously reported iron scavenging effect on the siliceous 

impurities of the ceramic skeleton, which results in an increase of the oxygen ion 

conductivity and subsequently in an improvement of the carbon dioxide flux density. 

 Regarding carbon dioxide activation, a 5% Ni/MnO catalyst was synthesized and 

tested in a fixed-bed plug-flow reactor for the dry reforming of methane (DRM) process. 

Changing of the reactant ratio during catalysis results in a decrease of the deactivation rate of 
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the catalyst. Application of an in situ high-temperature XRD under controlled gas 

atmospheres technique using synchrotron radiation showed the in situ formation of graphitic 

carbon with time on stream. By proper selection of the reaction conditions, namely reactant 

ratio and reaction temperature, the formation of surface carbon could be stopped and even 

reverted. Carbon dioxide is able to oxidize the surface carbon originated from methane 

decomposition and also carbon monoxide disproportionation, the latter being generally 

regarded to result in a deactivating type of surface carbon. Ex situ TEM demonstrated that 

graphitic surface carbon is, in both cases, in the form of multiwalled carbon nanotubes with 

a partly herringbone structure. A comparison of the catalytic tests, in situ XRD and ex situ 

TEM highlights that surface carbon originated during DRM over this catalyst does not lead 

to catalyst deactivation but can act as reaction intermediate towards the formation of carbon 

monoxide. Observation of metal particle sintering lead to the conclusion that rational catalyst 

design must aim to prevent particle agglomeration and subsequently the loss of activity, 

besides increasing the rate of surface carbon oxidation by carbon dioxide. 

 Precise observation of nickel lattice expansion and subsequent contraction during 

CNTs growth from methane at different temperatures yielded crucial information of the 

mechanism in which these graphitic structures are generated. Methane decomposes on the 

nickel surface, yielding two hydrogen molecules and one surface carbon, which dissolves 

inside the octahedral interstices of the cubic nickel and expands its lattice. Once the limit of 

solubility is achieved, carbon precipitates in the form of graphitic nanotubes, as proved by in 

situ XRD and ex situ TEM. The mechanisms of carbon transport from the decomposition 

sites to the precipitation sites occur mainly via surface diffusion, although some amount of 

carbon still remains dissolved inside the nickel particle. By combination of the experimental 

results and DFT/molecular dynamics, an estimation of the amount of carbon within the 

nickel particles has been done, yielding NiC0.046, NiC0.204 and NiC0.309 nickel carbides 

composition. Moreover, calculation of the diffusion energies of several diffusing carbon 

pathways by nudged-elastic band calculations matches the experimental observations and 

supports the conclusion that carbon diffusion occurs mainly via surface diffusion once 

graphite precipitation has started, although subsurface carbon diffusion occurs to some 

extent. These observations, combined with the in situ studies of the DRM, support the 

reported reaction mechanism and suggest that carbon dioxide is able to intercept the 

diffusing carbon to yield carbon monoxide. 
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Kurzfassung 

Die Reduzierung des Kohlenstoffdioxid (CO2)-Ausstoßes stellt eine der zentralen 

Herausforderungen für eine nachhaltige Entwicklung und Energieproduktion im 

Zusammenhang mit dem Klimawandel dar. Neben dem Übergang zu erneuerbaren, 

kohlenstofffreien Energiequellen werden neuartige Technologien eine wichtige Rolle zur 

Etablierung einer nachhaltigen Energieversorgung und -industrie spielen. Die Verwendung 

von dual-phase (DP) Membranen für die Hochtemperaturseparierung von 

Kohlenstoffdioxid hat ein großes Potential im Bereich der Abgasnachbehandlung (post 

combustion capture technology) in fossilen Brennstoffkraftwerken dar. Einmal separiert, 

kann Kohlenstoffdioxid beispielweise mittels heterogener Katalyse zu höherwertigen 

Chemikalien/Rohstoffen weiterverarbeitet werden. Die Implementierung dieser 

Technologien in der Industrie erfordert sowohl für die Separierungs- als auch für die 

Aktivierungsprozesse jedoch noch Optimierungsbedarf. 

 Um das Wissen über die genannten Prozesse zu erweitern, wurden in der 

vorliegenden Arbeit DP Membranen mit keramischen Trägern aus zwei unterschiedlichen 

Materialien hergestellt: ein Samarium-dotiertes Ceroxid (SDC) und ein mit Eisen- und 

Samarium-kodotiertes Ceroxid (FSDC). Eine definierte Porosität der Membran wurde durch 

die Zugabe von Magnesiumoxid (MgO) eingestellt. Daher kann die Funktion und Wirkung 

der verschiedenen Membranmaterialien verglichen werden. Das unterschiedliche 

Sinterverhalten der Materialien wurde mittels Erhitzungsmikroskopie (HSM) untersucht. Der 

Einfluss der Eisendotierung auf die Phasentrennung des SDCs, welches eine Fluorit-Struktur 

aufweist, und die Änderung der Kristallitgröße durch das Sintern wurden mittels XRD mit 

Rietveldverfeinerung ermittelt. Die Porosität und Mikrostruktur der Membranen wurden 

während der Herstellungsschritte mit REM/EDX untersucht.  Damit konnte die 

Anwendbarkeit des Templatverfahrens (mit MgO) zur Herstellung definierter Porosität 

bestätigt werden. Nach dem Impregnieren mit einer eutektischen Mischung geschmolzener 

Karbonate (Li, Na, K) wurde die Performance der DP Membranen in einem Messaufbau zur 

Bestimmung der Permeabilität bei hohen Temperaturen evaluiert. Dieser Messaufbau wurde 

im Rahmen dieser Arbeit konstruiert und entwickelt. Im Vergleich zu SDC basierten 

Membranen wurde eine erhöhte Kohlenstoffdioxid Permeabilität für die FSDC-basierten 

Membranen festgestellt. Grund dafür ist der bereits bekannte Eisen-Scavenging-Effekt auf 

die silikatischen Verunreinigungen des keramischen Skeletts, der zu einer erhöhten 
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Sauerstoffionenleitfähigkeit und dadurch zu einer verbesserten Kohlenstoffdioxidflussdichte 

führt. 

 Für die Kohlenstoffdioxidaktivierung wurde ein Katalysator (5 at% Ni/MnO) 

synthetisiert und in einem Festbettreaktor (fixed-bed reactor) für das Dry-Reforming von 

Methan (DRM) getestet. Veränderungen im Verhältnis der Reaktanten führen zu einer 

Abnahme der Deaktivierungsrate des Katalysators. Mithilfe einer in-situ Hochtemperatur-

XRD Technik und Synchrotronstrahlung konnte die Bildung graphitischen Kohlenstoffs mit 

zunehmender Katalysatorlaufzeit nachgewiesen werden. Durch geeignete Auswahl der 

Reaktionsbedingungen, dem Verhältnis der Reaktanten und der Reaktionstemperatur konnte 

die Bildung von Oberflächenkohlenstoff gestoppt und sogar reversiert werden. 

Kohlenstoffdioxid kann den Oberflächenkohlenstoff, der durch Methanzersetzung und 

Disproportionierung von Kohlenstoffmonoxid entstand, oxidieren. In beiden Fällen konnte 

mittels TEM gezeigt werden, dass graphitischer Oberflächenkohlenstoff in Form von 

mehrwandigen Kohlenstoffnanoröhrchen, teils mit Fischgrätenstruktur, vorliegt. Die 

Kombination von Katalysetests, in-situ XRD und TEM zeigte, dass der 

Oberflächenkohlenstoff aus der Trockenreformierung von Methan nicht zur Deaktivierung 

des Katalysators führt und ein Reaktionszwischenprodukt hin zur Bildung von 

Kohlenstoffmonoxid ist. Die Untersuchung des Phänomens der Sinterung von 

Metallpartikeln weist darauf hin, dass das Katalysatordesign auf zwei Dinge abzielen sollte. 

Zum einen die Partikelagglomeration zu verhindern, die zu niedrigerer Aktivität führt, und 

gleichzeitig die Oxidation des Oberflächenkohlenstoffs durch Kohlenstoffdioxid zu erhöhen. 

 Die genaue Beobachtung der Gitterausdehnung des Nickels und 

anschließender Kontraktion während des Wachstums von Kohlenstoffnanoröhrchen bei 

verschiedenen Temperaturen lieferte wertvolle Informationen über die 

Bildungsmechanismen dieser graphitischen Strukturen. Methan spaltet sich auf 

Nickeloberflächen in zwei Wasserstoffmoleküle und ein Kohlenstoffatom an der Oberfläche, 

welches in Oktaeder-Zwischengitterplätze des Nickelgitters diffundiert und dieses ausdehnt. 

Sobald die maximale Löslichkeit im Gitter überschritten wird, segregiert der Kohlenstoff in 

Form von graphitischen Nanoröhrchen. Der Kohlenstofftransport aus der Zersetzung des 

Methans an die Stellen der Kohlenstoffanreicherung findet vor allem über Diffusion an der 

Oberfläche statt, wobei ein Teil des Kohlenstoffs in den Nickelpartikeln gelöst bleibt. Durch 

Kombination der experimentellen Ergebnisse und DFT-Berechnungen kann abgeschätzt 

werden, wieviel Kohlenstoff im Nickel gelöst ist (Nickelkarbid-Verbindungen: NiC0.046, 

NiC0.204 und NiC0.309). Berechnungen zu den Aktivierungsenergien unterschiedlicher 
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Kohlenstoffdiffusionspfade, in Kombination mit den experimentellen Beobachtungen, 

bestätigen, dass Kohlenstoff vor allem über die Oberfläche bzw. Grenzfläche diffundiert und 

Volumendiffusion nur zweitrangig auftritt. Diese Beobachtungen, stützen zusammen mit in-

situ Experimenten der Trockenreformierung die angenommenen Reaktionsmechanismen 

und legen nahe, dass Kohlenstoffdioxid den diffundierenden Kohlenstoff abfangen und 

Kohlenstoffmonoxid bilden kann.  
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1 Introduction 

1.1 Structure of the thesis 

The present work constitutes a cumulative dissertation. Three peer-reviewed manuscripts 

have arisen from the work performed within this thesis: 

1. A. Gili, B. Bischoff, U. Simon, F. Schmidt, D. Kober, O. Görke, M. F. Bekheet, and 

A. Gurlo. Ceria-Based Dual-Phase Membranes for High-Temperature Carbon 

Dioxide Separation: Effect of Iron Doping and Pore Generation with MgO 

Template, Membranes, 2019, 9(9), 108. 

Version information: the manuscript has been edited and published in the journal. 

The PDF version of the article can be found in the chapter 4.1. of the dissertation.  

DOI: https://doi.org/10.3390/membranes9090108 

2. A. Gili, L. Schlicker, M. F. Bekheet, O. Görke, S. Penner, M. Grünbacher, T. Götsch, 

P. Littlewood, T. J. Marks, P. C. Stair, R. Schomäcker, A. Doran, S. Selve, U. Simon, 

and A. Gurlo. Surface Carbon as a Reactive Intermediate in Dry Reforming of 

Methane to Syngas on a 5% Ni/MnO Catalyst, ACS Catal., 2018, 8, 8739-8750. 

Version information: the manuscript has been edited and published in the journal. 

The PDF version of the article can be found in the chapter 4.2. of the dissertation.  

DOI: https://doi.org/10.1021/acscatal.8b01820 

3. A. Gili, L. Schlicker, M. Bekheet, O. Görke, D. Kober, U. Simon, P. Littlewood, R. 

Schomäcker, A. Doran, D. Gaissmaier, T. Jacob, S. Selve, and A. Gurlo: ‘Revealing 

the Mechanism of Multiwalled Carbon Nanotube Growth on Supported Nickel 

Nanoparticles by In situ Synchrotron X-ray Diffraction, Density Functional Theory, 

and Molecular Dynamics Simulations, ACS Catal., 2019, 9, 6999-7011. 

Version information: the manuscript has been edited and published in the journal. 

The PDF version of the article can be found in the chapter 4.3. of the dissertation.  

DOI: https://doi.org/10.1021/acscatal.9b00733 
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Besides the manuscripts listed above, I co-authored 6 further publications closely 

related to the topic of the thesis: 

1. L. Schlicker, A. Doran, P. Schneppmüller, A. Gili, M. Czasny, S. Penner, and A. 

Gurlo. Transmission in-situ and operando high temperature X-ray powder 

diffraction in variable gaseous environments, Rev. Sci. Instrum., 2018, 89(3), 

033904. 

2. L. Schlicker, M. F. Bekheet, A. Gili, A. Doran, A. Gurlo, K. Ploner, T. 

Schachinger, and S. Penner. Hydrogen reduction and metal-support interaction in 

a metastable metal-oxide system: Pd on rhombohedral In2O3, J. Solid State Chem., 

2018, 266, 93–99. 

3. T. Götsch, K. Ploner, J. Bernardi, L. Schlicker, A. Gili, A. Doran, A. Gurlo, and 

S. Penner. Formation of Pd-Ce Intermetallic Compounds by Reductive Metal-

Support Interaction, J. Solid State Chem., 2018, 265, 176–183. 

4. M. F. Bekheet, M. Grünbacher, L. Schlicker, A. Gili, A. Doran, J. D. Epping, A. 

Gurlo, B. Klötzer, and S. Penner. On the structural stability of crystalline ceria 

phases in undoped and acceptor-doped ceria materials under in situ reduction 

conditions, CrystEngComm, 2019, 38, 439. 

5. K. Ploner, L. Schlicker, A. Gili, A. Gurlo, A. Doran, L. Zhang, M. Armbrüster, 

D. Obendorf, J. Bernardi, B. Klötzer, and S. Penner. Reactive metal-support 

interaction in the Cu-In2O3 system: Intermetallic compound formation and its 

consequences for CO2-selective methanol steam reforming, Sci. Technol. Adv. 

Mater., 2019, 20(1), 356–366. 

6. N. Shakibi Nia, D. Hauser, L. Schlicker, A. Gili, A. Doran, A. Gurlo, S. Penner, 

and J. Kunze-Liebhäuser: ‘Zirconium Oxycarbide. A Highly Stable Catalyst 

Material for Electrochemical Energy Conversion, ChemPhysChem, 2019, (20), 1–8. 

This dissertation is organized as follows: 

 

Chapter 1 displays the motivation and the three goals of the PhD thesis, and the strategies 

followed to address them. 

 

Chapter 2 includes the literature review to properly introduce the reader into the details of 

carbon dioxide separation and activation: anthropogenic carbon dioxide emissions and 

mitigation strategies, carbon dioxide separation, carbon dioxide activation by means of 
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heterogeneous catalysis, post-combustion separation with dual-phase membranes, the dry 

reforming of methane process and carbon nanotube growth by chemical vapor deposition. 

 

Chapter 3 extends the two main techniques applied during this work: the design, construction 

and operation of a high-temperature membrane permeation setup and the in situ X-ray 

diffraction at high-temperature under controlled gas atmosphere using synchrotron radiation. 

The other used characterization techniques are thoroughly described in the respective 

manuscripts in Chapter 4.  

 

Chapter 4 contains the three peer-reviewed publications that address the following topics as 

displayed in the figure below and further detailed in Chapter 1. 

 

Chapter 5 summarizes the outcome of this work and suggests future directions to further 

investigate with carbon dioxide high-temperature separation and activation. 

 

The references used along this thesis are shown at the end of the dissertation. For simplicity 

and better understanding of Chapter 4, each of the peer-reviewed publications has its own 

references, which are displayed at the end of each manuscript. 

1.2 Motivation and goals 

Human civilization has to face severe environmental challenges to ensure sustainable 

development and minimize the negative effects of climate change. Anthropogenic 

greenhouse gas (GHGs) emissions have a negative impact on our environment and threaten 

the viability of all societies around the globe. There is hardly any other topic with such 

consensus within the scientific community: humankind has accelerated climate change due to 

the increase of GHGs concentration in the atmosphere, originated mainly from energy 

supply, industry and transport. Sustainable development is not only a tool to minimize 

negative impact of humans on earth, but to construct a more equal, fair and rational society. 

 Amongst the GHGs, CO2 has the highest emission share. If we analyze the sectors in 

which it is released, energy supply is the human activity with the highest CO2 emissions. Still 

nowadays, fossil fuel power plants supply most of the electric energy to industry and homes 

by burning coal, natural gas or petroleum. Therefore, the overall rather complex solution to 

anthropogenic emissions mitigation can be greatly simplified by a transition to renewable 
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resources with low or zero carbon footprint. The application of this simple and logical 

concept is extraordinarily complex due to the mixed technological, economic and political 

contradictions of the human society. 

 In the likely long path towards a carbon-free energy supply, transition technologies 

can play a significant role in order to mitigate GHGs anthropogenic emissions. In 2005, 

Chung et al. suggested a dual-phase membrane for separation of CO2 from the flue gas of 

coal burning power plants. Soon after, the metal skeleton of the membrane would be 

substituted by an oxygen ion conductive ceramic, allowing selective separation of only CO2 

from other smaller gas molecules. The ambipolar transport of O2- and CO3
2- through the 

ceramic and molten carbonate phase, respectively, has been studied in detail and suggested as 

potential alternative to amine absorption as post-combustion technology; also, for pre-

combustion decarbonization and the oxyfuel process. Several ceramic materials have been 

tested and to date, still, further improvement in permeation rates and membrane stability are 

required in order for this technology to be industrially applied. 

 Once separated, CO2 still remains a challenge. Storage in underground reservoirs is a 

feasible option, although other routes to upgrade its chemical value are more appealing. CO2 

conversion by means of heterogeneous catalysis is challenging due to the low energy and 

therefore high stability of this gas. Amongst the options for catalytic conversion, the dry 

reforming of methane (DRM) process is highly desirable. It converts CO2 with CH4, the 

second most abundant gas contributing to the greenhouse effect, to produce syngas (a 

mixture of H2 and CO) with ratio close to unity. For a feasible industrial application, nickel-

based catalysts must be used due to their low price, yet they suffer from deactivation 

processes which hinder their application. Coke formation and metal particle sintering remain 

as the most challenging deactivation mechanisms to overcome. When we envision CO2 

activation as energy sink for excess production of renewable sources, the high 

thermodynamic difference between reactants and products arises as an opportunity rather 

than a disadvantage. 

This thesis deals with two main topics: (i) preparation, characterization and testing of 

dual-phase membranes for high-temperature CO2 separation and (ii) synthesis, 

characterization and testing of a nickel catalyst for the DRM process. 

The first goal of this work is to maximize the permeability of a dual-phase 

membrane system by optimization of the ceramic skeleton composition. To this aim, two 

different doped ceria materials have been prepared, i.e. samarium doped ceria (SDC) and iron 

and samarium co-doped ceria (FSDC), which are later impregnated with an eutectic molten 
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carbonate mixture to constitute dual-phase membranes. The reason behind the addition of 

iron is due to its scavenging effect with siliceous impurities, which results in an increase of 

the CO2 permeability due to the ceramic phase enhanced oxygen ion conductivity. 

Magnesium oxide – as an economical and less hazardous alternative to NiO - has been 

applied as pore generator to gain control over the membrane’s porosity and to allow a 

rational comparison between the two ceramic materials. A high-temperature membrane 

permeation setup has been designed, constructed and operated during this thesis, and allows 

for a precise quantification of the permeability of the resulting membranes. 

The second goal of this thesis is to reveal the mechanism of reaction, the 

deactivation mechanisms and the optimum operating conditions of a nickel catalyst during 

DRM. To this aim, a 5% Ni/MnO catalyst has been synthesized and tested it in a fixed-bed 

plug-flow reactor. Operation conditions change and combination of the catalytic tests with 

an in situ high-temperature XRD technique under controlled gas atmospheres have been 

applied. 

The third goal of this work is to further investigate the reaction pathway and the 

mechanism of formation of carbon nanotubes (CNTs) by chemical vapor deposition (CVD) 

of CH4. This process is closely linked to the DRM and a better understanding of the physical 

and chemical nature of the catalytic particles involved in the growth process and the carbon 

diffusion mechanism can lead to a more rational catalyst design. The topics and goals 

described above are visually represented in Figure 1-1. 

 

Figure 1-1. Graphica l representation of the topics and goals of this thesis.  
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2 Literature review 

2.1 Anthropogenic carbon dioxide emissions and climate change 

Human civilization must face severe environmental challenges, which strongly threaten 

future societies around the globe. Anthropogenic CO2 emissions are one of the most 

important factors contributing to the negative impact in the environment and climate change 

acceleration, with usage of fossil fuels for energy supply as their main source. The Kaya 

identity 1 analyzes the human impact on climate in terms of CO2 emissions. It is related to the 

famous I=PAT equation (2-1) but targets the GHGs emissions: 

𝐹 = 𝑃 ·  · ·      (2-1) 

where F is the global anthropogenic CO2 emissions, P is the global population, G is the 

world’s gross domestic product (GDP) and E is the global energy consumption. The identity 

is generally analyzed in percentage change per year, defining the future trajectory of carbon 

emissions. To reduce overall CO2 emissions, any of these factors could be theoretically 

reduced: population growth (P), economic expansion (G/P), energy intensity (E/G) and 

carbon efficiency (F/E). The reduction of the world population is a factor which shall never 

be explored from a scientific or technological point of view, but rather political and 

philosophical. Reducing economic expansion (GDP per capita) is in principle not desirable, 

despite the enormous complexity of such factor. Other indexes, like the human development 

index introduced by the United Nations development program, tend to include several 

additional factors to the GDP which better describes the welfare of a society. In any case, the 

study of the first two parts of the Kaya identity should be explored from a political and 

economic point of view and are therefore out of the scope of this dissertation. The energy 

intensity term (E/G) represents the necessary energy to increase welfare, which can be 

reduced by means of new or improved technologies. The last factor contributing to the Kaya 

identity is the carbon efficiency: by transitioning to renewable energies (carbon-free) or by 

improving the carbon efficiency of the existing fossil sources, global CO2 emissions can be 

reduced. 

Despite claims of special interest groups, there is an overwhelming consensus within 

the scientific community: anthropogenic GHGs emissions are inducing climate change. 

Figure 2-1 shows the global average temperature anomaly (obtained from the HadCRUT4 
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database 2) and the CO2 
3, CH4 4,5 and N2O 4,5 atmospheric concentration plotted for the 

1850-2018 period. A clear correlation exists between the GHGs concentration and the 

increase of the temperature anomaly indicator. Warming of our planet is unequivocal and 

unprecedented over centuries, and is extremely likely to be caused by the increase of 

anthropogenic GHGs emissions 6. The coherent global warming is unmatched in absolute 

temperature and in spatial consistency compared to the last 2000 years 7, disproving the myth 

that the actual warm period corresponds to a natural climate cycle. 

 

Figure 2-1. Global average temperature anomaly (left Y-axis) and atmospheric CO2 ,  CH4 and 
N2O concentration (right Y-axes) for the 1850-2018 period obtained from different databases 
2, 4 , 5 , 8 .  Horizontal dash line represents the 0 ºC anomaly. Vertical dash line highlights the last 

data point belonging to 2018. 
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According to the Intergovernmental Panel on Climate Change (IPCC) synthesis 

report 2014 6 (another synthesis report is not expected until 2022), CO2 from fossil fuel and 

industrial processes accounted for 65% of the total GHGs emissions in the year 2010 and 

for 62% of the total 100-year global warming potential (GWP100). In 2015 (latest available 

data from the IEA 9 database) 65 % of the electric energy worldwide was produced from 

coal, oil or gas. Figure 2-2 displays the global emissions of CO2 per fuel type (bottom) and 

the share of global CO2 emissions for different sectors for the 1960-2014 period. As can be 

seen, 49% of the total CO2 emissions account for electricity and heat production in the year 

2014, being predominantly produced from coal, oil and gas in a relatively small number of 

worldwide stationary sources (~8000) 10. Therefore, from a strategic point of view and to 

effectively mitigate GHGs emissions, it is mandatory to address emissions from fossil fuel 

power plants. 

 

Figure 2-2. Global CO2 emissions per fuel type (bottom) and share of global CO2 emissions 
(top) for the 1960-2014 period 11 ,12 .  
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2.2 Carbon mitigation strategies 

The well-known objective to limit CO2-equivalent concentrations to about 450 ppm 6 

(likely to limit global warming to 2 ºC above pre-industrial limits, although a 1.5 ºC limit has 

been recently announced 13) demands strong GHGs emissions decrease. This can be 

achieved applying several strategies, although an integral approach combining them seems 

most suitable 6. The first strategy is improving the carbon efficiency of the energy production 

and optimization of the energy use. Transition from fossil fuel power generation to carbon-

free sources must be done, which include renewable, nuclear and fossil energy with CO2 

capture and storage (CSS) 6. Approximately a quadrupling of the share of carbon-free and 

low-carbon energy supply should be achieved. From a chemical engineering standpoint and 

despite its easiest implementation 14, avoiding the generation of CO2 would be the easiest 

approach, rather than a post-combustion capture technology. Obviously, renewable energies 

are the most desired scenario at long term: the sun radiates every hour enough energy on the 

earth surface to satisfy the energy needs of the whole mankind for one year 14. Nevertheless, 

CSS technologies will play an important role until technological, political and economic 

barriers for renewable energies implementation are overcome. As a consequence, CO2 

separation from fossil fuel power plants is of extreme importance. Moreover, other industrial 

sectors with high CO2 emissions like cement production or refineries 15 can also benefit from 

such technologies. 

The second strategy is the storage or utilization of CO2 from industrial production 

and energy conversion. Once separated, CO2 still remains a challenge. CSS technologies 

includes underground geological or ocean storage and it is a feasible technological option, 

despite having low social acceptance 14. Carbon capture and utilization (CCU), also referred 

to as CO2 conversion or activation, is a massive challenge which needs to be properly 

analyzed. This gas is regarded as usual end of chemical or energy production, having 

extremely low thermodynamic value: i.e., CO2 is very stable. Its activation is a big challenge, 

but also a great opportunity. CO2 has been suggested as chemical energy sink for peak 

production of discontinuous renewable sources 16,14, like sun or wind. Therefore, its chemical 

upgrading can store a huge amount of energy, being a suitable starting reactant and final 

product after energy extraction. This concept will be further discussed in chapter 2.2.2. As a 

consequence, the CO2 circular economy has been suggested 16 , not only to provide societal 

energetic demands but also as building block for the chemical industry.  
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Finally, changes in the land use and society behavior are necessary. This includes 

reforestation, laws and regulations, awareness raising and livestock and aquaculture practices, 

amongst others 6.  

2.2.1 Carbon dioxide separation 

CO2 is one of the principal gases found in industrial processes, and almost all commercial 

separation plants use amine absorption to remove CO2 from process streams. Since R.R. 

Bottoms discovery of amines as absorbents for acid gases in 1930, several types of amines 

have been discovered and used. Amongst them, amines with proved performance are 

monoethanolamine (MEA), diethanolamine (DEA) and methyldiethanolamine (MDEA). An 

amine-based separation unit is composed of two columns: an absorber and a desorber (or 

stripping). In the absorber, the gas to be purified is injected through the bottom of the 

column and forced to flow upwards while a stream of amine solution falls from the top of 

the column and absorbs the CO2. The bottom of the absorber is directed towards the 

desorber, in which CO2-rich amine solution is heated up. During this process, CO2 is 

released from the solution, which is again pumped to the top of the absorber. It is necessary 

to cool down the gas to be purified before the absorber, typically to ~16 ºC, as amines tend 

to corrode the absorber column’s steel with increasing temperature. 

 From an industrial point of view, use of membranes for gas separation is highly 

desirable due to the continuous and steady-state nature of this separation technique. 

Compared to amine separation, membranes are generally more efficient and easier to 

operate. Polymeric membranes have shown to be energy efficient units for CO2 separation, 

with good selectivity. Nevertheless, they are not stable at temperatures above few hundreds 

degrees Celsius 17,18. Inorganic ceramic membranes offer better mechanical, chemical and 

thermal stability compared to polymeric membranes. Zeolite membranes (especially Y-type) 

show good selectivity and high permeability when separating CO2 from nitrogen below 

100ºC 19. At higher temperatures, these membranes suffer from less selectivity due to a 

decrease in CO2 adsorption. Zirconia membranes made by the sol-gel method can be used in 

the intermediate range of 200-350ºC 20. In 2005, that Chung et al. prepared the first 

membrane for selective high-temperature CO2 separation 21. 
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2.2.2 Carbon dioxide activation 

As introduced in chapter 2.2, CO2 can be converted after separation from fossil fuel power 

plants or high-emission industries, although most of the suggested processes are still not 

available at industrial scale. Improving these technologies is regarded as a technological 

bottleneck for the achievement of a CO2-neutral world and to effectively minimize 

anthropogenic emissions 14. From a merely industrial point of view, CO2 conversion to value-

added chemicals is highly challenging due to the need to overcome the wide thermodynamic 

difference between the CO2 reactant and the products. Figure 2-3 shows the standard molar 

Gibbs energy of formation of CO2 and several different compounds which can be produced 

from CO2 by heterogeneously catalyzed processes, similarly as previously done by Martens et 

al. 14,22and Aresta et al. 22 (done using values from Lide 23). More details concerning 

thermodynamics, reaction mechanism and process engineering can be found elsewhere 10,14,22. 

For most of the shown potential conversion pathways, it is noteworthy to mention that a 

high energy input is needed. If this energy is produced using fossil fuels, CO2 activation loses 

its consideration as green technology, as the upgrading of one mol of CO2 would always 

result in the generation of one or more mol of the gas. 

 

Figure 2-3. Standard molar Gibbs energy of formation of some C1 chemicals achievable from 
CO2 using heterogeneous catalysis.  

 This challenge becomes an opportunity when we allow renewable energies to come 

into play. It has been suggested to use CO2 as chemical energy sink for irregular energy 

production from renewable sources or from H2 production 14,16. In this manner, energy is not 

stored in the form of electricity but as a chemical bond of preferably a liquid fuel 16 to 

optimize transport and facilitate energy storage. The confinement of electricity in batteries at 

big scale is not a feasible solution due to the low energy density (0.3-2.8 GJ m-3) of these 

devices compared to that of CO2-derived chemicals like methanol (16 GJ m-3) 22. If synthesis, 
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combustion and transport steps are optimized, the high energy difference between reactant 

and products is not a problem but an opportunity. Re-use of the released CO2 after 

combustion would allow a carbon-free energy supply, closing the carbon mass cycle 14 and 

demanding only energy from renewable sources as input. 

 CO2 activation technologies can be separated into photocatalytic, electrocatalytic 

(including solid oxide electrolytic cells) and heterogeneous catalysis, in which we will focus in 

this work. Several routes appear for CO2 conversion using heterogeneous catalysis, as 

depicted in Figure 2-4.  

 

Figure 2-4. Some CO2 activation routes using heterogeneous catalysts.  

 CO2 catalytic hydrogenation is the most promising technology to be applied 

industrially in the coming years 16. Due to the increasing interest in producing synthetic 

natural gas and as energy storage from renewable sources, CO2 hydrogenation to CH4 (or 

CO2 methanation) is nowadays considered not only as a gas purification process but as a 

chemical synthesis process itself 24. CH4 can be further used as reactant for SRM (H2 or 

syngas generation). It can also be used for heat and electricity generation and as a substitute 

for gasoline, diesel or liquid petroleum gas in vehicles (Audi e-gas process). Especially in 

Germany, CO2 methanation has been seen as energy sink for excess renewable energies 

produced from wind 16. Another hydrogenation route is the production of hydrocarbons via 

modified Fischer-Tropsch syntheses (FTS). The CO2 modified process is generally 

conducted using iron catalysts due to their intrinsic water gas-shift (WGS) and reverse water-

gas shift (RWGS) activity 25. These two reactions play a key role in CO2 hydrogenation to 

higher hydrocarbons. Other catalysts tested for this modified FTS are cobalt based and 
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composite catalysts composed of iron, zinc, zeolite and zirconium 26. Typical testing 

temperatures are in the range of 175-300ºC. 

 CO2 hydrogenation to produce methanol is probably the most promising CO2 

activation route. It is anticipated as a key technology for chemical energy storage from 

renewable sources. One important reason is the liquid nature of the product, which enables 

easy storage and transport via existing aqueducts. Others include the relatively easy 

technology and mild synthesis conditions. A semi-commercial plant (CRI - Carbon recycling 

international) in Iceland is currently producing methanol from CO2, and other projects are 

under evaluation e.g. in Singapore 16. Furthermore, methanol is widely used in industry as 

building block and is apt to use in gasoline engines 14. 

 The CO2 hydrogenation processes obviously require the use of H2. From the 

environmental point of view, the source of this gas is a key factor. If we want to analyze CO2 

activation processes as green technologies, it is necessary that the overall carbon footprint of 

the process is not positive, and this includes the production of H2. Still nowadays, the main 

source of hydrogen is the highly-endothermic (SRM). New methods for H2 generation, like 

photocatalytic water electrolysis or water electrolysis using electricity produced from 

renewable sources must be further investigated. 

 The last CO2 activation route depicted in Figure 2-4 is the reaction with CH4 to 

produce syngas: the dry reforming of methane (DRM), which will be later discussed in detail 

in chapter 2.4. 

2.3 Dual-phase membranes for high-temperature carbon dioxide 

separation 

The first dual-phase (DP) membrane for high temperature CO2 separation ever reported was 

composed of a porous metallic skeleton infiltrated with a mixture of Li, Na and K 

carbonates 21. It enabled selective separation of CO2 and O2 at high temperature, and was 

suggested as potential technology for fossil fuel power plants CO2 capture: post-combustion 

(this option being the easiest to implement in existing plants 14), pre-combustion 

decarbonization, or in the oxyfuel process 21. Soon after, the metal phase would be 

substituted by an oxygen ion conductive ceramic, avoiding the need of gas oxygen and 

therefore selective permeation of CO2 27. 
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 The mechanism of separation of CO2 by DP membranes is intriguing, and can be 

separated into the following steps: (1) gas-phase CO2 interacts with an oxygen lattice of the 

ceramic phase, undergoing a chemical reaction to produce a carbonate (CO3
2-) species via 

reaction (2-2). This carbonate can be transferred to the molten carbonate phase and be 

transported via convective flow (2) to the permeate side of the membrane. Reverse reaction 

to release CO2 and an oxygen lattice occurs (3), being the latest transported to the feed side 

due to the ceramic phase’s oxygen conductivity (4). Therefore, and ambipolar carrier flow is 

established, resulting in a theoretically infinite selectivity towards CO2. This mechanism is 

illustrated in Figure 2-5. 

 

   𝐶𝑂 ( ) + 𝑂( ) ↔ 𝐶𝑂 ( )
     (2-2) 

 

 

Figure 2-5. DP membrane permeation mechanism. Pore structure is oversimplified. 

The overall permeation rate will be determined by the lowest rate of the individual 

steps (1-4) depicted in the serial mechanism above. Mathematical models of the DP 

membrane system suggest that the overall CO2 transport is dominated by the ceramic phase’s 

ionic oxygen transport 28,27,29. Therefore, in order to maximize the rate of separation of CO2 

the oxygen ion conductivity of the ceramic phase must be maximized. This objective can be 

achieved by a proper selection of the membrane material, ceramic phase microstructure, 

minimizing the membrane’s thickness and the optimization of the operation conditions. 
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2.3.1 Membrane materials and instability issues 

Both pure oxygen conductive and mixed ionic electronic conductive materials (MIEC) have 

been used as ceramic skeleton for DP membranes. Amongst the first, Anderson et al. 27 

reported a La0,6Sr0,4Co0,8Fe0,2O3-δ (LSCF) perovskite type membrane. Reaction between CO2 

and the membrane material was reported to result in a drastic decrease of the observed 

permeation 30. Decreasing membrane thickness logically resulted in an increase of the CO2 

permeance at 900 ºC. Wade et al. 31 used a 8-mol% yttria stabilized zirconia (YSZ) and a 10-

mol% gadolinium-doped ceria (CGO) as ceramic skeletons. Instability issues were detected 

only in the YSZ/Li2CO3 membrane due to the formation of a lithium zirconate phase which 

hindered CO2 permeation. The other YSZ and CGO membranes (containing Na or K 

Na+K or Li+Na+K carbonates) were tested in the 500-850 ºC interval and reported to be 

stable. Zhang et al. 32 used for the first time samarium-doped ceria (SDC, Ce0.8Sm0.2O1.9) to 

prepare a DP membrane. NiO as sacrificial template was co-precipitated with the fluorite 

type SDC and after sintering leached, resulting in a controlled porosity. The membranes were 

tested in the 550-700 ºC and yielded permeances of two orders of magnitude higher as the 

previous membranes. Bo Lu et al. 33 prepared supported thin-YSZ membranes on 

Bi1.5Y0.3Sm0.2O3-δ (BYS). An interesting characteristic of the BYS is its low wettability with the 

molten carbonate: due to this fact, impregnation was restricted to the supported YSZ layer 

and therefore the overall permeability could be exclusively associated to the supported thin 

layer. Finally, Norton et al. 34 prepared SDC DP membranes and did permeation tests above 

atmospheric pressure. Besides the stable long-term performance of the membranes, they 

observed a power function dependence of the CO2 permeation and its partial pressure. This 

high stability encouraged us to use the SDC material as ceramic phase during this project. 

Other studies focused on GDC 35,36 and BYS 37. Table 2-1 depicts the information described 

above, similar to that compiled by Norton 38. 
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Table 2-1. DP selected published data. Some values have been extracted from Norton 38 and were extrapolated 
from reported permeation data. (i) permeability data belongs to the thickness highlighted in bold. (ii) 
Permeability at 650 ºC. 

 Units Anderson27 Wade 31 Zhang 32 Bo Lu 33 Norton 34 

Material [-] LSCF GDC SDC YSZ/BYS SDC 

Sintering T  [ºC] 900 1500 1400 900 1100 

T testing  [ºC] 700-900 500-850 550-700 500-650 700-950 

Thickness [mm] 3, 1.5, 0.75, 

0.375 

0.2-0.4 1.2 0.01 1.5 

Permeability 

900 ºC 

[10-12 mol m 

m-2 s-1 Pa-1] 

55.9 i - - - 151.7 

Permeability 

700ºC 

[10-12 mol m 

m-2 s-1 Pa-1] 

7.5* 1 350 0.39 ii 37.2 

Feed flow rate [mL min-1] 100 15 100 100 50 

  

Regarding the carbonate phase, an eutectic mixture of Li2CO3, Na2CO3 and K2CO3 has been 

widely used due to the lower melting point of the resulting carbonates mixture (~397 ºC) 39. 

This mixture does not display the highest carbonate-ion conductivity (~3.51 S cm-1, 

compared to ~7 S cm-1 40 for lithium carbonate). Nevertheless, due to the fact that oxygen 

transport is the rate-determining step, the advantage of using a low-melting mixture was 

more important than its lower conductivity. 

2.3.2 Oxygen ion conductivity enhancement 

As has been mentioned above and based on simulation studies 28,27,29, the rate determining 

step for the overall CO2 permeation in DP ceramic membranes is the oxygen ion 

conductivity of the ceramic phase. In order to increase the ionic conductivity of the ceramic 

material, doping with aliovalent cations is typically done, which results in an increase of the 

charge career concentration (oxygen vacancies), i.e. a decrease of the grain resistance (RGB). 

This increase in vacancies results in optimized pathways for the diffusion of oxygen ions at 

reduced activation energies 41. Via the generation of a solid solution of doped-CeO2 and 

substitution of the Ce4+ cations by others with lower oxidation state (e.g. Gd+3), oxygen 

vacancies are generated to maintain the material neutrality. Accordingly, concentration of the 

dopant is a key factor: maximizing oxygen vacancies without compromising the material’s 

mechanical stability is crucial. Another important factor is the radius of the dopant: larger 

dopants facilitate oxygen ion diffusion due to host lattice expansion 42. Thus, substitution of 

Ce4+ (8-fold coordinated, r= 0.97 Å 43) by Sm3+ (8-fold coordinated, r= 1.08 Å 43) rather than 
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by Gd3+ (8-fold coordinated, r= 1.053 Å 43) is desired. Consequently, in this work we decided 

to use samarium doped ceria (SDC) as the most promising candidate for the ceramic phase. 

Regarding the dopant concentration, it has been shown that a Ce:Sm molar ratio of 0.8:0.2 

results in the highest oxygen ion conductivity 44. The choice of SDC is also related to the 

reported stability of SDC in the DP membrane system 32,45,34. 

Another strategy in polycrystalline materials consists in minimizing the grain 

boundary resistance (RG). In CeO2-based materials, the contribution of RGB is higher than RG 

and the reason is two-fold 41: (1) introduction of silicon- or aluminum-containing impurities 
46 and (2) space charge effect 47. Regarding the first, small amounts of silicon or aluminum 

introduced in the doped-CeO2 precursors can lead to a substantial increase in the RGB, as 

they migrate to the boundary upon sintering, creating isolating thin layers. A possibility that 

has been explored is doping transition metal oxides inside the crystal lattice, which have a 

scavenging effect and also act as sintering aid 48. Amongst the different transition metal 

oxides that have been investigated, Fe2O3 seems the most desirable candidate 41. Upon SDC 

doping with Fe2O3, a solid solution was produced at SDC:Fe2O3 ratios below 1.5% 49. After 

high-temperature sintering, the iron was ex-soluted 48, and the decrease of RGB was quantified 

with electronic impedance spectroscopy (EIS). Between all the concentrations tested, the 

Ce0.785Sm0.2Fe0.015O1-δ (1.5FSDC) showed the best improvement in grain boundary 

conductivity 41, which was attributed to the scavenging effect of iron with the silicon-

containing impurities. The exact mechanism of how iron scavenges the siliceous impurities is 

not fully understood. 

2.3.3 Magnesium oxide as pore generator 

Use of templates (or pore generators) is widely applied in material engineering to gain control 

over the microstructure of ceramic compounds. It relies in the use of a sacrificial phase, a 

compound which is introduced during synthesis or by physical mixing with the ceramic 

skeleton, being later removed. Use of MgO was previously reported as pore generator for 

Ag-CGO porous cermets as the anode material for intermediate-temperature solid oxide fuel 

cells (IT-SOFC) 50. Use of this material for the DP membranes has not been applied to date, 

and it displays several advantages compared to metal or metal oxides templates (e.g. NiO 32): 

less hazard and toxicity levels, no reduction step prior to leaching and no use of strong acids 

for leaching. These factors result in an easier manipulation, generation of less waste and a 

decrease in the cost of the resulting membranes. 
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2.4 Carbon dioxide activation via methane reforming 

The dry reforming of methane (DRM, equation (2-3)) is a heterogeneously catalyzed reaction 

in which CO2 and CH4 react to form a syngas (H2:CO) with ratio close to unity 51. This ratio 

is suitable for methanol, DME and FTS syntheses 52–54. The reverse water gas-shift (RWGS, 

equation (2-4)) further converts CO2 with H2 resulting in a deviation of the unity product 

ratio. 

 

𝐶𝐻  ( ) +  𝐶𝑂 ( ) ↔ 2𝐻 ( ) + 𝐶𝑂( )  ΔH0
298k= 247 kJ mol-1  (2-3) 

𝐶𝑂 ( ) + 𝐻 ( ) ↔ 𝐶𝑂( ) +  𝐻 𝑂( )   ΔH0
298k= 41 kJ mol-1  (2-4) 

 

DRM is an interesting process from an environmental standpoint, as it reacts the two 

main gases responsible of the greenhouse effect 10. The endothermicity of the reaction results 

in high energy demands, increasing the challenge for its industrial application. Generally 

tested at temperatures between 500 and 800 ºC, the thermodynamic limitation for reactant 

conversion becomes harder at lower temperature. As will be later discussed, the high C ratio 

of the reactants results in coke formation at temperatures below 725 ºC 52, process which has 

been for long regarded as potential cause of catalyst deactivation. The reactions involving 

surface carbon during the DRM are shown in equations (2-5), (2-6) and (2-7)). Also, the high 

temperature of the reaction inflicts harsh conditions on the supported metals, due to the 

sintering effect and the consequent loss of active surface. 

 

2𝐶𝑂( ) ↔ 𝐶𝑂 ( ) + 𝐶( )    ΔH0
298K= -172 kJ mol−1 (2-5) 

𝐶𝐻  ( ) ↔ 2𝐻 ( ) + 𝐶( )    ΔH0
298K= 75 kJ mol−1  (2-6) 

𝐶𝑂( ) +  𝐻 ( ) ↔ 𝐶( ) + 𝐻 𝑂( )   ΔH0
298K= -131 kJ mol−1 (2-7) 

 

 Since the first works by Fischer and Tropsch in 1928, several catalysts have been 

tested for the DRM, including noble metals supported on ceramic oxides. Use of noble 

metals seems a prohibitive choice toward the industrial implementation of the DRM, and big 

effort has been invested in nickel-based systems (which will be analyzed in chapter 0). To 

date, the closest industrial production of syngas through the DRM process is at Linde’s pilot 

reformer research facility at Pullach, Germany using a nickel catalyst 55. 
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2.4.1 Thermodynamics and reaction mechanism 

The DRM process is thermodynamically limited at low temperature due to the reversible and 

endothermic reactions (2-3) and (2-4). Both reactant conversion increases with temperature, 

being CO2 conversion (𝑋 ) higher than that of CH4 due to the occurrence of the RWGS 

reaction, which further converts CO2 and decreases the H2:CO product ratio below unity. 

The temperature dependence of the DRM main reactions is shown in Figure 2-6. 

 

Figure 2-6. Left : equilibrium constants for  reactions (2-3) and (2-4).  Right: equilibrium 
conversions for CO2 and CH4  as function of temperature for an equimolar feed. Reproduced 

from Littlewood 56 ,  page 8, figure 2.1 (licensed under 
https://creat ivecommons.org/licenses/by/4.0/).  

 Regarding the reaction mechanism, Wei and Iglesia 57 suggested that C-H bond 

activation is the rate determining step in the DRM, SRM and CH4 decomposition reactions. 

CH4 initially reacts on the metal surface to produce H2 and a surface carbon species (C*, 

same as C(s)) following equation (2-6). CO generation proceeds via inverse reaction (2-5), in 

which CO2 oxidizes the C* and yields CO 58. This mechanism description can be 

schematically seen in Figure 2-7. Other authors 59,60 have suggested that the DRM proceeds 

via a Langmuir-Hinshelwood mechanism, in which CH4 and CO2 adsorb on neighbor sites 

and undergo bimolecular reaction to produce H2 and CO. In this manner, surface carbon 

(whose importance for catalyst stability will be analyzed in below) is an undesired product 

resulting from reactions (2-5) and (2-6). 
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Figure 2-7. Suggested reaction mechanism by Wei and Iglesia 57 on nickel  catalysts for the 
DRM and SRM processes. K represents the equilibrium constant and k the rate coeffic ient.  
Single , double and circled arrows represent irreversible, reversible and quasi-equilibrated 

reactions, respectively. Reprinted from “Isotopic and kinetic assessment of the mechanism of 
reactions of CH4 with CO2 or H2O to form synthesis gas and carbon on nickel catalysts”, 224, 

2, Wei , J. , Iglesia, E., page 14, Copyright (2004), with permission from Elsevier.  

Regarding the active centers, it is accepted that CH4 decomposition happens on the nickel 

surface 52,61,62. Activation of CO2 is suggested to be possible on 63: (i) the support’s Lewis 

basic sites 64, (ii) the amorphous carbon of the CNT surface or (iii) the nickel surface. 

2.4.2 Nickel-based catalysts, deactivation causes and stability 

enhancement strategies 

Nickel and bi-metallic nickel catalysts have attracted the interest of the scientific community 

as catalysts for the DRM due to: (i) high activity, (ii) good stability and (iii) low cost. 

Generally, nickel nanoparticles are deposited on a ceramic oxide support, becoming the 

active site for the syngas production. In the search of more active and stable catalysts, several 

factors in catalyst design have been explored, including 51: the effect of metal particle size 65–69 

and shape 70, use of bi-metallic catalysts 71–74, variation of the support 75–78, use of additives 

like CeO2 54,79,74,80 and coating of the metal particles to prevent sintering and enhance stability 
81–83. Amongst the several mechanisms in which DRM catalysts may deactivate, carbon 

deposition and metal particle sintering are the most prevalent in literature. 
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The role of surface carbon in the DRM has been long under debate and has resulted 

in a massive body of literature. Published results using nickel-based catalysts generally 

describe two types of surface carbon: (1) graphitic carbon (also denoted as carbon nanotubes 

or nanofibers) and (2) amorphous carbon. Graphitic carbon (1) is generally claimed to result 

from CH4 decomposition (2-6) and is suggested not to deactivate the catalyst, although might 

result in reactor plugging 74. Amorphous carbon (2) is suggested to result from CO 

disproportionation and is widely suggested to result in catalytic particle encapsulation and 

therefore in catalyst deactivation 74,79,84. The rate of generation of each type of carbon 

strongly depends on the operating conditions, i.e. the temperature and the reactant partial 

pressure. The above differentiation of surface carbon and its chemical origin is based on 

several studies, which include SEM observations 74,73,85,84 and TPO 73,74. Graphitic filamentous 
73,85,79 and thick encapsulating carbon 73,85 were claimed to demand high temperature to be 

oxidized, while amorphous and carbidic (NiCx) 73 would require a lower temperature. Several 

authors have suggested that surface carbon is indeed a necessary intermediate of reaction 

toward the formation of syngas 73,58,57,79. 

Xie et al. 78 synthesized a solid solution of Ni0.2Mn0.8O catalyst which ex-soluted nickel 

nanoparticles upon reduction within the cluster of excellence “Unifying Concepts in 

Catalysis” (UniCat). The catalyst showed a remarkable activity and stability at low 

temperature (500 ºC), nearly reaching thermodynamic equilibrium. Littlewood 86 continued 

the investigations with a Ni0.05Mn0.95O catalyst and, upon other findings, associated the high 

stability of the catalyst at low temperature to strong metal-support interactions (SMSI). 

Catalyst deactivation was claimed to proceed via metal particle sintering. The use of MnxOy 

as an additive for nickel catalysts has been investigated by other authors 87. It is claimed to 

enhance catalyst stability due to the promotion of the nickel particles’ dispersion 88. 

Manganese is also suggested to facilitate CO2 adsorption 89. For these reasons, we decided to 

further investigate the nickel supported on manganese oxide catalyst (5%Ni/MnO, as will be 

mentioned along this thesis) for the DRM process. Another interesting feature of this 

catalyst is that, during XRD characterization, the d-spacings of metallic Ni and of the MnO 

support do not coincide, allowing for individual and precise quantification of variations in 

the crystal structure of both parts of the catalyst. 
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2.4.3 Carbon nanotube growth from methane using chemical vapor 

deposition 

Carbon nanotubes (CNTs) and carbon nanofibers (CNFs) have uncommon mechanical, 

thermal, optical and electronic properties. Different types of CNTs can be produced, and are 

usually classified as multiwalled carbon nanotubes (MWCNTs) or singlewalled carbon 

nanotubes (SWCNTs). 

Production of CNTs can be achieved by several methods, including the arch-

discharge method, laser-vaporization and chemical vapor deposition (CVD) 62. CVD is 

generally the preferred method due to the high purity of the products, scalable production 

and cost 90. The CVD process proceeds via the decomposition of a carbon precursor (e.g. 

CH4, reaction (2-6), although other carbon sources like CO can be used) on a catalyst, which 

is usually composed by a transition metal supported on a ceramic oxide. The supported 

metallic nanoparticles are usually made of Fe, Co and Ni, due to the high solubility and 

diffusion rate of carbon 62. 

The exact mechanism of CNT growth by the CVD process, the physical and 

chemical nature of the catalytic particles and the final product strongly depend on the 

operating conditions and the catalytic particle size. For multiwalled carbon nanotubes and 

nanofibers grown on larger (>5 nm in diameter) supported nickel nanoparticles, the 

following is generally accepted. Firstly, the carbon precursor dissociatively adsorbs on the 

transition metal surface, releasing H2 (for hydrocarbon precursors) and yielding surface 

carbon species. These carbon species can dissolve inside the lattice of nickel and occupy 

octahedral interstices of the fcc unit cell 91–93 until the limit of solubility is achieved. It is 

noteworthy that the limit of solubility of carbon in nickel dramatically increases for 

nanoparticles 94 compared to nickel films 95, and for molten or surface molten particles 96. 

Once the limit of solubility is achieved, carbon precipitates on specific crystallographic 

planes 61 in the form of a graphitic multiwalled structure. Two main modes of growth occur: 

base-growth, in which the CNT grow on top of the catalytic particle and tip-growth, in 

which the carbon structure grows between the metal particle and the support. The tip-

growth mechanism is schematically shown in Figure 2-8. 
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Figure 2-8. Mechanism of MWCNT growth via CVD of CH4  on a nickel catalyst. The catalytic 
particle (red) is e jected from the support (black rectangle) by the MWCNT structure (grey) . 
Blue continuous arrow represents the diffusion direction of surface carbon. Dash red arrow 
represents surface diffusing carbon, while white dash arrow represents subsurface diffusing 

carbon.  

Once precipitation of graphite has started, carbon can be transported from the 

decomposition site to the precipitation site by two mechanisms: (1) bulk diffusion through 

the metal particle and/or (2) surface diffusion. Generally, based on modelling and DFT 

methods, surface diffusion has been regarded as most probable mechanism due to its lower 

energy barrier 97,98,99. Interestingly, a relatively low energy pathway was described by a 

subsurface carbon diffusion 98,99. This pathway would be characterized by the dissolution of a 

carbon species to one layer below the nickel surface followed by bulk diffusion toward the 

precipitation site. In this subsurface position, carbon is fully bonded (i.e. stabilized) and can 

easily “push-up” the metal atoms on the surface. In-situ HRTEM characterization of carbon 

growth from CH4 on nickel catalysts further supported the dominance of surface diffusion 

over bulk diffusion 100. Other atomic-scale environmental TEM studies of singlewalled 

nanotubes and nanofibers revealed the dynamic reshaping of the metal particle: by 

consecutive elongation and contraction of the catalytic particles, the carbon structures grow 

and determine the graphene stacking 101. Moreover, it was claimed that the MWCNTs 

configuration may be due to relative diffusion of carbon inside the nickel cluster and 

precipitation on the (111) planes in a step-like configuration, as shown in Figure 2-9 101. 



Literature review 

24 
 

 

Figure 2-9. TEM images showing (left, a-d) nickel particle e longation. TEM image (right) 
showing the interface between nickel and graphite , and the schematic representation. 

Reprinted (adapted) with permission from (Nano Lett . 2007, 3, 602–608). Copyright (2007) 
American Chemical Society.101  

Another long debated topic has to do with the chemical nature of the catalytic 

nanoparticles during the growth process, i.e. whether metal nickel or nickel carbide phases 

are present during catalysis. Several studies resulted in different conclusions, again 

highlighting the strong dependence of the overall nanotube growth mechanism on the 

catalytic particle nature and the CVD conditions applied. Based on in situ TEM and XPS 

characterization, it was suggested that the metal nanoparticles stay purely as metallic Ni (853 

K, acetylene as precursor) and that nickel carbide generation occurs upon cooling as the 

dissolved carbon ex-solutes and reacts with Ni 102. The formation of rhombohedral Ni3C 

during CNF growth was demonstrated as function of the temperature for the 573-773 K 

range. More interestingly, the in situ formation of a fcc Ni-C solid solution without formation 

of a rhombohedral Ni3C was demonstrated 103, highlighting the nickel lattice expansion upon 

carbon dissolution during CVD. 

As suggested by other authors 57,63 and as will be later discussed in this thesis 51, CVD 

from CH4 and the DRM are two closely linked processes. Due to the implications of the 

CNT growth for the DRM and due to our findings in the synchrotron facility, we decided to 

fundamentally study the growth mechanism, the physical and chemical nature of the 

nanoparticles and the carbon diffusion mechanisms at different temperatures.



 Characterization methods 

25 
 

 

3 Characterization methods 

In this chapter the high-temperature in situ X-ray setup in the ALS synchrotron and the 

high-temperature membrane permeation setup are explained in detail. The other 

characterization techniques used during this work are described in detail in the manuscripts 

included in Chapter 4. 

3.1 In Situ high-temperature X-ray diffraction under controlled 

gas atmosphere using synchrotron radiation 

This technique was developed by the Chair of Advanced Ceramic Materials in collaboration 

with the scientists from the beamline 12.2.2 in the Advanced Light Source (ALS) facility in 

the Lawrence Berkeley National Laboratory (LBNL, Berkeley, CA, USA). Figure 3-1 shows 

(a) the schematic of the capillary system containing the powder sample, (B) the hutch 

containing the capillary system and oven, the MFC unit and the 2D-detector and (C) an 

image of the control room of the beamline. Several parts of the technique are described 

elsewhere 104,105, and the technique and testing conditions applied during this thesis are 

described in detail in 51,106. The main objective of applying this technique is to characterize 

the crystallographic phases of the catalysts in situ, the changes in lattice parameter and 

crystallite size of selected phases and the appearance of new phases under catalytically 

relevant conditions. To this aim, approximately 1 mg of the powder samples is introduced 

inside a 0.7 mm outer diameter capillary from Hilgenberg GmbH (Germany). A second inner 

capillary with outer diameter of 0.5 mm (made of quartz or Tungsten metal) introduces the 

reactant mixture, which flow rate and gas composition is precisely controlled using 

Bronkhorst High-tech B.V. (Netherlands) or Alicat (USA) mass flow controllers. As for 

catalytic studies, the flow rates are usually better described using the gas hourly space velocity 

(GHSV), which allows comparison between catalytic tests and characterization techniques 

with other literature results. For the DRM catalytic studies, high GHSV are chosen to ensure 

the observation of deactivating phenomena within reasonable times. In other words, harsh 

conditions for catalyst stability are generally chosen. Lower GHSV values for the nickel 

lattice expansion experiments are selected, as the observed phenomena strongly depends on 
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the CVD conditions. The GHSV and reactant gas ratios used are properly described in the 

publications 51,106 in chapter 4. For both works, the NiO/MnOx precursor must be in situ 

reduced using a pure flow of H2 at 500 °C for approximately 1 h to yield the active 5% 

Ni/MnO catalyst. After interacting with the sample, the gas mixture is forced to bubble 

through a flask containing water. This flask is monitored using a CCD camera from the 

control room, allowing a safe operation by detecting potential leaks. The capillary system 

containing the catalytic sample under study is introduced inside a cylindrical SiC tube, which 

acts as furnace by use of two infrared lamps (Osram 64635HLX, Germany). The heating 

system control loop is done by using an S-type thermocouple, allocated inside the SiC oven, 

few millimeters below the sample. The PID controller is integrated in Labview, as the rest of 

parameters and sensors of the beam line. Two temperatures have been the focus of study in 

this thesis: 600 ºC and 800 ºC. The reasons for this choice are extensively justified in the 

respective manuscripts. Two holes in the SiC oven allow the beam (25 keV, 10-30 μm spot 

size) to interact with the powder sample and travel toward the 2D detector situated behind it, 

at controllable distances. Two detectors have been used: a Perkin Elmer XRD 1621 (USA) 

and a MAR 345 image plate detector from marXperts (Germany). Depending on the 

detector and the diffraction properties of the samples, high-quality patterns are obtained with 

times ranging between 30 seconds and 5 minutes. The diffraction of the incident beam 

results in diffraction cones which stimulate the 2D detectors, yielding the Debye-Scherrer 

rings characteristic of the materials under study. This 2D patterns are converted to the most 

classical 2 axis representation of the XRD patterns, displaying intensity (y-axis) as function of 

the 2θ (x-axis) using Dioptas software. Use of this software and the fast conversion speed 

allows to analyze the experiment progress on-the-fly. The detectors distance can be modified 

to more precisely quantify specific lattices at desired regions of the spectra. Prior to sample 

analysis, the whole setup configuration is calibrated using a LaB6 (NIST 660b) standard. The 

whole beamline is controlled using Labview, which allows the precise tuning of all the 

necessary parameters for proper analysis and records the values from all the sensors involved 

in the data acquisition. Resulting patterns are plotted using Origin software. Rietveld 

refinement has been done using FullProf Suite software 107. 
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Figure 3-1. Image of the beamline 12.2.2. of the ALS, showing (A) the schematic of the 
capi llary system containing the powder sample, (B) the interior of the hutch, with the X-ray 

beam direct ion, the capillary system and oven, the 2D detector and the MFC unit, and (C) the 
control room. 

3.2 High-temperature membrane permeation setup 

3.2.1 Design 

This setup has been designed, assembled and operated in the Chair of Advanced Ceramic 

Materials. The design of the setup has been conducted based on literature references 
27,31,33,34,32 and on the design of experiments (DOE) conducted within this work. This DOE 

describes the system response to be analyzed (flux density of CO2) and lists all those 

variables which could influence it. The list of 19 factors is initially separated into two 

categories: membrane properties and testing conditions. Subsequently, the variables are 

categorized between: (1) controllable/not controllable and (2) categorical/numerical. Several 

of the factors are interdependent of each other, e.g. the CO2 partial pressure is a function of 

the gas mixture composition and the absolute pressure. The factor domain (e.g. quantity 

range for numerical variables), units and variation levels (for the controllable/numerical) are 

also described. The resulting DOE table suggests a rather wide range of variables that could 
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affect the DP membrane performance, and therefore it is needed to delimit the most 

promising candidates which would affect the membranes performance to a greater degree. 

Regarding the membrane properties category, an extensive literature survey highlighted that 

the most promising candidate to be tuned is the ceramic skeleton material, as previously 

discussed in chapter 2.3. During the experimental campaign performed in this thesis, the 

need of controlling the membrane’s porosity has been highlighted, and the use of MgO as 

pore generator has been applied. The membrane configuration, the porosity (and 

consequently the ratio ceramic skeleton to carbonate), the pore size and the molten 

carbonate composition are fixed while the thickness of the membranes, ceramic skeleton 

crystallite size, membrane defects and material impurities have been quantified. 

Following the general membrane permeation theory, in which the density flux is a 

function of the membrane’s permeability and the partial pressure of the i gas (equation (3-6) 

is displayed in the data evaluation section of this technique), it has been highlighted that it is 

necessary to control the feed side gas composition and flow rate, temperature, the absolute 

pressure, and to quantify the permeate side of the membrane by using a mass spectrometer 

(MS). To delimitate the other testing conditions, a rather simple screening test for all the 

membranes under study has been designed: the membranes are characterized over a 500-900 

ºC range of temperature, while keeping flow rates, feed and sweep side gas mixture ratios and 

absolute pressures constant. Due to the reported stability of the doped-CeO2 materials as DP 

membranes, stability tests have been disregarded as potential groundbreaking assessment to 

be performed. Nevertheless, the setup has been constructed to perform permeability tests 

over a wide range of testing conditions, including above-atmospheric pressure tests (up to ~ 

5 bar as limited by the MFCs). The list of factors resulting from the DOE is shown in Table 

3-1. 
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Table 3-1. List of factors resulting from the DOE of the membrane permeation studies. Contr.= controllable, 
Categ.= categorical, Num.=numerical. Several factors are abbreviated following the general nomenclature of 
this dissertation. 

Type Nº Factor Type Factor domain Unit 

M
em

br
an

e 
pr

op
er

tie
s 

1 Ceramic material Contr./Categ. SDC, FSDC - 

2 Configuration Contr./Categ. Supported - 

3 Membrane t Contr./Num.  1-2 mm 

4 ϕ Contr./Num. ~50 % 

5 Pore size Contr./Num. Related to poregen µm 

6 Ratio c:MC Contr./Num. ~1:1 - 

7 Crystallite size Contr./Num. - nm 

8 MC composition Contr./Num. Eutectic mixture - 

9 Membrane defects Not contr./Categ. - - 

10 Material impurities Not contr./Num. - wt.% 

T
es

tin
g 

co
nd

iti
on

s 

11 Temperature Contr./Num. [500-900] ºC 

12 Pfeed Contr./Num. ~1 atm 

13 Psweep Contr./Num. ~1 atm 

14 Feed gas composition Contr./Num. CO2:Ar=1:1 - 

15 Sweep gas composition Contr./Num. He - 

16 ∆𝑃  Contr./Num. - atm 

17 Feed gas flow rate Contr./Num. 50 STP mL min-1 

18 Sweep gas flow rate Contr./Num. 50 STP mL min-1 

19 Time Contr./Num. - h 

 

The schematic of the setup resulting from the DOE and the literature review is shown in 

Figure 3-2. 

 



Characterization methods 

30 
 

 

Figure 3-2. Schematic of the high-temperature membrane permeation setup. 

In order to properly design and later construct a setup, it is necessary to produce a piping 

and instrumentation diagram (P&ID). This diagram depicts the piping and the process 

equipment, usually together with the instrumentation and control devices. For the high-

temperature membrane permeations setup P&ID, the process control loops are not included 

due to the simplicity of the setup (compared to industrial standards) and the presence of 

exclusively 1 control loop (the temperature, which is explained below). Moreover, the 

pressure sensors and the MS send data to the CPU for monitoring and recording, 

information flow which is not shown in the P&ID. 

The P&ID diagram is displayed in Figure 3-3. For text simplicity, each equipment 

model and supplier will be described here, together with the diagram’s logic, although the 

specific equipment to fulfill each function has been selected after finalizing the P&ID 

diagram. Figure 3-3 shows from left to right the flow of gas all along the setup. Starting from 

the gas bottles (GB, He and Ar from Air liquid, Alphagaz 99.999mol%, CO2 from Air liquid, 

99.995%), the flow rate of gases is precisely controlled by mass flow controllers (MFC, In-

Flow Bronkhorst Mättig GmbH). Check valves (CV, Swagelok) prevent the back permeation 

of gases and minimize mixing issues. Right before the membrane, a pressure indicator (PI, 

PXM409 from Omega, USA) quantifies the pressure in the feed side of the membrane. The 

Probostat (Norecs, Norway) equipment is composed by the base unit and the tube part, in 

which disk membranes can be installed by using its spring load system. Its use allows the 

separate feeding of the feed and sweep sides of the membrane, enabling precise 



 Characterization methods 

31 
 

quantification of the permeated gases through the membrane. Moreover, although not used 

in the scope of this thesis, in situ electrical characterization at high temperature and in 

controlled atmospheres can be performed by connecting electrodes in contact with the 

membrane to the base unit. The assembly of a typical DP membrane inside the Probostat is 

described below. Following the gas flow along the P&ID diagram and after the Probostat 

unit, the pressure of the permeate stream is quantified by the second PI (same specifications 

as before). In both retentate and permeate sides, a needle valve (NV, M-Flow from HTK, 

Germany) is installed in order to allow performing permeation tests above atmospheric 

pressure. Two more check valves (same specifications) prevent back permeation of gases, 

specially while cooling. The retentate is directed toward the extraction system, while the 

permeate is directed toward the MS (GSD-320 O1, Pfeiffer Vacuum). After the MS, the 

outgas of the system is directed toward the extraction system. 

The temperature control loop of the setup is established by a S-type thermocouple 

placed next to the membrane sample within the Probostat equipment. This thermocouple 

provides the membrane temperature to the Eurotherm 2404 PID controller, which adjusts 

the oven (W.C. Heraeus, Hanau ROPR 5/40) temperature and precisely controls heating and 

cooling rates. The lower part of the Probostat must be cooled to prevent the connections 

and feedthroughs from melting. This is done by connecting a circulating bath from Haake 

(Germany) to the Probostat cooling chamber, which is integrated with the base unit. 

Generally, a de-ionized cooling water temperature of 20 ºC is chosen. Prior to an 

experimental campaign, the MFCs are calibrated using a mass flow indicator (MFI, DryCal 

Definer 220L from Mesa Labs, USA). The MS is calibrated using several CO2:Ar flows 

supplied by the freshly calibrated MFCs and by using a precise calibration gas bottle from 

Deuste Steininger GmbH (Germany). 
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Figure 3-3. Piping and instrumentation diagram of the high-temperature membrane 
permeation setup. 
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3.2.2 Setup construction 

The setup is allocated in a room containing oxygen-level alarm and the proper extraction 

system to safely operate the setup. After purchase of the equipment, construction of the 

setup has been done by Peter Schneppmüller, from the Chair of Advanced Ceramic Materials 

(TU Berlin). A diagram produced to assist during the construction (1) is displayed in Figure 

3-4, along with the final constructed setup (2). 

 

Figure 3-4. (1) Schematic drawing of instrumentat ion position in the high-temperature 
membrane permeation setup. (2) Constructed setup. 
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3.2.3 Permeability test 

Prior to a permeability test, the membrane under study (diameter ranging between 10-14 

mm) must be properly assembled on top of the alumina inner tube of the Probostat system, 

using plastic gloves to prevent the dissolution of carbonates. Between the membrane disk 

and the alumina support, a silver ring is placed, which later softens at high temperature to 

provide the sealing and ensure the separate feeding of the feed side and the sweep side. On 

top of the DP membrane, an alumina spacer ring is placed to maximize the area of exposed 

membrane to the gas mixture. Inside the alumina tube and below the membrane, a second 

thinner alumina tube delivers He through the sweep side close to the membrane lower 

surface, to properly sweep the permeated CO2 and ensure a constant partial pressure of CO2 

across the membrane. The S-type thermocouple is connected to the proper feedthroughs of 

the base unit of the Probostat and placed next to the membrane. The alumina triangular plate 

connected with the spring system to the base unit softly presses the silver ring and the DP 

membrane, inducing the system to be sealed when the former later reaches its softening 

point (~950 ºC). The whole system is enclosed using the outer alumina tube, which is 

pressed to the base unit by a rubber ring, to avoid gas leaks. The Probostat is introduced 

inside the oven, which descends to a height in which the membrane is approximately in the 

middle of the oven’s heating zone. The Swagelok flexible pipes are connected to the base 

unit using Swagelok quick connects, to void damaging the system’s connections. After 

assembling the membrane, the MFCs flow is adjusted to 10 STP mL min-1, and the pressure 

increase in the system is monitored using the PI’s to ensure that both gas mixtures properly 

flow through the setup. After few minutes of observing stable pressure, the two outer 

streams (permeate and sweep) connections are disconnected from the base unit. The 

pressure is allowed to increase (within safety values), and the flow rates are adjusted to 0. For 

10 minutes, the pressure is monitored to detect potential leakages in the whole setup (so-

called pressure test). If the pressure test is successful, i.e. the pressure does not decrease, the 

permeability test proceeds. Figure 3-5 shows the physical assembly of the Probostat system 

prior to a membrane permeability test: (A) the top part of the alumina tube with the 

assembled DP membrane, (B) a schematic of the same zone displaying each component’s 

position and (C) the base unit of the Probostat system displaying the gas connections and 

thermocouple electrodes.  
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Figure 3-5. The Probostat unit showing (A) the membrane assembly part, (B) a  schematic of 
the same part and (C) the base unit with the gas feedthroughs and the thermocouple’s 

electrodes. 

The permeability experiment testing conditions are displayed in Table 3-2. After the 

pressure-test, the MFCs flow rates are adjusted to 10 STP mL min-1 and the setup is heated 

to 930 ºC using heating rates of 1 ºC min-1. Between 930 and 950 ºC, a heating rate of 0.5 ºC 
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is selected to avoid an overshoot of the softening temperature of silver (950 ºC), which 

would melt the metal and prevent the ring from accomplishing its function. During this 

process, the Ar concentration in the permeate side is continuously monitored using the MS. 

Usually its concentration is already low at 900 ºC (in the range of 20-90 ppm), and always 

achieves its minimum value at around 950 ºC, highlighting that the membrane sealing is 

established. After sealing, the system is cooled to 900 ºC (2 ºC min-1). 100 ºC increments are 

selected as data points for the permeability quantification. At each temperature, the system is 

allowed to achieve steady state, which usually happens within 30 min of isothermal 

performance. After acquisition of the permeability at 500 ºC, the system is cooled to room 

temperature under a constant flow of 10 STP mL min-1 in both sides. 

Table 3-2. Typical permeability test conditions. 

 
QHe (MFC1) QCO2 (MFC2) QAr (MFC3) Qtotal T Range Heating rate 

Step STP mL min-1 STP mL min-1 STP mL min-1 STP mL min-1 ºC ºC min-1 

1 10 5 5 20 25-930 1 

2 10 5 5 20 930-950 0.5 

3 50 25 25 20 950-900 2 

4 50 25 25 100 900 0 

5 50 25 25 100 900-800 2 

6 50 25 25 100 800 0 

7 50 25 25 100 800-700 2 

8 50 25 25 100 700 0 

9 50 25 25 100 700-600 2 

10 50 25 25 100 600 0 

11 50 25 25 100 600-500 2 

12 50 25 25 100 500 0 

13 10 5 5 20 700-25 4 

 

3.2.4 Data evaluation 

Data of CO2 and Ar concentration, flow rates (always constant), gas concentration 

(constant) and pressure for feed and permeate sides are introduced into an Excel (Microsoft 

Office 365 ProPlus) sheet. The real flux density of CO2 is calculated using the following 

formulae, based on the mathematical method by Zhang et al. 32. Total CO2 flux (3-5) density 

is separated between real (3-1) and leakage flux (3-2), which is correlated to the Ar flux (3-4) 

corrected by the relationship between inlet flows (3-3). 

𝐽 , = 𝐽 , − 𝐽        (3-1) 
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𝐽 , = 𝑚 ·  𝐽 ,         (3-2) 

𝑚 =
,

,
          (3-3) 

𝐽 , =  
,

,   ,
·      (3-4) 

𝐽 , =  
,

,   ,
·      (3-5) 

𝑡 · 𝐽 , =  𝐾 · 𝛥𝑃         (3-6) 

𝐾 =            (3-7) 

 

Note that while the flux density is expressed in mL min-1 cm-2 while the permeability is 

expressed in mol m m-2 s-1 Pa-1, as recommended by the International System of Units (SI). 

The permeance (K’) is calculated using equation (3-7), although is not used during this 

dissertation as it is not a real material constant: its value depends on the membrane’s 

thickness. Therefore, to allow for a more rational comparison between membrane materials, 

the permeability has been used. Data is exported and plotted using Origin 2018 Academic. 

The activation energy (Ea) for the DP membranes is calculated by using the Arrhenius 

equation fit of the graphical representation of the ln of the flux density of CO2 “ln(𝐽
,

)” 

as function of T-1. The slope of the resulting lineal regressions is the activation energy of the 

process, in kJ mol-1 units. The low number of sensors and the steady performance of the 

membranes allowed to directly introduce the desired parameters into the Excel sheet without 

losing precision. Nevertheless, 2 different files are generated from each permeability test, 

including: (1) the MS data displaying concentrations of CO2, Ar and He in (.dat) format, (2) 

an excel sheet containing the values of PI 1-2 as function of time. These files can later be 

used to double check the obtained parameters. 
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4 Results and discussion 

4.1 Ceria-based dual-phase membranes for high-temperature 

carbon dioxide separation: effect of iron doping and pore 

generation with MgO template 
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Abstract: Dual-phase membranes for high-temperature carbon dioxide separation have emerged as 
promising technology to mitigate anthropogenic greenhouse gases emissions, especially as a pre- and 
post-combustion separation technique in coal burning power plants. To implement these membranes 
industrially, the carbon dioxide permeability must be improved. In this study, Ceo.sSmo.202-ö (SDC) 
and Ceo.sSmo.19Feo.0102-ö (FSDC) ceramic powders were used to form the skeleton in dual-phase 
membranes. The use of MgO as an environmentally friendly pore generator allows control over the 
membrane porosity and microstructure in order to compare the effect of the membrane' s ceramic 
phase. The ceramic powders and the resulting membranes were characterized using ICP-OES, HSM, 
gravimetric analysis, SEM/EDX, and XRD, and the carbon dioxide flux density was quantified using a 
high-temperature membrane permeation setup. The carbon dioxide permeability slightly increases 
with the addition of iron in the FSDC membranes compared to the SDC membranes mainly due 
to the reported scavenging effect of iron with the siliceous impurities, with an additional potential 
contribution of an increased crystallite size due to viscous flow sintering. The increased permeability 
of the FSDC system and the proper microstructure control by MgO can be further extended to 
optimize carbon dioxide permeability in this membrane system. 

Keywords: samarium doped ceria; SDC; FSDC; C02 separation membranes; scavenging effect of 
iron; permeability 

1. lntroduction 

Climate change is one of the biggest challenges that mankind must face during the 21st century: 
to achieve sustainable development, anthropogenic C02 emissions must be reduced [l ]. Use of dual
phase (DP) membranes for C02 separation in coal-burning power plants was first suggested by Chung 
et al. as a post-combustion, pre-combustion decarbonization or in the oxyfuel process [2]. A malten 
carbonate phase was embedded inside the pores of a porous stainless-steel matrix, allowing selective 
separation of C02 and 02. Soon after, the metal support was substituted by an oxygen ion conductive 
ceramic [3], which allows the selective separation of C02 via its reaction with a lattice oxygen of the 
ceramic phase. Subsequently, the so formed carbonate ion is transported through the malten carbonate 
phase via convective flow toward the C02 lean side of the membrane. After inverse reaction and C02 

Membranes 2019, 9, 108; doi:10.3390/rnernbranes9090108 www.rndpi.com/joumaVrnernbranes 
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desorption, the oxygen anion is transported back through the ceramic matrix. This ambipolar transport 
of col- and 0 2- results in a theoretical infinite selectivity toward C02. Modelling work suggests that 
the overall permeation rate is controlled by the oxygen ion conductivity of the ceramic material [4,5]. 

In other words, to maximize the C02 flow, efforts should be invested toward increasing the ceramic's 
oxygen conductivity and/or decreasing the membrane thickness. More recently, DP membranes have 
been suggested as membrane reactors for different processes: the water gas shift reaction to produce 
syngas [6] andin the catalytic ethane-to-ethylene conversion [7]. 

lt is generally accepted that a eutectic mixture of Li, Na, and K carbonates must be used due to its 
lower melting point (397 °C) and improved stability [8]. Regarding the ceramic phase, several materials 
have been tested: Lao.6Sro.4Coo.sFeo.203_s (LSCF) [3,9], Lao.ssCeo.1Gao.3Feo.6sA10.os03_s (LCGFA) [10], 

Yo.16Zro.s402-ö (YSZ) [8,11,12], Ceo_9Gdo.102-s (CGO) [8,13,14], Bi1.s Yo.3Smo.203_0 (BYS) [11,15] 

and Ceo.sSmo.202-s (SDC) [16,17]. Generally applied to any high-temperature application and 
specifically to the DP membranes, stability is a key factor. Several of the above-mentioned materials 
have shown unstable performance due to different reasons, including phase transformations [15], 

reaction between C02 and the ceramic phase [9] and irreversible reaction of the carbonate and the 
ceramic phase [8]. Amongst the several material candidates, SDC has shown high and a remarkably 
stable C02 permeability [17]. 

Fluorite-type Ce02 can be doped using di- or tri-valent metals, which result in the generation of 
oxygen vacancies in the ceramic material, which act as a pathway for oz- diffusion [18]. For ionic 
conductivity in a ceramic material, the overall resistance can be separated into grain and grain 
boundary resistance. For Ce02 and doped-Ce02, the contribution of the grain boundary resistance is 
higher at intermediate temperatures mainly due to the introduction of impurities containing silicon 
or aluminum [19]. Doping of Ce02 with Fe is carried out in order to scavenge the grain boundary 
impurities and thereby improve the oz- conductivity [18- 20], although an excess of Fe results in 
decreased conductivity due to the formation of a Fe20 3 phase [20]. Tue exact mechanism of scavenging 
is not known, although the following options have been suggested [18]: (1) reaction between the 
scavenger and the silicon-containing impurity, (2) formation of a faceted structure at the grain boundary 
induced by the scavenger and (3) de-wetting of the silicon containing impurity toward the triple point 
junction. Fe is also known to decrease the densification temperature of the SDC system [19,20] by 
inducing viscous flow sintering [21]. Use of sacrificial materials, e.g., NiO template [16], allows for 
control of the pore volume, size, connectivity, and tortuosity, having a strong influence on the C02 
permeability [22]. Other studies relied on the use of Mgü as a sustainable, safer and cheaper alternative 
to metal-containing templates as a hard template for Ag-CGO porous cermets for solid oxide fuel 
cells [23]. Mgü, besides being a less hazardous chemical than NiO, demands no reduction step prior to 
leaching (which is performed using acetic acid). Tue simplified procedure to use this pore generator 
results in a reduction of the final cost of the membrane preparation and the avoidance of using strong 
acids and hazardous compounds. 

Tue main goal of this work was to study the applicability of iron-doped SDC as a ceramic skeleton 
for the DP membrane system. Therefore, DP membranes using SDC and FSDC ceramic powders as 
the oxygen ion conductive phase, a eutectic mixture of lithium, sodium, and potassium carbonates 
as the carbonate-ion conductive phase and MgO as pore generator were prepared. The powder 
composition and sintering behavior were characterized using ICP-OES, HSM, and XRD, and the 
membrane' s morphology and microstructure were characterized using XRD combined with Rietveld 
refinement, gravimetric analysis and SEM/EDX. The membranes C02 permeability was quantified 
using a high-temperature membrane permeation setup. 
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2. Materials and Methods 

2.1. SDC-FSDC/MgO/MC Membrane Preparation 

Doped-CeO2 ceramic powders were synthesized using the liquid citrate method reported 
previously [18,24,25]. Depending on the desired composition, the nitrate precursors (0.25 mol 
basis): Ce(NO3)3-6H2O (Alfa Aesar, 99.5%, Haverhill, MA, USA), Sm(NO3)3-6H2O (Sigma Aldrich, 
99.9%, Saint Louis, MO, USA), and Fe(NO3)3-9H2O (Riedel de Haen, 99.95%, Seelze, Germany) were 
dissolved in 600 mL of deionized water and mixed with a 100% excess of citric acid (C6HsO7, Roth, 
99.5% anhydrous, Karlsruhe, Germany). The mixture was stirred continuously and heated to the 
boiling point and held under reflux for 4 h. Afterwards, the boiling solution was uncovered, allowing 
evaporation of the solvent, and thereby promoting gelation. Once the gel was formed, the mixture 
was dried for 24 hin air at 110 °C. Self-ignition was carried out by placing the gel inside an oven at 
410 °C with additional air supply. The resulting powder was ground with a mortar and pestle and 
further sintered at 550 °C in air for 10 h, with a heating rate of ~T = 3 °C min-1. Prior to its use, 
the MgO powder (Magnesia 295, Magnesia GmbH, Lüneburg, Germany) was sintered at 1400 °C 
for 10 h with heating and cooling rates of 2 °C min-1 to minimize changes in porosity and pore size 
of the later composite doped-CeO2/MgO membranes. To prepare the doped-CeO2fMgO mixtures, 
powders in a volumetric ratio of doped-CeO2:MgO = 70:30 were introduced into a milling vessel with 
zirconia balls at a ball to powder mass ratio of 20 and rolled on a cylinder for 24 h at 40 rpm. At this 
point, the powder mixture was granulated by pre-pressing uniaxially into pellets and grinding the 
resulting disks through a metal sieve. Variable amounts of the granulated powders were placed in 
stainless-steel molds (diameter ranging from 10-14 mm), which were uniaxially pressed in a Paul-Otto 
Weber GmbH (Remshalden, Germany) press at room temperature at 6.4 X 108 Pa (for the SDC) and 
1.5 X 108 Pa (for the FSDC) for 5 min. A slightly lower pressure was chosen for the FSDC system due to 
the reported promotion of densification in this system induced by Fe [19]. This procedure was chosen 
to minimize the difference in the secondary porosity-which results from voids between the ceramic 
skeleton particles after pressing and not originating from the template removal-between the two 
materials systems. After pressing, the ceramic disks were sintered for 20 h at 1000 °C using heating 
rates of 1.5 °C min-1. The MgO phase was leached by suspending the pellets using a platinum gasket 
in an acetic acid (Rotipuran 100%, Roth, Karlsruhe, Germany) aqueous solution (50 wt% in deionized 
water) at 80 °C under mechanical stirring for 24 h. Afterwards, the membranes were washed with 
deionized water and allowed to dry in air. 

The carbonate phase was introduced in the pores of the pellets after MgO leaching by direct 
infiltration of malten carbonate, as previously described by Chung et al. [2]. The eutectic mixture 
of Li2CO3, Na2CO3, and K2CO3 (all carbonates from Merck, Kenilworth, NJ, USA) of 42.5/32.5/25 
mal% with a melting temperature of 397 °C [26] was introduced inside a crucible. The membranes 
tobe infiltrated were supported on a platinum gasket attached to a moving alumina cylinder, which 
was fixed above the carbonate-containing crucible. To prevent any thermal shock on the membrane, 
a N20/HS oven from Naher (Nordhorn, Germany) was used in conjunction with a system to allow 
the immersion of the membranes without opening the oven. This facilitated the slow immersion of 
the membranes inside the malten carbonate and subsequently allowed them tobe lifted after the 
infiltration process. We selected an infiltration temperature of 580 °C (~T = 2 °C min-1) and a soaking 
time of 60 min, which resulted in the proper density and viscosity of the malten carbonate to completely 
infiltrate the membrane's pores. After cooling, the membranes were removed from the platinum gasket 
and carefully polished using SiC paper and ethanol to remove excess surface carbonate; the usage of 
water was avoided to prevent the dissolution of the infiltrated carbonates. 

2.2. Characterization Methods 

Element composition of the SDC and FSDC powders and nitrate precursors was measured by 
inductively coupled plasma optical emission spectroscopy (ICP-OES) using a Horiba Scientific ICP 
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Ultirna2 (Horiba, Kyoto, Japan). Prior to analysis, the ceramic powders were digested in an autoclave 
using HNO3 at 200 °C for 5 h. 

The sintering behavior of the SDC and FSDC powders was assessed by hot stage microscopy 
(HSM), performed with a Hesse instrument (Hesse Instruments, Osterode am Harz, Germany) using 
uniaxially pressed 3 x 3 mm (w x h) cylinders, operating at a heating rate of 7 °C min-1 from room 
temperature to 1500 °C and an isothermal period of 1 h. The plotted data displays the decrease in area 
of the laterally observed cylinders with increasing temperature and time. 

The porosity (c/J) of the pellets and membranes was obtained using Equation (1) and Equation (2). 
The relative error of the porosity calculation is 1 %. 

Mc·Z 
Pc = NA·a3 

(1) 

(2) 

Symbols and units for all equations are displayed in the table at the end of the manuscript. 
Lattice parameters of the ceramic phases were obtained from Rietveld refinement of the XRD patterns, 
as described subsequently in the results and discussion. 

The volumetric fraction of infiltrated carbonate was calculated using Equation (3): 

mm 
X - pc--v;;;-

MC - (3) 
Pc - Pmc 

To calculate the ratio of leaching of the MgO phase, comparison of the real (measured) and the 
theoretical weight of the membrane (assuming complete removal of the template) was clone, taking into 
account that the volumetric ratio to ceramic powder was known (doped-CeO2:MgO = 70:30), and its 
relative error is below 1 %. Theoretical weight was calculated using Equation (4): 

mbz-0.7•pc 
mtheor = -------

0.7•pc + 0.3·PMgO 
(4) 

The ratio of impregnation of the MC phase was calculated using Equation (5), and its relative 
error is 3%. 

PMgO was obtained from ref. [27]. 

l - o/a.l. - XMc 
YMC = 

o/a.l. 
(5) 

X-ray diffraction (XRD) was conducted using a Bruker D8 diffractometer operating with a CoK<Xl 
radiation source. Measurements were performed between 28 angles of 10-100, with a step size of 
0.01719° and 3 seconds per step. The resulting patterns were analyzed and plotted using Origin 2018 
software (OriginLab Corporation, Northampton, MA, USA). Crystallite size and lattice parameters 
were obtained by Rietveld refinement performed using FULLPROF program [28] and profile function 
7 [29] (Thompson-Cox-Hastings pseudo-Voigt convoluted with axial divergence asymmetry function). 
The resolution function of the instrument was obtained from the structure refinement of the LaB6 
standard. More information regarding the use of the pseudo-Voigt function to calculate the crystallite 
size and its standard deviation is reported elsewhere [30]. 

The morphology and element distribution of the pellets and membranes were characterized 
by SEM/EDX using a LEO Gemini 1530 from Carl Zeiss™ AG (Jena, Germany) at an energy of 
5-10 kV. Samples were pre-coated with carbon prior to scanning electron microscopy (SEM) and 
energy-dispersive X-ray spectroscopy (EDX) to prevent the effect of charging on the samples. 
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2.3. Membrane Performance 

Permeation tests were performed between 500 °C and 900 °C using a high-temperature membrane 
permeation setup, of which the central instrument was a Probostat @from NorEcs (Oslo, Norway). 
In-Flow@Mass-flow controllers (MFCs) from Bronkhorst High-Tech BV (AK Ruurlo, The Netherlands) 
precisely delivered the desired flow rate of He, Ar gases (both from Air Liquide, Alphagaz 99.999 mol%, 
Paris, France) and C02 (Air Liquide, 99.995%, Paris, France). The almost identical kinetic diameters of 
Ar (340 pm [31]) compared to C02 (330 pm [32]) encouraged its use as diluent gas to enable better 
quantification of permeated C02 due to leaks and cracks. Two PXM409 pressure indicators from 
Omega (Norwalk, CT, USA) indicated pressure in both feed and permeate side. Ceramic disks were 
fixed on top of an alumina tube using silver rings to seal the membrane. This ensured therefore the 
separate feeding of the feed and sweep sides. He in the sweep side was used to remove the permeated 
C02 and ensure a constant partial pressure of C02 across the membrane. The Probostat@was heated 
using a Heraeus ROPR 5/40 (Hanau, Germany), controlled by an Eurotherm 2404 PID controller. 
The permeate stream of the setup was analyzed using a GSD-320 01 mass spectrometer (MS) from 
Pfeiffer Vacuum. Once the setup was assembled, a heating rate of 1-2 °C min-1 was applied under a 
constant total flow of 10 STP mL min-1 in both membrane sides: pure He and a 1:1 mixture of CO2:Ar 
were used. The system was slowly heated up to the softening temperature of the sealing (950 °C), 
and the Ar concentration was monitored with the MS. Once the Ar concentration in the permeate side 
dropped, the membrane was properly sealed, and the system was subsequently cooled down to 900 °C. 
The flow rates in both sides of the membrane were increased to 50 STP mL min-1 with the same gas 
ratios to quantify the flux density of the membranes. 

The real flux density of C02 was calculated using the following formulae, based the method 
previously reported [16]. Total C02 flux (Equation (10)) density is separated between real (Equation (6)) 
and leakage flux (Equation (7)), which is correlated to the Ar flux (Equation (9)) corrected by the 
relationship between inlet flows Equation (8), equal to 1 in this study). Permeability of a membrane 
at a specific temperature is calculated using Equation (11). At each temperature point, the system 
was allowed to reach steady state before quantifying the flux density, which was multiplied by 
the membrane thickness to allow comparison between the different doped-CeOz/MC membranes. 
Symbol meaning and units can be found in the abbreviations table at the end of the manuscript. 
Origin 2018 software was used to plot the results. The relative experimental error of the C02 flux 
density is 4%. 

3. Results 

fco2,real = fco2,total - Jco2leak 

Jco2,leak = m•fAr,leak 

Qco2,inlet 
m=----

QAr,inlet 

J 
XAr, permeate 

Ar,leak = l X X 
- Ar,permeate - C02,permeate 

J C02,total = 
1 - XAr,permeate - Xco2,permeate 
-----------

Xco2, permeate 

Qsweep 

A 

Qsweep 

A 

3.1. Elemental and Phase Composition and Sintering Behavior of Membrane Materials 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

Table 1 shows the composition of the SDC and FSDC powders to demonstrate the desired 
ceramic material composition. For each component (except 0) the atomic ratio average and standard 
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deviation are calculated using three different powder batches. As depicted in Table 1, the desired 
powder compositions were achieved. Moreover, to demonstrate the presence of silicon-containing 
impurities believed to hinder the grain boundary oxygen conductivity, silicon wt% was also determined. 
Significant amounts of silicon were observed, and the huge standard deviations clearly showed that 
silicon contamination was not constant. The metal-precursor nitrate reactants were also analyzed 
with the same technique to identify the source of Si-contamination and, except for the Ce-nitrate, 
significant amounts of Si in the range of 0.006-0.013% (wt%) were found. The significant difference 
between the Si-wt% in the SDC and FSDC powders suggests a strong contribution of other sources of 
Si-contamination like the furnace refractories [19] or contaminated instrumentation during membrane 
processing. These findings demonstrate the need to use Fe as a scavenging agent with silicon-containing 
impurities to improve the grain boundary conductivity of the membrane's ceramic skeleton. 

Sample 

SDC 
FSDC 

Table 1. SDC and FSDC powder composition by ICP-OES. 

Ceatomic (-) 

0.810 (s = 0.001) 
0.797 (s = 0.003) 

Smatomic (-) 

0.190 (s = 0.005) 
0.192 (s = 0.003) 

Featomic (-) 

0.000 (s = 0.000) 
0.011 (s = 0.001) 

Siwt% (wt%) 

0.088 (s = 0.139) 
0.255 (s = 0.399) 

Formula 

Ceo.81 Smo.1902-ö 
Ceo_797Smo.192Feo.01102-ö 

Figure 1 shows the XRD patterns of an SDC material along the preparation process: (1) SDC 
powder after self-ignition, (2) SDC/MgO pellet after sintering at 1000 °C and (3) the same pellet after 
leaching of the MgO template. A plot containing XRD patterns of the same membrane preparation 
steps using the FSDC material as ceramic skeleton is provided in Figure 1, displaying the same trends 
as the SDC material, and the common observations between the two materials are detailed together. 
All reflexes belong to a cubic fluorite (Fm-3m) Ceo_3Smo.2O1.9 (PDF 01-075-0158), with no additional 
phase. After sintering with the Mgü pore generator at 1000 °C, both material pellets logically display 
additional Mgü reflections (PDF 00-089-4248). Moreover, a decrease in the width of the XRD reflections 
corresponding to the SDC phase is observed after sintering, which suggests an increase in the crystallite 
size with the sintering temperature. After leaching (top patterns in both figures), the Mgü reflexes 
disappear from the pellet surface without altering the SDC fluorite structure. For the FSDC system, 
the lack of any Feüx crystal phase detection at the Fe concentration under study matches the previously 
reported lower limit of appearance of Fe2O3 at Fe 1.5% atomic [20], which would have a detrimental 
effect on the ceramic phase conductivity. 

after leaching 

SDC/MgO-1 000 

SOC-410 

SDC 01-075-0158 

MgO 00-089-4248 

30 40 50 60 70 80 

2theta@ 1.789 A 

Figure 1. XRD pattems of the (i) SDC powders after self-ignition at 410 °C (bottom, black), (ii) SDC/MgO 
pellet after sintering at 1000 °C (middle, maroon) and (iii) same pellet after MgO leaching (top, red). 

Patterns are stacked. 
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To evaluate the effect of Fe addition on the lattice parameter and the effect of the sintering 
temperature and Fe addition on the crystallite size of the FSDC material, Rietveld refinement of the 
XRD data displayed in Figures 1 and 2 was performed and is shown in Table 2. The addition of Fe to 
the SDC system results in a slight decrease in the lattice parameter of the FSDC after self- ignition from 
5.4376 (s = 0.0005) to 5.4331 (s = 0.0009) A, indicating the partial substitution of the larger Sm3+ atoms 
(coordination VIII, 1.079 A [33]) by the smaller Fe3+ (coordination VIII, 0.78 [33]). This contraction in 
the unit cell combined with the absence of additional iron oxide phases unambiguously points to the 
formation of a solid solution ( composition shown in Table 1). After sintering at 1000 °C, the FSDC lattice 
parameter slightly increases to 5.4343 (s = 0.0001), suggesting the ex-solution of Fe from the ceramic 
material [18]. Finally, after leaching, the lattice parameter ofboth materials match at 5.4353 (s = 0.0001), 
in good agreement with the reported lattice parameter of SDC [34- 36]. Application of this lattice 
parameter to Equation (2) results in bulk densities of 7.138 g cm-3 and 7.081 g cm-3 for the SDC and 
FSDC powders, respectively. Fe addition results in an smaller crystallite size of the FSDC compared to 
that of the SDC after self-ignition, as previously observed [18], which can be attributed to the decrease 
in the interfacial contact area of the crystallites during the self-ignition step [18]. After sintering at 
1000 °C, crystallite size increases for both materials due to sintering, the crystallite size of the FSDC 
(88.9 nm) material being slightly higher than that of SDC (80.9 nm) due to the viscous flow sintering. 
Finally, after leaching, the crystallite size of both materials increases to above 100 nm. 

after leaching 

FSDC/Mg0-1000 

FSDC-410 

SDC 01 -075-0158 

MgO 00-089-4248 

30 40 50 60 70 80 

2theta@ 1.789 A 

Figure 2. XRD pattems of the (i) FSDC powders after self-ignition at 410 °C (bottom, black), 
(ii) FSDC/MgO pellet after sintering at 1000 °C (middle, maroon) and (iii) same pellet after Mgü 
leaching (top, red). Patterns are stacked. 

Table 2. Lattice parameters and crystallite sizes of the SDC and FSDC powders and pellets obtained 
from the Rietveld refinement of the XRD pattems. 

Sample 1 

SDC-410 
SDC-1000-b.l. 
SDC-1000-a.l. 

FSDC-410 
FSDC-1000-b .1. 
FSDC-1000-a.l. 

Crystallite Size (nm) 

12.1 (s = 0.2) 
80.5 (s = 1.5) 

>100 
5.6 (s = 0.1) 
88.9 (s = 1.6) 

>100 

Lattice Parameter (A) 

5.4376 (s = 0.0005) 
5.4360 (s = 0.0002) 
5.4353 (s = 0.0001) 
5.4331 (s = 0.0009) 
5.4343 (s = 0.0001) 
5.4353 (s = 0.0001) 

1 b.l. = before leaching, a.l. = after leaching the MgO phase. 

Figure 3 shows the comparison between SDC and FSDC change in area as function of temperature 
obtained by HSM. Both powder systems begin to sinter at 650 °C and follow similar trends up to 
temperatures of 950 °C, in which the FSDC powder displays an increased change of area. This rapid 
sintering behavior is due to the viscous flow sintering induced by the Fe addition as previously 
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reported [18]. At 1050 °C, the change in area of the FSDC further increases compared to the SDC 
system, the later showing a rather constant change rate all along the temperature range. These results 
suggest not to sinter the pellets at temperatures above 1000 °C to minimize the effect of the viscous 
flow in the FSDC, which could result in critical microstructure differences and consequently not allow 
comparison of the two materials as DP membranes. Lower sintering temperatures compromise the 
pellets mechanical stability and were therefore disregarded. 
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Figure 3. Sintering behavior of the SDC and FSDC powders characterized by HSM. Dashed line 
highlights the start of the sintering for both materials. Dotted line shows the sintering temperature of 
the later DP membranes. 

3.2. Porosity and Element Distribution of the Sintered Membranes 

The porosities of SDC and FSDC pellets during the different membrane preparation steps are 
shown in Table 3. Both pellets display similar porosities despite the enhanced sintering of the FSDC 
samples due to viscous flow sintering [18], demonstrating the proper pore-generator effect of the MgO 
sacrificial template and the beneficial effect of applying different pressures during pellet pressing. 
Therefore, the effect of the different porosities (and subsequently of the ratio between ceramic phase and 
carbonate phase) is minimized, enabling direct comparison of the two materials as ceramic skeletons for 
DP membranes. As seen, the Mgü template is almost completely removed by leaching in both ceramic 
systerns without compromising the membrane's mechanical stability, demonstrating the applicability of 
the suggested synthesis route and template material to the DP system. The percentage of impregnated 
carbonate was calculated using Equation (5) and is included in Table 3. The impregnation method 
successfully implements 0.98-1 of the theoretical maximal carbonates for both membrane systems. 

Table 3. SDC and FSDC pellets porosity all along the membrane preparation steps and fraction of 
leached MgO and impregnated carbonate. 

Material 

SDC-1000 
FSDC-1000 

Porosity after 
Sintering (%) 

20.3 
23.6 

Porosity after 
Leaching (%) 

44.6 
47.0 

Leached 
MgO 1 (-) 

0.99 
0.99 

1 Calculated using Equation (4); 2 Calculated using Equation (5). 

lmpregnated 
Carbonate 2 (-) 

1 
0.98 

Figures 4 and 5 show the morphology and element distribution as revealed by SEM/EDX 
characterization of SDC and FSDC membranes all along their preparation steps: (1) after pressing with 
MgO and sintering, (2) after leaching of the MgO phase and finally (3) after impregnation. For the 
(1) images, the MgO template is clearly observable before leaching, as highlighted by the difference in 
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particle size and contrast (MgO appears darker compared to the doped-CeO2 particles) and by the 
EDX mapping shown in the right part of Figures 4 and 5 Ce (blue) and Mg (green) mapping clearly 
demonstrate the separation between the two compounds in the pellet. After leaching, the MgO is 
removed to a high extent as proved by the lack of MgO particles and the consequent generation of 
porosity in the pellets. Moreover, no Mg could be detected by the EDX analysis (data not shown), 
demonstrating the successfully applied leaching step. In the leached pellets, two types of porosity 
can be observed: a primary porosity derived from the leaching of the template and a secondary 
porosity derived from the voids between the doped-CeO2 particles, the former being predominant. 
Comparison of A.2 in Figures 4 and 5 demonstrates the soft effect of the increased viscous flow of the 
FSDC material over SDC induced by Fe at 1000 °C on the membrane microstructure and specially 
on the secondary porosity, as shown by the similar morphologies of the membranes after leaching. 
Tue particle size of both materials was obtained after leaching of the MgO template (A.2 image) using 
ImageJ [37] software by averaging 50 particles and assuming spherical crystallites. Tue particle size 
in the FSDC leached pellets of 156.0 nm (s = 37.5) is higher than the 121.0 nm (s = 30.1) in the SDC 
pellets. These values suggest that each particle for both systems is composed of one or two crystallites 
(see Table 2). The results demonstrate the increase in particle size in the FSDC material compared to 
that of the SDC material caused by the viscous sintering flow. Both the use of MgO and the difference 
in applied pressure while pellet processing, results in extremely similar membrane microstructure, 
allowing for a rational comparison between these two materials. After impregnation with the carbonate 
mixture, the pores of both membrane systems appear completely filled, matching the observation 
displayed in Table 3. EDX mapping of the B.3 images in both Figures 4 and 5 displays a homogeneous 
distribution of K (red) and Ce (blue) over the analyzed membrane surfaces. These membranes surfaces 
had tobe polished shortly before SEM characterization due to the re-crystallization of the carbonate 
species on the surface, most probably induced by moisture in the air and posterior evaporation in the 
microscope chamber, which appeared to fully cover the membrane's surface. As is later proved by the 
permeability tests, this fact did not result in an irreversible coverage of the membrane surface, as the 
membranes were capable of selectively separating C02 from the feed gas mixture. 

3.3. Membrane Performance 

Tue real flux density of C02 multiplied by the membrane thickness (t·Jco2 ,real) of the resulting 
SDC and FSDC DP membranes as a function of the temperature is displayed in Figure 6. For both 
systems, the operating conditions are identical, as described earlier. Lines between the data points have 
been added for visual clarity. For both materials, the flux density increases with temperature due to the 
increased oxygen ion conductivity of the ceramic skeleton. The FSDC displays an increased C02 flux 
density compared to the SDC at all the temperatures tested. Tue reason is twofold: (1) the Fe scavenging 
effect on the silicon-containing impurities previously reported [18- 20], which results in a decrease of 
the grain boundary resistivity in the doped-CeO2 ceramic skeleton, and (2) an increase in the ceramic 
skeleton crystallite size as displayed in Table 2. An increase in the crystallite size results in a decreased 
resistance of the membrane to oxygen ion conductivity due to the decrease of the amount of grain 
boundaries, the main contributor to overall resistivity in doped-CeO2 materials [18]. The generation 
of additional oxygen vacancies by addition of Fe was disregarded as potential contribution to the 
improved C02 flux density in the FSDC membrane, as Sm3+ was substituted by Fe3+, and the reported 
almost identical oxygen vacancy concentration between SDC and 0.5-1.5 FSDC (0.5-1.5 at%) [18]. 
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SDC - membranes 

Figure 4. SEM images of an SDC membrane all along its preparation steps: (1) after sintering, (2) after 
template removal and (3) after MC impregnation. (A) column displays SEM imaging, while (B) column 
displays EDX characterization with the correspondent mappings of Ce (blue), Mg (green) and K (red). 

FSDC - membranes 

Figure 5. SEM images of a FSDC membrane all along its preparation steps: (1) after sintering, (2) after 
template removal and (3) after MC impregnation. (A) column displays SEM imaging, while (B) column 
displays EDX characterization with the correspondent mappings of Ce (blue), Mg (green) and K (red). 
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The C02 permeability of the membranes at 900 °Cis 7.59 x 10-11 mol m m-2 s-1 Pa-1 (SDC) and 
1.31 x 10-10 mol mm-2 s-1 Pa-1 (FSDC), belowthat (1.52 x 10-10 molmm-2 s-1 Pa-1 for SDC) reported 
previously [17]. The difference can be explained due to: (1) differences in the membrane porosity (36% 
in ref. [171' taking into account that the C02 flux density decreases with increasing porosity [5]), (2) an 
increased sintering temperature of the SDC pellets (1100 °C) compared to our study (1000 °C) and (3) 
different testing conditions. The perm-selectivities of the membranes (C02/Ar) are 141.4 (SDC) and 
153.4 (FSDC) at 900 °C and they decrease with temperature due to the relatively lower concentration 
of C02 in the permeate side, caused by the decrease of the flux density via the selective mechanism 
with temperature. These values are similar to those previously reported [16) 7] and highlight the high 
selectivity of the DP membrane system. The significant Ar concentration detected in the permeate 
side (usually in the range of 20-90 ppm) are due to membrane cracks or most probably-as SEM 
characterization highlighted no visible cracks-imperfect sealings. 
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Figure 6. C02 flux density multiplied by membrane thickness as function of the temperature for the 

SDC and FSDC DP membranes. 

Figure 7 shows the Arrhenius Equation fit for the SDC and FSDC DP membranes experiments 
shown in Figure 6. The good fittings (R2 > 0.98) yield activation energies of 58.6 (for the SDC) and 
59.1 kJ mo1-1 (for the FSDC) membranes. These activation energy values are similar to those previously 
reported for SDC DP membranes [16) 7] and suggest that the ceramic skeleton oxygen conductivity is 
the rate determining step for the overall permeation. Although we did not quantify the stability of the 
membrane, previous works suggest that the SDC DP membranes do not deactivate with time [17]. 
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Figure 7. Arrhenius Equation fit displaying the 1n of the C02 flux density as function of the inverse of 

the temperature for the SDC and FSDC DP membranes. 
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Figure 8 shows a comparison chart including selected permeability values of different 
DP membrane systems and the values obtained in this work. The permeability data from 
literature [3,8,11,16,17] was obtained from plotted experimental data (except for [17]) and is therefore 
not precise. Also, the testing conditions of the different membrane systems differ, including differences 
in flow rates, C02 partial pressure, and, for the SDC with NiO as pore generator [16], the use of H2 
in the feed side. Figure 8 serves as a benchmark of our new FSDC DP membrane, suggesting that 
microstructure optimization can lead to a substantial improvement. The highest permeability displayed 
by SDC [16] was achieved by use of NiO as pore generator via a co-precipitation method with the 
SDC ceramic skeleton, which was later sintered at 1400 °C, resulting in highly interconnected 3D 
channels [16]. Tuning the MgO pore generator particle size, and also investigating the co-precipitation 
of the MgO and the FSDC materials are expected to allow more precise control of the membrane's 
microstructure and improve the C02 permeability. 
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Figure 8. Comparison chart displaying experimental permeability data of several DP membrane 
systems from literature and this study. 

4. Conclusions 

SDC and FSDC containing 1.1 at% Fe were successfully synthesized using the liquid citrate method. 
MgO was successfully applied in order to control the porosity of the SDC and FSDC ceramic pellets. 
The MgO pore generator is directly (without a reduction step) and easily removed after sintering using 
acetic acid, as proven by gravimetric study and SEM/EDX characterization, without compromising 
the membrane's mechanical stability. After the removal of the pore generator, the similar porosity 
of the two material systems allows comparison of the two oxygen-ion conductive materials as DP 
membranes. Successful impregnation of the ceramic skeleton with a eutectic malten carbonate mixture 
was demonstrated by gravimetric analysis and SEM/EDX characterization. 

The addition of iron to the SDC material results in an increase of the viscous flow of the ceramic 
material demonstrated by HSM and in an increase of the crystallite size after sintering, as demonstrated 
with XRD combined with refinement of the resulting patterns. SEM characterization demonstrates 
an increase of the particle size in the FSDC system compared to that of the SDC. The combination of 
the increase in crystallite size with the documented scavenging effect of iron with silicon-containing 
impurities results in an increase of the C02 permeability under the conditions tested compared to the 
iron-free SDC system. A maximum C02 permeability of 1.31 X 10-10 mol m m-2 s-1 Pa-1 at 900 °C 
with equimolar CO2:Ar feed was achieved using the FSDC/MC DP membrane. The use of MgO as 
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sacrificial phase can be further extended to study the effect of the porosity and the pore size of the 
ceramic phase on the C02 permeability in order to optimize this membrane system. Co-precipitation 
of the template and the doped-Ce02 precursors can be studied to further control the microstructure 
and improve the phase interconnectivity and homogeneity of the mixed powder. 
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ABSTRACT: A 5% Ni/MnO catalyst has been tested for the dry reforming of methane at 
different temperatures and reactant partial pressures. Changing the reactant ratio with time 
on stream results in a decrease in the deactivation rate of the catalyst. Graphitic carbon 
growth and metal particle sintering have been observed by applying in situ transrnission 
XRD using synchrotron radiation under actual reaction conditions. Both methane and 
carbon monoxide separately result in graphitic surface carbon, which can then be oxidized 
by carbon dioxide. The morphology of the surface carbon has been analyzed by TEM, and 
the reactions ofboth methane and carbon monoxide result in the same graphitic multiwalled 
carbon nanotubes. The present combination of catalytic experiments and in situ techniques 
suggests that surface carbon acts as an intermediate in the formation of CO and that catalyst 
deactivation happens via metallic particle sintering. These results enable a more rational 
choice of reaction conditions to ensure high catalyst activity and long-term stability. Future 
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catalyst advances must aim to prevent metal particle sintering. 
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KEYWORDS: carbon deposition, in situ XRD, synchrotron radiation, heterogeneous catalysis, DRM, nickel, surface carbon. 

• INTRODUCTION 
The dry reforming of methane (DRM) (reaction 1) is a 
heterogeneously catalyzed reaction in which CH4 and C02 
react to form a syngas mixture with an H2:CO ratio close to 
unity. This ratio is suitable for some Fischer-Tropsch, 
methanol, and dimethyl ether catalytic syntheses.1- 3 Deviation 
from the unity H2:CO ratio and higher C02 reaction rates are 
due to the reverse water gas shift reaction (RWGS) (reaction 
2). 

CH4 + C02 B 2H2 + 2CO l:..H0 298K = 247 kJ mol-1 (1) 

(2) 

From an environmental standpoint, DRM is an intriguing 
process because it converts the two principal gases responsible 
for the greenhouse effect.4 lt has been suggested that this 
highly endothermic process can provide chemical energy 
storage for renewable energy resources. 5 Despite the industrial 
and societal interest in the DRM process, unstable catalytic 

V ACS Publications © 2018 American Chemical Society 8739 

performance has prevented its industrial application. One 
possible cause of catalyst deactivation is surface carbon, which 
can form via reactions 3- 5: 

2CO B C02 + Cs 1::i..H0 298K = -172 kJ mol- 1 (3) 

CH4 - 2H2 + Cs t:i..H 0 298K = 75 kJmoi-1 (4) 

(5) 

The rate of carbon deposition by each raute strongly 
depends on reaction temperature and reactant concentration. 
lt has been suggested that working at temperatures above 725 
°C and with CO2:CH4 ratios far above unity rninimizes the 
thermodynamic potential for carbon formation. 1 In addition to 
the choice of reaction conditions, several factors in catalyst 
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design have been investigated to suppress catalyst deactivation, 
including the effect of metal particle size 6- 10 or shaEe, 11 

coating of the metal Rarticles to prevent agglomeration, 2 - 15 

use of bimetallic16- 9 catalysts, use of additives such as 
Ceü213•20•19•21•22 and support variation.23- 26 Use of MnxOy as a 
support26'27 or as an additive in ternary metal oxides26'28 is 
claimed to promote the dispersion of nickel species, enhancing 
catalyst stability.28 The appearance of strong metal-support 
interactions (SMSI) has been claimed as a stabilizing factor in 
nickel and manganese combined catalysts.28'26'29 In addition to 
the stabilizing effect on nickel, manganese also promotes C02 

adsorption. 30 

Several authors have studied surface carbon using different 
nickel-based catalysts under a wide range of testing conditions, 
yielding substantially different results and different conclusions. 
Generally, two types of carbon morphologies have been 
identified using microscof ic techniques: filamentous and 
encapsulating type carbon. 9•18'31•32 A characteristic graphitic 
carbon peak at around 20 = 26° has been observed in the ex 
situ XRD patterns of spent catalysts.20•31 Temgerature
programmed oxidation (TPO) has revealed one18•2 or two 
types18•19 of reactive carbon, depending on the testing 
conditions. The species requiring higher temperatures to be 
oxidized are attributed to graphitic carbon and associated with 
a filamentous 18' 31•20 or thick encapsulating18'31 morphology, 
while the low-temperature peak was suggested to result from 
amorphous 18 or carbidic species (as NixC) 18 of thin 
encapsulating type. Graphitic filamentous carbon resulting 
from CH4 decomposition33' 32 is generally not regarded as a 
probable cause of catalyst deactivation, although it may plug 
the reactor.19 Encapsulating-type carbon deposited by the 
Boudouard reaction (reaction 3) has been identified as the 
most probable cause of catalyst deactivation. 19•20•32 Some 
authors have suggested that surface carbon is not an undesired 
product of DRM but a necessary pathway for CO 
production.18•34•35•20 Studies of the effect of cofeeding C02 

on the growth of carbon nanotubes (CNTs) during chemical 
vapor deposition ( CVD )36 have implications for the DRM. As 
was reported, C02 is able to oxidize amorphous carbon 
generated from CH4 decomposition via an inverse Boudouard 
reaction, resulting in thinner nanotubes and yielding CO. The 
researchers claimed that the presence of C02 can have a 
cleaning effect on both the nicke! and the nanofiber surfaces. 36 

The capacity of C02 to oxidize surface carbon has also been 
demonstrated in other studies.18•37 

Employing in situ techniques to precisely characterize 
surface carbon formation and morphology may be necessary 
in the DRM system, since the generated surface carbon may 
suffer structural changes with time on stream (TOS)31•32 and 
can easily interact with 0 2 after reaction. Quantification of the 
generated carbon and its crystal structure during the reaction 
should help to elucidate which precursors lead to surface 
carbon under specific reaction conditions. This knowledge will 
be invaluable in rationall;; designing stable DRM catalysts. 

Our previous studies2 '27 demonstrated the high stability of 
the 5% Ni/MnO catalytic system at low temperatures. Metal
support interaction effects were suggested to be responsible for 
the high stability of the nicke! nanoclusters and the low 
tendency of the catalyst to form deactivating surface carbon.26 

At higher temperatures, Ni particle agglomeration was claimed 
to be responsible for the decrease in activity with time on 
stream.27 In the present work, and for the first time, a 
transmission in situ XRD high-temperature characterization 

8740 

•üiMiiiMM 
technique38•39 is used to monitor the appearance of surface 
carbon during dry reforming of methane, as well as the 
agglomeration of active metal particles. By integration of 
catalytic experiments with in situ XRD studies and ex situ 
TEM we elucidate the origin of catalyst deactivation under 
different operating conditions and the role of surface carbon in 
DRM. 

• EXPERIMENTAL SECTION 

Catalyst Preparation. A coprecipitation method using 
nicke! acetate tetrahydrate (Ni( OCOCH3) 2·4H2O, Sigma
Aldrich) and manganese nitrate tetrahydrate (Mn(NO3) 2• 

4H2O, Sigma-Aldrich) was applied to synthesize the 5% Ni/ 
MnO catalyst (Ni:Mn = 0.05:0.95 atomic ratio). Thus, the 
proper amounts of metal precursors were dissolved in 100 mL 
of deionized (DI) water. To induce coprecipitation, a second 
solution composed of 55 mmol ofNaHCO3 (Merck) in 50 mL 
of water was added dropwise with vigorous stirring. This 
second solution pH was adjusted using NaOH (Merck) until 
pH ~10. After 8 h of stirring, the precipitate was collected by 
filtration and washed several times with DI water. The solid 
was dried under vacuum at 80 °C overnight and then calcined 
at 750 °C for 4 h at a heating rate of 5 °C min-1• 

Catalytic Testing. The catalyst was tested in a fixed-bed 
plug-flow reactor at 600 or 800 °C and at different reactant 
CH4:CO2:He ratios. The gas hourly space velocity ( GHSV) 
was 216000 L h-1 kgcat -i, unless otherwise stated. Gas flow was 
controlled by UFC-1100 mass flow controllers (MFCs), 
controlled via a URS-100 apparatus linked to a PC via a 
LabJack U3-HV instrument. The temperature was controlled 
using a 3100 series ATS furnace and temperature control 
system linked to a PC, with a catalytically inactive k-type 
thermocouple located directly in the catalyst bed. All catalytic 
tests were performed using 50 mg of catalyst diluted with 
quartz sand (Sigma-Aldrich) in a 1.25 mL bed, within a tubular 
quartz reactor (i.d. 8 mm, length 30 cm). All gases were 
purchased from Airgas at UHP or higher purity and used 
without further purification. The outlet gas was analyzed using 
an Agilent 3000A micro GC on two custom channels running 
separately with argon/helium and TCD detectors. Before the 
catalytic test, the catalyst was reduced in situ using 10% H2 in 
N 2 flow of 50 N mL min-1 at 500 °C for 1 h. 

Catalyst Characterization. Elemental analysis was carried 
out by inductively coupled plasma optical emission spectros
copy (ICP-OES) in a Horiba Scientific ICP Ultima2 
instrument (Horiba, Japan). Samples were digested using an 
aqueous suspension with the addition ofHNO3 at 200 °C for 5 
hin an autoclave. The ICP-OES analysis confirmed the desired 
(i.e., 5% Ni/MnO) composition of the catalyst. 

Ex situ transmission electron microscopy (TEM) was carried 
out to characterize the morphology of the surface carbon 
generated from CH4 and CO, separately, after the in situ XRD. 
The XRD setup configuration allows disconnection of the 
capillary system using Swagelok quick connects, which were 
normally closed. This arrangement prevented gaseous 0 2 from 
interacting with the small amount of sample, which could lead 
to surface carbon oxidation. After analysis, the capillary system 
containing the sample was transferred to an inert gas glovebag 
and stored in sample containers. The powder could afterward 
be transferred to a TEM sample holder in a glovebox under an 
inert atmosphere. The powder was dispersed in absolute 
ethanol, and 5 µL of the dispersion was drop-cast on a holey 
carbon Cu grid and dried under an inert atmosphere. The dry 
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specimen was sealed in a vacuum-transfer (TEM) holder to 
prevent contact with air until it was released inside the 
microscope. The TEM microscope was a LaB6 TECNAI-TEM 
G220 (FEI Co., USA), operated at 200 kV, equipped with an 
Si(Li)-EDX system (EDAX Co.) for elemental analysis. 

In Situ XRD Studies. In situ X-ray diffraction (XRD) 
characterization was carried out at the 12.2.2 beamline of the 
Advanced Light Source (ALS) facility at the Lawrence 
Berkeley National Laboratory (LBNL, Berkeley, CA, USA) 
applying the environmental cell reported previously. 38' 39 In the 
present study, 1 mg of the powder sample was introduced 
inside a 0.7 mm diameter quartz capillary from Hilgenberg 
GmbH, Germany. An inner second capillary introduced the gas 
mixture, which was precisely controlled using several mass flow 
controllers. Prior to testing, the NiO/MnOx precursor was 
reduced in situ using a pure flow ( 0.9 N mL min -l) of H2 at 
500 °C for 1 h to form the active 5% Ni/MnO catalyst. The 
GHSV was fixed at a value of 216000 L h-1 kg.,.1- 1 unless 
otherwise stated, and two temperatures were studied: 600 and 
800 °C. The reaction conditions, for the catalytic tests, were 
chosen to ensure fast catalyst deactivation. The gas outlet of 
the system was connected to a bubbling setup, which was 
monitored from the control room using a camera. The tip of 
the capillary system was placed inside a SiC cylinder and 
heated using two IR lamps ( Osram 64635HLX) at temper
atures up to 1200 °C. An S-type thermocouple situated inside 
the oven and below the powder was used to control the 
heating loop. Two holes in the SiC cylinder allowed the beam 
( 25 ke V, 10-30 µm spot size) to interact with the heated 
sample and travel to the detector. Different types of detectors 
were used: a PerkinElmer XRD 1621 instrument, a MAR 345 
image plate detector from marXperts, and a CMOS apparatus 
from Research Detectors Inc. The detectors yielded high
quality patterns with times ranging from 30 s to 5 min. The 
entire setup was controlled using Lab VIEW software, and the 
diffraction patterns were further processed with Dioptas and 
Origin software. The Rietveld refinement technique was 
applied using FullProf Suite software to quantify the carbon 
mass fraction and nickel crystallite size. 

• RESUL TS AND DISCUSSION 

Thermodynamic Calculations. The Gibbs free energy 
change for reactions 1- 5 is calculated using the Gibbs
Helmholtz equation and using thermodynamic data in the 
NASA/ CHEMKIN polynomial form from ref 40 and is shown 
in Figure 1. The enthalpy and entropy of each reaction at a 
given temperature have been obtained using values for the 
species involved. 

The equilibrium conversions are calculated by minimizing 
the total Gibbs free energy of a gas-phase system with the 
following allowable species in the gas phase: CH4, C02, H2, 

CO, and H 2O. This procedure is repeated for three different 
initial reactant molar CH4:CO2:Ar mixtures, 1:1:3, 2:1:3. and 
1 :2:3, and is shown in Figure 2. Although the RWGS reaction 
is thermodynamically favored at higher temperatures, it can be 
seen from Figure 2 that within the entire system the extent of 
RWGS is generally lower at higher temperatures due to 
coupling within the overall reaction network, although this is 
not the case when high C02 pressures are introduced. Excess 
C02 lowers the H 2 yield at equilibrium, and conversely a H2/ 

CO ratio of closer to 1 can be obtained at lower temperatures 
when CH4 overpressures are used. Figures 1 and 2 will be 
further discussed throughout the paper. 
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Figure 1. Gibbs free energy as a function of temperature for reactions 
1- 5. 

Catalytic Tests in a Fixed-Bed Plug-Flow Reactor. The 
activity of the 5% Ni/MnO catalyst was initially tested at the 
reactant ratio CH4:CO2:He = 1:1:3. Consumption rates of 
both reactants increase with temperature, C02 conversion 
being higher than that of CH4 due to the RWGS reaction 
(reaction 2). The 600 °C test shows an initial pronounced 
deactivation followed by a slow decrease of the rates with TOS. 
At 800 °C, this decrease is more pronounced due to faster 
particle sintering, as shown by XRD results below. The results 
depicted in Figure 3 are in ag eement with previous results 
with this catalyst composition. 7 

The activity of the catalyst was further investigated at 600 °C 
at different reactant ratios, specifically 1:2 ( CH4:CO2:He = 
1:2:3) and 2:1 (CH4:CO2:He = 2:1:3). The 1:2 test (Figure SI 
in the Supporting Information) surprisingly shows an almost 
zero rate of CH4 reaction even at the beginning of the test in 
comparison to that of the 1:1 test. The C02 reaction rate is 
approximately 0.1 mmol min -l and decreases slowly with TOS. 
During the entire test, the mole fraction of H2 is zero and that 
of CO is close to zero. Therefore, we can conclude that the 
rate of the DRM reaction is strongly suppressed over this 
catalyst under these conditions. The most probable explan
ation for this observation is the formation of surface oxygen 
species, as explained below. The suggested ratio CO2:CH4 far 
above unity to prevent carbon formation 1 cannot be applied to 
this catalyst at this reaction temperature. 

lt is noteworthy that the 2:1 experiment at 600 °C results in 
higher rates for CH4 and C02 while the deactivation is kept at 
the same rate as the 1: 1 test. Increasing CH4 partial pressure 
results in an increase in its reaction rate. This fact agrees with 
previous results, and the linear nature of the increase with 
pressure suggests (but does not prove) a first-order reaction, as 
has been shown for other Ni DRM catalysts.35'41 Nevertheless, 
the C02 rate also increases while its partial pressure decreases, 
suggesting that both reactants are activated separately. The 
significant difference in the mole fraction of CO between the 
two tests shows that CO is not responsible for the deactivation 
of the catalyst under these operating conditions, as the 
decrease in the rate is exactly the same for the two tests. The 
increase in the rate of consumption of C02 is especially 
interesting from an environmental point of view. Application of 
the 2: 1 reactant ratio results in a higher C02 reaction rate 
while deactivation rates remain unchanged. 
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Figure 2. Equilibrium mole fractions of gaseous components ( CH4, 

C021 CO, H 20, and H2) for three different initial reactant molar 
ratios. 

To further identify the most favorable conditions for DRM, 
two separate experiments were carried out at 600 and 800 °C, 
with alternating reactant ratios. In 2 h periods, the reactant 
ratios were alternated from CH4:CO2 :He = 2:1:3 to 
CH4:CO2:He = 1:2:3. For the 600 °C experiment, the initial 
stage is identical with the analogous 2: 1 test and shows the 
same reaction rates as in Figure 3. Nevertheless, when the 
reactant ratios are changed to the same values as in test 1:2, 
syngas continues to be produced, as shown by reaction rates 
and CO composition in the gas phase. This fact is surprising if 
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we compare it to the 1 :2 test at 600 °C: if an initial high CH4 

pressure period is applied, the 1:2 conditions do not poison the 
catalyst and DRM proceeds. This indicates that the surface 
CH4 reaction forms a key surface intermediate in the catalytic 
formation of gaseous CO from C02• When the reactant ratio 
returns to the initial CH4:CO2:He = 2:1:3, both rates increase 
above the values in the previous 2: 1 part. The decrease in 
reaction rate is mitigated, most probably due to the cleaning 
effect of C02 on the catalyst surface, previously described by 
other authors.36'37 Again, a higher CO concentration in the gas 
phase does not result in faster deactivation, supporting the 
statement that CO does not deactivate this catalyst under these 
operating conditions. The results of alternating reactant ratios 
at 600 °C are shown in Figure 4. 

The results of alternating reactant ratios at 800 °C are 
shown in Figure S. As in Figure 4 and in contrast to experiment 
1 :2 at 600 °C, the 1 :2 conditions do show reactant conversions 
and therefore DRM takes place. When the reactant ratios are 
switched to the original 2:1, the initial trend is achieved. Both 
rates decrease in a similar fashion to that of the 1: 1 test at 800 
°C shown in Figure 3, although the CH4 rate decreases more 
slowly after the 1:2 segments. These tests and results are 
reminiscent of those performed by Steib,37 in which 
stoichiometric CH4:CO2 periods were separated by pure 
C02 periods, after which the catalyst activity dramatically 
increased. 

At 600 °C the extents of the RWGS reaction at 
thermodynamic equilibrium are similar regardless of the ratio 
of C02 to CH4 (see outlet H2O mole fraction in Figure 2) . 
This results in the C02 conversion and CO yield essentially 
tracking the overall DRM ( CH4 reaction) rate at this 
temperature. At 800 °C, the rate of the RWGS reaction is 
significantly more sensitive to partial pressure changes due to 
the suppression of RWGS at low C02 pressures but relative 
promotion at high C02 pressures (Figure 2). This means that 
the overall rate of the C02 reaction and the outlet CO partial 
pressure appear to be less sensitive to changes in the inlet C02 

mole fraction, since lower DRM rates are counteracted with 
higher RWGS rates under CH4-lean conditions, and vice versa . 
This is seen experimentally in Figures 4 and 5. 

The applied catalytic tests show different reaction rates as a 
function of the reactant ratios applied but the same 
deactivation rates at 800 °C, indicating the dominance of 
thermal sintering on deactivation at this temperature. At 600 
°C, under COz-rich but CO- and CH4-lean conditions, the rate 
of deactivation is higher than that when the atmosphere 
consists of more CH4 and CO. This implies that carbon 
deposition, from either a CH4 or CO route, does not cause the 
observed deactivation and that the presence of C02 plays a 
role, as will be later demonstrated with in situ XRD techniques. 
Moreover, the application of a high C02 reactant ratio results 
in strong suppression of DRM if it is applied from the 
beginning but yields syngas if a previous period of high CH4 

concentration is applied. In order to explore the causes of 
catalyst deactivation and the appearance and endurance of 
surface carbon, in situ XRD characterization is applied. 

In Situ XRD Characterization. The phase composition of 
the 5% Ni/MnO catalysts has been evaluated under reaction 
conditions using in situ high-temperature transmission XRD 
techniques. Figure 6 shows the XRD diffraction patterns 
collected at 600 and 800 °C under the experimental conditions 
that mimic the 1: 1 conditions of the catalytic tests shown in 
Figure 3. The first one is selected as "low" temperature, where 
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Figure 3. (A) C02 and (B) CH4 reaction rates (R) and (C) CO and H2 mole fraction (Y) for the 1:1 tests at 600 and 800 °C and the 2:1 test at 
600 °C. 

:;' 0.8 
C 

.E 0.1 
in 
0 
E 0.6 

.s 
$ 0 .5 
(1) 

0:: 0.4 
C 
0 
t; 0.3 
(1) 

& 0.2 

0.1 

0 

.. 
··•...: ~ .. ~ 

...... ' 

: ····~ ~ 

200 

•....... ' ~---... .: ...... ~ 

400 600 

TOS [min] 

800 1000 

0.3 

...!... 
C 
0 
"'8 

0.2 ~ 

0.1 

Q) 

0 
:!; 

Figure 4. C02 and CH4 reaction rates (R) and CO and H2 mole 
fraction (Y) in an alternating reactant ratio test at 600 °C. 

,, 
: -•-.... . 

:• ........... _~ 
0.2 ' ' ' : : • +,~ :,- -..._.! 

0 .4 ~ 
C 
0 

ti 
0.3 _g 

Q) 

0 
0.2 :!; 

0.1 

~-:-~--:-~-:-~7-~-t-~~-~-t-~-t-~-: 
0.0 +-~-'----r-'~--.'--,-.-'.--+----'---,-.-----.-'--.-----'---i 0 .0 

0 200 400 600 800 1000 1200 

TOS [min] 

Figure 5. C02 and CH4 reaction rates (R) and CO and H2 mole 
fraction (Y) in an alternating reactant ratio test at 800 °C. 

the contribution to carbon formation of the endothermic CH4 

decomposition (reaction 4) is expected to be lower in 
comparison to the high-temperature 800 °C. At 800 °C, the 
particle agglomeration is expected to be faster. The patterns 
shown in Figure 6 are not stacked; rather, the initial pattern, 
shown in black, progressively turns red with increasing TOS. 

The reference material patterns included at the bottom of 
each graph are at room temperature. Therefore, there is a slight 
peak shift to lower angles of the data plotted above due to 
thermal expansion of crystalline lattices. Typical graphite 
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reflections appear in the two tests with TOS, produced via 
reaction 4. Although reactions 3 and 5 can result in surface 
carbon, the low CO concentration and the high GHSV 
minimize the contact between CO and the catalyst surface 
under these reaction conditions. At 600 °C, graphite appears 
after 100 min of reaction and at 800 °C after only 45 min. At 
800 °C, graphite appears more quickly and yields more surface 
carbon at the end of the experiment. The reason is the 
decrease in the Gibbs free energy of reaction 4 with increasing 
temperature, as shown in Figure 1. During this initial stage of 
reaction, the catalytic tests shown in Figure 3 prove that DRM 
takes place. In other words, syngas is being produced without 
graphite present on the catalyst surface. This argument will be 
further developed below. 

Figure 7 shows an alternating reactant ratio experiment at 
different temperatures, similar to the conditions applied in the 
catalytic tests shown in Figures 4 and 5. The experiment is 
composed of three stages: in the first, surface carbon is 
generated at 600 °C using a CH4:CO2:N2 = 1:1:3 ratio for 150 
min (Figure 7A). As in Figure 6, graphitic carbon peaks clearly 
show the presence of this type of carbon on the catalyst 
surface. In the second stage, the reactant ratio is changed to 
CH4:CO2:N2 = 1:2:3, stopping the growth of surface carbon 
(results not shown). The graphite reflections neither increase 
nor decrease for 75 min. Finally, in stage three (Figure 7B) the 
reaction temperature is increased to 800 °C while the same 
reactant ratio is maintained. The graphite reflections decrease 
immediately and rapidly, reaching almost the same level as in 
the beginning of the experiment. The reason is that the inverse 
of reaction 3 becomes more thermodynamically favorable at 
higher temperatures, as shown by the change in the value of 
the free Gibbs energy in Figure 1. At high temperature, the 
oxidation of surface carbon with C02 is more favorable, 
resulting in the removal of graphitic carbon from the catalyst 
surface. This observation supports the claim based upon Figure 
3 that CH4 and C02 are activated in subsequent steps, as 
suggested by Wei and Iglesia.35'34 Although C02 is most 
probably activated on the same nickel surface as CH4,36 the 
overall DRM mechanism proceeds via the generation of a 
surface carbon intermediate. lt is accepted that the nickel 
surface is the active site for CH4 decomposition, I ,33,42 while 
three possible sites for C02 activation have been suggested:36 

(i) on the support's Lewis basic sites43 (including MnO30), (ii) 
directly with the amorphous carbon on the CNT surface, or 
(iii) on the nickel surface. The increase in the C02 rate of 
reaction in the 2: 1 test can be explained by the presence of 
abundant surface carbon, the coreactant in inverse reaction 3. 
Moreover, the presence of graphitic carbon opens a new 
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Figure 6. In situ XRD patterns ofthe 5% Ni/MnO catalyst under CH4:C02:N2 = 1:1:3 for 2.5 h: (A) at 600 °C and (B) at 800 °C. A pattern has 
been obtained at 5 min intervals. Reference material patterns are MnO (PDF 01-078-0424), Ni (PDF 00-004-0850), and graphite (PDF 00-041-
1487). 
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Figure 7. In situ XRD patterns collected on the 5% Ni/MnO reversibility study: (A): 600 °C, CH4:C02:N2 = 1:1:3, for 150 min; (B): 800 °C, 
CH4:C02:N2 = 1:2:3, for 75 min. A pattern has been obtained each 5 min. A panel at the top of each part clisplays the evolution of the (002) 
reflection of graphite with time. Reference material patterns are MnO (PDF 01-078-0424), Ni (PDF 00-004-0850), and graphite (PDF 00-041-
1487). 

pathway to CO formation at high temperature. The applied in 
situ technique cannot yield information regarding the 
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interaction of C02 with amorphous carbon, if any. An in situ 
surface-sensitive technique would be needed to determine the 
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Figure 8. In situ XRD patterns of the 5% Ni/MnO catalyst under (A) CH4:N2 = 1:1 and (B) CO2:N2 = 1:1, both at 600 °C. A pattern has been 
obtained at 5 min intervals. A panel at the top of each part displays the evolution of the ( 002) reflection of graphite with time. Reference material 
patterns are MnO (PDF 01-078-0424), Ni (PDF 00-004-0850), and graphite (PDF 00-041-1487). 

appearance of amorphous carbon and its transition steps 
toward graphite, if any. If present, amorphous carbon has a 
much lower stability in comparison to graphite, meanin~ that it 
would probably be oxidized by C02, even at 600 °C. 8 Also, 
the constant amount of surface graphite during the 1:2 stage at 
600 °C does not mean that C02 is unable to oxidize it but 
rather suggests a steady state point. This point would be 
characterized by an equal rate of carbon deposition via reaction 
4 and carbon removal via inverse reaction 3. 

The 1 :2 catalytic test at 600 °C described previously in this 
paper showed a strong suppression of the reaction rates, 
accompanied by a small CO mole fraction. The higher rate of 
C02 reaction in comparison to that of CH4 and lack of gas
phase H 2 indicates that the RWGS reaction still proceeds 
rapidly. An in situ XRD test under the same conditions was 
clone (Figure S2 in the Supporting Information), showing no 
nicke! or support oxidation during the 2.5 h of TOS. Further 
surface-sensitive studies are required to elucidate this 
phenomenon, but the formation of Ox species on the catalyst 
surface is the most feasible explanation for the decrease in the 
activity under these conditions, as previously suggested.41 

These species would block the active sites for CH4 

decomposition but not induce bulk changes on the catalyst 
detectable by the in situ XRD technique. 

The possibility to oxidize surface carbon with C02 

demonstrated in Figure 7 also helps to explain the difference 
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between the 1:2 test and the alternating ratios experiments 
depicted in Figures 4 and S. In the two alternating ratio 
experiments, some chernisorbed intermediate on the catalyst 
surface containing carbon (most probably Cs) was already 
formed before the high C02 partial pressure is applied. In the 
alternating ratio experiment at 800 °C-in contrast to that at 
600 °C-the rate of the graphitic carbon oxidation by C02 is 
faster than the rate of graphite generation. Nevertheless, the 
pregraphite intermediates, the carbon dissolved within the 
nicke! particles,42'44 and the amorphous carbon can most 
probably be oxidized even at 600 °C.18 The fact that C02 is 
able to oxidize the surface carbon previously generated from 
CH4 suggests that the reaction conditions can be properly 
tuned to prevent graphite growth. If this graphite causes 
catalyst deactivation and reactor plugging, adequate reactant 
partial pressure can prevent it. Use ofhigh C02 partial pressure 
periods has been applied before,37 and the increased activity 
was associated with the surface-cleaning effect of C02 via the 
reverse Boudouard reaction. During CNT growth, cofeeding of 
C02 was also claimed to have a cleaning effect on the catalyst 
and CNT surface.36 

Generation of surface carbon from individual CH4 or CO 
and subsequent oxidation with C02 has been further studied 
with in situ XRD experiments. In Figure 8, the in situ XRD 
patterns collected every S min on the 5% Ni/MnO exposed to 
an initial (A) CH4:N2 = 1:1 at 600 °C and GHSV = 120000 L 
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Figure 9. In situ XRD patterns collected on the 5% Ni/MnO exposed to (A) CO:N2 = 1:1 and (B) CO2:N2 = 1:1, both at 600 °C. A pattern has 
been obtained at 5 min intervals. A panel at the top of each part displays the evolution of the ( 002) reflection of graphite with time. Reference 
material patterns are MnO (PDF 01-078-0424), Ni (PDF 00-004-0850), and graphite (PDF 00-041-1487). 

h-1 k&at-I for 60 min and subsequently (B) CO2:N2 = 1:1 at 
600 °C and GHSV = 120000 L h-1 k&at-I for 25 min are 
shown. A pattern was obtained every 5 min. As can be seen, 
graphite appears as usual due to CH4 decomposition (reaction 
4). When the reaction mixture is changed to diluted C0 21 the 
graphite peak intensity decreases, reaching finally the same 
level as that before the exposure to CH4• This experiment 
proves that graphite derived from CH4 decomposition can be 
oxidized by C02 already at 600 °C. Therefore, the hypothesis 
previously made upon Figure 7 that the 1 :2 stage at 600 °C is 
characterized by an equal rate of carbon deposition and carbon 
removal is demonstrated. 

lt is also desirable to study the phases present and rates of 
surface carbon generation via the Boudouard reaction 
(reaction 3) using diluted CO as the reactant. The reaction 
conditions were chosen to ensure carbon generation in a 
reasonable time, in the temperature range in which forward 
reaction is predominant over the reverse reaction ( T < 650 
°C). At 600 °C the reactant mixture was adjusted to a CO:N2 
= 1:1 mixture with GHSV = 120000 L h-1 k&.1- 1• The XRD 
patterns progressively change from red to black with TOS. 
After only 3 min and steadily for 40 min, graphitic carbon 
peaks appear, with increasing intensity. This finding is 
surprising, since many authors claimed that CO disproportio
nation over Ni catalysts yields amorphous surface carbon, 
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which was assumed to be responsible for catalyst deactivation 
at low temperatures. Nevertheless, that CO is able to generate 
graphitic carbon nanotubes on metal catalysts is well
known:45'46 e.g., graphitic type multiwalled carbon nanotubes 
(MWCNTs) from CO at 600 °C using NiMgO catalysts.45 

The steady production of graphitic carbon in this test also 
suggests that, in addition to not being amorphous, continuous 
transfer of carbon in gas-phase CO to surface carbon takes 
place, without catalyst deactivation, for the full 40 min 
investigated. In a second part of the experiment, after purging 
with N2 for 3 min, a flow of a CO2:N2 = 1:1 mixture with 
GHSV = 120000 L h-1 kgcat-l at 600 °Cis introduced for 65 
min. Shortly after the gas composition change and in a 
continuous fashion, the ( 002) peak of the previously generated 
graphite decreases. After 65 min of reaction the intensity of the 
graphite reflection is completely reduced, achieving the same 
intensity as that before the CO exposure. This finding clearly 
shows that the surface carbon generated via the Boudouard 
reaction over the 5% Ni/MnO catalyst can be easily oxidized 
using C02. The results suggest that no deactivating carbon is 
formed, in agreement with previous work with this catalyst26•27 

and the catalytic tests shown in Figure 3. The in situ CO 
disproportionation and subsequent C02 oxidation of the 
surface graphite over the 5% Ni/MnO catalyst are shown in 
Figure 9. 
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In all CH4, CO, and DRM mixture exposure experiments, 
the nicke! lattice initially expands and subsequently contracts 
upon graphite appearance, slightly shifting the peaks' position. 
This observation obeys the accepted mechanistic explanation 
for CNT generation, which includes (i) hydrocarbon (or CO) 
decomposition on the meta! surface, (ii) carbon dissolution in 
the meta! lattice until the limit of solubility is achieved, and 
(iii) subsequent precipitation in the form of a nanotube.42'47'48 

This phenomenon will be studied in more detail in subsequent 
works. 

Carbon Mass Fraction and Nickel Crystallite Size 
from the Rietveld Refinement of the in Situ XRD 
Patterns. Rietveld refinement of the XRD patterns from 
Figure 7 yields Ni crystallite size and the mass fraction of 
graphitic carbon ( C wt % ) during the in situ XRD test. The 
initial crystallite size of 10 nm steadily increases with TOS 
under DRM reaction conditions at 600 °C. The carbon mass 
fraction also increases steadily from zero to around 5% within 
this period. When the reactant ratio is changed to 
CH4:CO2:N2 = 1:2:3, the carbon generation stops, remaining 
constant for 75 min. The Ni crystallite size continues to 
increase, showing that sintering is independent of the 
generation of more graphite. After the reaction temperature 
is increased to 800 °C, the carbon content decreases according 
to the decrease of graphite peak intensity shown in Figure 7. In 
this stage, the meta! particle sintering rate increases, as shown 
by the faster crystallite growth. These results are shown in 
Figure 10 and clearly evidence the sintering of nicke! particles 
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Figure 10. Evolution cf carbon mass fraction ( wt % ) and nicke! 
crystallite size (nm) during the DRM alternating reactant ratio 
experiment shown in Figure 7. 

at 600 and 800 °C along with the increase and subsequent 
oxidation of graphitic carbon. lt is noteworthy that the catalyst 
already sinters at 600 °C. 

The results of the Rietveld refinement carried out on the CO 
exposure experiment ( see Figure 9) are shown in Figure 11. 
The initial nicke! crystallite size of around 10 nm is maintained 
during the initial stage at 600 °C. During this period, the 
graphite content increases to 27 wt %. The rate of carbon 
generation slightly decreases on approaching the end of this 
period. The reason may be catalyst deactivation but also 
increased mass transfer resistance due to the !arge amount of 
surface carbon. The latter suggests that this form of graphite is 
not of the encapsulating type but is nanotube in nature, as a 
much lower amount would have already covered the nicke! 
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Figure 11. Evolution cf carbon mass fraction ( wt % ) and nicke! 
crystallite size (nm) during the CO exposure experiment shown in 
Figure 9. 

surface. Also, the almost linear production of carbon suggests a 
continuous growth of, most probably, nanotubes. After 40 min, 
the reaction mixture is changed to CO2:N2 = 1:1. After a delay 
of approximately 6 min the graphitic carbon content starts to 
decrease. The carbon oxidation with C02 occurs steadily for 
the next 65 min. In this stage, the Ni crystallite size increases 
from 10 nm to approximately 30 nm. This finding is consistent 
with the results of the switching experiments in Figure 4, 
showing that C02 could promote catalyst deactivation by 
meta! particle sintering. The Rietveld refinement of the CO 
exposure experiment is shown in Figure 11. 

The combination of catalytic tests and in situ XRD 
experiments demonstrates unambiguously that surface carbon 
acts as an intermediate in the production of syngas. The proper 
choice of reaction conditions can prevent the generation of 
graphite, and even reverse it. To provide a full account of the 
role of carbon, it is still necessary to determine the morphology 
of the generated carbon and observe the presence of 
amorphous carbon on the catalyst surface, if any. 

Ex Situ Characterization with TEM. Ex situ TEM 
characterization was carried out to characterize the morphol
ogy of the surface carbon generated at 600 °C from individual 
CO and CH4 according to reactions 3 and 4, respectively. The 
surface carbon resulting from the CH4 decomposition 
(CH4:N2 = 1:1, GHSV = 60000 L h-1 kg.,.1-1, 60 min TOS) 
is shown in the left (A) column of Figure 12, while the carbon 
originating from CO (CO:N2 = 1:1, GHSV = 120000 L h-1 

kgcat-1, 33 min TOS) is depicted in the right (B) column. In 
both cases, graphitic and amorphous carbon are observed, with 
graphitic as the predominant type. Multiwalled sp2 -carbon 
nanotubes are formed widely over the catalyst surface, as 
confirmed by EDX and SAED. The outer surface of the 
nanotubes usually appears damaged, being composed of a 1-3 
nm thick layer of amorphous carbon. In both cases, tip-growth 
and base-growth modes42 are observed. Encapsulating type 
graphitic carbon is also observed in both cases, independent of 
the carbon source. Even when the nicke! nanoparticle is at the 
end of the graphitic structure ( tip-growth model), an 
encapsulating graphitic multiwalled structure is built up around 
the nicke! particle. Indeed, if an MWCNT is observed 
connected to a nicke! particle, this always displays an 
encapsulating structure. This finding suggests that the 
encapsulating graphitic multiwalled structure may be formed 
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Figure 12. Ex situ TEM images of the 5% Ni/MnO catalyst after in 
situ XRD experiments at 600 °C with CH4:N2 = 1:1 (A, left column) 
and 600 °C with CO:N2 = 1:1 (B, right column). 

after reaction. During cooling, the carbon dissolved inside the 
nickel particle segregates on the metal surface due to a 
decrease in the carbon solubility, encapsulating the particle.47 

Generally, no difference between the two analyzed samples has 
been observed. Thus, the TEM observations confirm the 
graphite generation from CH4 and CO demonstrated in the in 
situ XRD experiments. This graphite is in the form of 
MWCNTs in both cases. 

• CONCLUSIONS 
We have monitored the in situ formation of graphitic surface 
carbon on the 5% Ni/MnO catalyst and the nickel particle 
growth during DRM using synchrotron transrnission XRD at 
high temperature. Both methane decomposition and carbon 
monoxide disproportionation result in graphitic surface carbon 
formation in the form of MWCNTs, as demonstrated by TEM. 
The deposited graphite can be oxidized during the reaction 
using carbon dioxide. W e have also identified the testing 
conditions to prevent carbon nanotube growth under DRM 
conditions. 

A comparison of the catalytic tests and the in situ XRD 
characterization suggests that surface carbon produced during 
DRM over the 5% Ni/MnO catalyst does not lead to catalyst 
deactivation but can act as a reaction intermediate for dry 
reforming of methane. Graphitic carbon nanotubes grow with 
TOS when the rate of surface carbon oxidation by carbon 
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dioxide is lower than the rate of methane decomposition on 
the nickel catalysts. Rational catalyst design should airn to 
kinetically enhance the rate of surface carbon oxidation with 
carbon dioxide and to prevent metal particle growth via 
sintering, which is seen to occur at both 600 and 800 °C. 
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Figure S1. Reaction rates and CO mole fraction for the 2:1 and 1:2 catalytic tests at 600 

ºC. 

 

Figure S2. In-situ XRD patterns of the 5% Ni/MnO catalyst under CH4:CO2:N2=1:2:3 for 

2.5 h at 600 ºC. A pattern has been obtained at 5 min intervals. Reference material 

patterns are MnO (PDF 01-078-0424), Ni (PDF 00-004-0850) and graphite (PDF 00-041-

1487). 
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ABSTRACT: The mechanism of multiwalled carbon nano
tube synthesis from methane chemical vapor deposition on a 
5% Ni/MnO catalyst is studied at 873 and 1073 K by in situ 
transmission XRD using synchrotron radiation supported by 
Rietveld refinement and density functional theory calculations. 
Upon methane dissociative adsorption at the reaction 
temperature, the fcc nickel lattice initially expands above the 
temperature calibration experiment, as carbon dissolves 
interstitially and subsequently contracts upon graphite 
precipitation. At 1073 K, carbon dissolution in the fcc lattice 

CH, -+ C(,> + 2H2 

MnO 

Time on stream 

of the MnO-supported nickel nanoparticles results in three cubic nickel carbides that occur prior to graphite precipitation. At 
the two reaction temperatures, the atomic concentration of dissolved carbon exceeds the limit of solubility in nickel films due to 
the nanoparticle effect. Nudged elastic band calculations display predominant surface diffusion and secondary subsurface bulk 
diffusion of carbon. Once catalysts are exposed to carbon dioxide, surface and subsurface carbon in nickel is easily oxidized by 
carbon dioxide and the nickel lattice returns to its original size. The mechanism described above explains the reaction pathway 
of the dry reforming of methane, confirming that the diffusing carbon species can act as reaction intermediates toward the 
generation of carbon monoxide, instead of deactivating the catalyst. 

KEYWORDS: nanofiber, dissolved carbon, nickel carbide, nanoparticle catalyst subsuiface carbon, dry reforrning of rnethane, 
ReaxFF, NEB 

1. INTRODUCTION 

Carbon nanotubes ( CNTs ), which are categorized into single
walled (SWCNTs) and multiwalled nanotubes (MWCNTs), 
have unique electronic, mechanical, thermal, and optical 
properties. CNTs are usually synthesized using an arc
discharge method, laser vaporization, or chemical vapor 
deposition ( CVD ). 1 Among these methods, CVD is generally 
preferred due to the high purity and yield of the products, 
scalable production, and low cost. 2 At elevated temperatures 

V ACS Publications © xxxx American Chemical Society 6999 

( 873-1473 K) the CVD process is based on the decom

position of a carbon precursor (generally a hydrocarbon, e.g. 

CH4, reaction 1) on a catalyst, generally a transition meta! 

supported on a ceramic oxide. The most commonly used 

catalysts are metallic Fe, Co, and Ni, due to (i) the high carbon 
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solubility and (ii) high diffusion rate of carbon in these 
materials.1 

CH4 ++ 2H2 + C(s) t:.H0 298 = 75 kJ mol-1 (1) 

The mechanism of CNT growth by CVD is still not fully 
understood, and it strongly depends on the catalytic particle 
size, catalyst support, and the operating conditions applied. For 
MWCNT growth on larger supported nickel nanoparticles, the 
following is generally accepted: the carbon precursor 
dissociatively adsorbs on the metal surface, releasing hydrogen 
(in the case of a hydrocarbon) and forming surface carbon 
species which dissolve inside the metal particle. For Ni 
catalysts, the dissolved carbon atoms occupy octahedral 
interstices of the face-centered-cubic (Jcc) structure.3- 5 This 
process continues until the limit of carbon solubility in the 
metal is achieved, which is expected to be much higher in 
nanoparticles in comparison to Ni films due to the high surface 
to volume ratio.6'7 At this point, carbon will precipitate out of 
the metal particle and start to form a CNT. Depending on 
several parameters, including metal particle diameter, catalyst 
support,8 temperature, and gas precursor, CNTs can grow 
either on top of the metal particle (so-called base growth) or 
between the metal particle and the support ( so-called tip 
growth), where the latter pushes the metal particle away from 
the support. 

A topic which has been debated for a long time is the 
mechanism of carbon transport from the decomposition site to 
the precipitation site once precipitation has started. Two main 
mechanisms are considered in the literature in which carbon 
transport occurs either (i) through the metal particle via bulk 
diffusion or (ii) across the metal surface via surface diffusion. 
Modeling work suggested that carbon diffusion through the 
metal bulk is the rate-determining step for CNT growth.9•10 

First-principles studies have shown that surface diffusion 
should be the predominant mechanism due to its lower energy 
barrier. 11 Ab initio plane wave density functional calculations 
supported the dominance of surface diffusion over bulk 
diffusion of carbon during CVD on the Ni( 111) plane,12 due 
to a lower activation energy. Interestingly, subsurface carbon 
diffusion was suggested as a relatively low energy bulk diffusion 
path below the Ni( 100) surface: carbon migrates one layer 
below the surface, in which it is fully bonded, and it can more 
easily "push up" the surface Ni atoms, resulting in a 
stabilization of this configuration.12 Subsurface stabilization 
of carbon in the Ni( 111) and Ni( 100) surfaces was also 
reported, 13 and it was stated that carbon preferentially 
occupies subsurface sites rather than being adsorbed on top 
of both Ni surfaces. 

In situ transmission electron microscopy (TEM) observa
tions of CNT growth from CH4 on Ni catalysts suggested that 
surface diffusion is the mechanism responsible for carbon 
diffusion. 14 Other atomic-scale environmental TEM and in situ 
X-ray photoelectron spectroscopy (XPS) studies of SWCNT 
and carbon nanofibers grown from acetylene at 753 K on Ni 
particles showed dynamic reshaping of the metal particle: 
elongation -contraction of the catalytic Ni particle determines 
the graphene stacking.15 The dynamic coexistence of solid- and 
liquid-like states was typically observed for particles with 
diameter below 2 nm, thus being relevant for SWCNT growth. 
The multiwalled nanofiber growth may be due to the 
subsurface diffusion of carbon followed by stepwise precip
itation on the Ni( 111) planes.15 Whereas it is true that changes 
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in specific surfaces affect the nanotube stacking, the overall 
growth mode is determined by the particle dynamism. 16 

In situ TEM and XPS studies showed that Ni stays ~urely 
metallic during CNT growth from acetylene at 853 K, 7 and 
nickel carbide generation occurs upon cooling due to the 
exsolution of dissolved carbon and its reaction with Ni. Since 
fcc Ni and Ni3C display similar diffraction patterns and the 
small size of the particles induces lattice distortion, 
identification of a carbide phase using diffraction techniques 
is challenging.18 In situ XRD studies demonstrated that the Ni 
lattice expands upon carbon dissolution during CNT growth, 
resulting finally in Ni carbide (referred to as NiCx) 
formation. 19 The temperature-dependent formation of rhom
bohedral Ni3C during carbon nanofiber growth at 573-673-
773 K20 has also been reported. Different phenomena are 
observed during graphene growth on Ni films: formation of a 
fcc Ni-C solid solution without the formation of rhombohe
dral Ni3C at 873 K21 and the formation of a surface-confined 
Ni2C during graphene growth on a Ni(lll) single crystal22 

were reported. The difference between multiwalled fiber and 
graphene growth mechanisms demonstrates that the stabiliza
tion of carbide phases is strongly dependent on the catalyst and 
the CVD conditions applied. Cofeeding equimolar CH4 and 
C02 resulted in the oxidation of amorphous surface carbon by 
CO/ 3 (eq 2), increasing the purity of the MWCNTs but 
decreasing the yield. 24 

The above mechanisms are highly relevant not only for 
CNT production but also for an understanding of the catalytic 
dry reforming of methane (DRM) reaction.24 Our previous in 
situ XRD study on a 5% Ni/MnO catalyst for DRM showed 
that surface carbon, formed on the Ni catalyst, acts as a 
reaction intermediate toward CO if the proper reaction 
conditions are chosen and demonstrated the oxidation of 
surface carbon species by CO/ 5 (reaction 2). 

C02 + C(s) ++ 2CO l:.H 0 298 = 172 kJ mol-1 (2) 

In this work, to further clarify the mechanism of MWCNT 
growth on Ni, we applied in situ synchrotron powder X-ray 
diffraction combined with ex situ TEM characterization. This 
combination of techniques allows us to study the 5% Ni/MnO 
catalyst under real reaction conditions following MWCNT 
growth from CH4 at 873 and 1073 K and also to identify 
transition intermediates that are not observable by ex situ 
techniques. Rietveld refinement of the in situ diffraction data 
combined with density functional theory (DFT) calculations 
and reactive force field (Reax:FF) simulations allows for a 
precise quantification of the Ni lattice parameter during CNT 
growth as weil as for determination of the concentration of 
interstitially dissolved carbon, yielding in this way key 
information regarding the nanotube growth mechanism. The 
lattice parameter from Ni after graphite precipitation and 
before oxidation with CO21 combined with nudged elastic band 
calculations, yields information key to understanding the 
mechanism of carbon transport. The physical and chemical 
state of the Ni catalyst during MWCNT growth at several 
temperatures is also determined. 

2. EXPERIMENTAL SECTION 

2.1. Catalyst Preparation. The 5% Ni/MnO catalyst was 
synthesized according to previous work. 25'26 A coprecipitation 
method was applied using nickel acetate tetrahydrate (Ni
( OCOCH3) 2• 2H2O) and manganese nitrate tetrahydrate 

DOI: 10.1021/acscatal.9b00733 
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Figure 1. TEM irnages ofthe 5% Ni/MnO catalysts exposed to CH4 (Al-3) at 873 K (after 60 min ofTOS with CH4/N2 = 1/1, GHSV = 60000 
L h-1 kg,.,- 1) and (B.1-3) 1073 K (after 120 min ofTOS with CH4/N2 = 1/4, GHSV = 60000 L h-1 kg,.,- 1). The MnO support, a Ni particle, a 
MWCNT, and the amorphous surface carbon are highlighted with arrows. 

(Mn(N03) 2·4H20) dissolved in deionized water. Precipitation 
was induced using an aqueous solution of NaHC03 and 
NaOH (pH ~10). The precipitate was filtered, washed, dried 
under vacuum at 353 K overnight, and calcined at 1023 K for 4 
h. 

2.2. Catalyst Characterization. Ex situ transmission 
electron microscopy (TEM) was applied using a conventional 
LaB6 TECNAI G220 S-TWIN instrument (FEI company, OR, 
Japan), as described previously.25 The samples characterized 
by TEM were not subjected to the C02 exposure step, to 
prevent oxidation of the CNTs. After testing in the in situ XRD 
unit, the sample holder was disconnected using the Swagelok 
quick connects and the sample was transferred into an inert 

7001 

atmosphere using a gas bag to prevent its interaction with 0 2• 

The samples were then prepared and mounted into a vacuum 
transfer TEM holder inside a glovebox and later released inside 
the TEM under high-vacuum conditions to avoid any 
interaction with 0 2• 

2.3. In Situ Transmission XRD at High Temperature 
under Controlled Gas Atmospheres Using Synchrotron 
Radiation. High-temperature in situ transmission X-ray 
diffraction (XRD) was performed at the 12.2.2 beamline of 
the Advanced Light Source (ALS) synchrotron in Berkeley, 
CA, USA. The details of the technique have been precisely 
described elsewhere,25' 27'28 and the testing conditions are as 
described below unless otherwise stated. Heating and cooling 
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Figure 2. Energy barriers at O K from nudged elastic band calculations for different carbon diffusion pathways on fcc Ni: through the Ni bulk ( 1), 
on the ( 4 X 4) Ni(ll 1) surface (2-4), anfcc to subsurface diffusion (S), and subsurface bulk-diffusion ( 6). The upper layers ofNi in (1) have been 
removed for easier visualization. 

rates were adjusted to 1 K s - l and were always carried out 
under an inert gas flow of 1 N mL min-1. Prior to CVD, the 
NiO/MnOx catalyst precursor was reduced in situ at 773 K 
using 0.9 N mL min-1 of pure hydrogen until stable peak 
intensity was observed in the resulting patterns, which were 
analyzed on the fly. This reduction process exsolutes the Ni 
contained within the Mnüx and results in metallic Ni 
nanoparticles decorating the MnO surface.25 Once the desired 

7002 

catalyst structure was achieved, the system was heated to the 
desired temperature and the gas mixture was changed to the 
desired CH4/N2 ratio with a gas hourly space velocity ( GHSV) 
of 120000 or 60000 L h-1 kgcat-l· The deposited carbon was 
subsequently oxidized using a CO2/N2 mixture at the same 
GHSV. Depending on the detector used, high-quality patterns 
were obtained with 1-5 min intervals. Rietveld refinement of 
the resulting patterns was dorre using FullProf Suite software.29 
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In some cases, refinement could not be applied due to the 
small intensities, unknown chemical composition of the 
carbide phases, and overlapping nature of the several transient 
phases observed. In these cases, each reflection was fitted using 
PeakFit software from J andel, and subsequent lattice 
parameters were calculated using Bragg' s law. A temperature 
calibration experiment was performed to obtain precise data of 
Ni lattice thermal expansion under inert gas (Figure Sl ). 

2.4. DFT Calculations. Ab initio density functional 
calculations were performed using the Vienna ab initio 
simulation package (VASP).30•31 Electron-core interactions 
were described on the basis of the projector augmented wave 
method (PAW) of Blöchl,32 which includes scalar relativistic 
effects. As an exchange-correlation functional the general 
gradient approximation ( GGA) according to Perdew, Burke, 
and Ernzerhof (PBE) 33 was used. Brillouin zone (BZ) 
integration was performed according to the scheme of 
Monkhorst and Pack34 with a k-point mesh density of 0.20 
A - 1• The electronic self-consistent field ( SCF) cycle was 
considered converged when both energy differences were less 
than 10-5 e V and all forces were at least smaller than S me V/ A. 
All calculations were carried out using a plane-wave cutoff 
energy of 400 e V. The partial occupancy of each orbital was 
determined using the Methfessel-Paxton scheme assuming a 
smearing width of 0.2 eV. Diffusion processes were 
investigated using the climbing image nudged elastic band 
approach ( CI-NEB) as implemented in the transition state 
tools (VTST) for VASP of Henkelman and Jonsson.35•36 In 
order to determine the minimum energy path (MEP), seven 
images were taken separated by a spring constant of S eV/A2• 

A supercell approach was used to model the respective 
surfaces, including a vacuum region of 20 A. Calculations 
involving Ni( 111) were performed on a ( 4 X 4) six-layer slab, 
whereby the two lowermost layers were fixed. All calculations 
were performed at O K 

2.5. Molecular Dynamics Simulations. Molecular 
dynamics (MD) simulations were performed to determine 
the Ni lattice parameters as a function of the dissolved carbon 
concentration at different temperatures. The reactive force 
field (ReaxFF) of Mueller37 was applied, which was developed 
for the Ni/C/H atoms. All parallel ReaxFF MD simulations 
were carried out using the Amsterdam Modeling Suite 2018 
(version 2018.103).38 For the determination of the lattice 
parameters of different Ni/C alloys at 873 and 1073 K, an 
isotropic Anderson - Hoover NPT ensemble coupled to a 
Martyna-Tuckerman-Tobias-Klein (MTTK) barostat39 and 
a Nose-Hoover chain (NHC) thermostat was applied. The 
simulations were performed for 25 ps using a time step of r = 
0.25 fs as weil as a relaxation constant of 100 fs. Depending on 
the Ni/C ratio, super cells with 512-864 atoms have been 
used, each with the same extension in all spatial directions. 

3. RESULTS AND DISCUSSION 

3.1. CNT TEM Characterization. TEM images in Figure 1 
demonstrate the MWCNT growth on the 5% Ni/MnO 
exposed to CH4 at both 873 K ( after 60 min of TOS with 
CH4/N2 = 1/1, GHSV = 60000 L h-1 kgc.1- 1) and 1073 K 
(after 120 min ofTOS with CH4/N2 = 1/4, GHSV= 60000 L 
h-1 kgcat-1). For both samples, the 5% Ni/MnO catalysts 
appear surrounded by CNTs (Figure lAl,B.1) with a partial 
herringbone structure, and some of the Ni nanoparticles are 
embedded in a graphitic structure (Figure 1A2,B.2). Both tip
and base-grown CNTs are observed, most of the carbon being 
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in tip-grown CNTs. A 1-3 nm thin layer of amorphous carbon 
is observed at the outer surface of the CNTs (Figure 1A3,B.3), 
in agreement with previous reports.24 Selected area electron 
diffraction (SAED, Figure S2) confirms the graphite (PDF 00-
041-1487) and the fcc Ni (PDF 00-004-0850) phases. The 
1073 K sample displays more and longer graphitic nanotubes 
(see Figure S2, A3 and B.3), and the outer diameter of the 
nanotubes of SO nm (s = 19 nm) is larger in comparison to that 
(33 nm, s = 10 nm) of the 873 K sample. This observation is 
due to the increased size of Ni particles due to sintering, which 
in turn determines the diameter of the CNTs diameter.40 

Moreover, the relatively large standard deviations of the 
nanotube diameters are a result of the difference in the 
catalytic particle size. The mean of the diameters and the 
standard deviations were obtained by averaging 8 (for the 873 
K experiment) and 16 (for the 1073 K experiment) nanotube 
outer diameters using Imagej41 from several images belonging 
to the same samples as in Figure 1. 

3.2. Carbon Diffusion Calculations. The adsorption and 
diffusion processes of a single carbon atom up to a whole 
monolayer of graphene on different Ni surfaces have already 
been investigated in various previous studies.10- 12'42- 49 These 
studies serve to test our theoretical approach and to evaluate 
the quality of the applied reactive force field. 

Figure 2 displays the obtained diffusion profiles for surface 
( on the ( 111) surface) and bulk carbon diffusion in Ni at O K 
For all calculations, a (4 X 4) Ni(lll) surface unit cell is used. 
This enables us to study the diffusion properties of carbon at 
low surface coverage (0 = 0.0625 ML) and to minimize the 
influence of periodic images on the diffusion process. Carbon 
bulk diffusion through octahedral interstitials (Figure 2(1); top 
layers of Ni are removed for easier visualization) shows an 
energy barrier of 1.83 e V per carbon atom, in good agreement 
with previously reported values, ranging between 1.62 and 1.81 
ev.12, 13,u ,so,43,49 As the reported studies often use different 
exchange-correlation functionals or smaller surface unit cells 
( thus higher carbon coverages), deviations in activation 
energies are expected. For the surface diffusion, the energy 
barriers are compared for three different diffusion pathways: fcc 
to hcp, fcc to on-top, and hcp to on-top transitions (Figure 
2(2)-(4), respectively). The first surface pathway shows an 
energy barrier of 0.19 eV for single-carbon diffusion, much 
lower than those for the "on-top" pathways (2.38 and 2.43 eV, 
respectively). Moreover, the fcc to hcp diffusion pathway shows 
a slight stabilization of carbon in the latter position of 0.05 e V. 
As shown previously, 48 the energetic barrier for this process is 
strongly influenced by the surface coverage (0.40 eV for 0 = 
0.25 ML and 0.29 eV for 0 = 0.11 ML). In contrast, this effect 
has only a minor effect on diffusion pathways via the top 
position. Finally, diffusion from the surface to an underlying 
subsurface ( octahedral) position carbon results in an energy 
barrier of 0.55 eV and a system stabilization of 0.58 eV per 
carbon atom (Figure 2(5),( 6) ). The C segregation from the 
surface into the subsurface depends strongly on the coverage of 
the Ni( 111) surface. As the surface coverage decreases, the 
activation energy drops from 1.89 eV (0 = 0.25 ML) to 0.76 
eV (0 = 0.11 ML)48 and 0.55 eV (0 = 0.0625 ML), 
respectively. Subsurface bulk-diffusing carbon has an energy 
barrier of 0.86 eV, much lower than that of the bulk diffusion. 
This effect and the stabilization of carbon in the subsurface are 
associated with the fully bonded carbon configuration and 
displacement (push-up) of surface Ni atoms. 17 These 
calculations point to the dominance of surface diffusion 
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Figure 3. (A) In situ XRD patterns of the 5% Ni/MnO catalyst during CNT growth at 873 K: initial N2 (blue), subsequent CH4/N2= 1/1 (black), 
and final (red) CO)N2= 1/1. (B) Magnification ofthe Ni(lll) reflection. Patterns were collected in 5 min intervals and are stacked from bottom 
to top with increasing TOS. The green pattern shows the first appearance of a graphite reflection. The dashed line in (B) marks the initial position 
of the Ni ( 111) reflection at 873 K before exposure to CH4• 

(pathway 2) over bulk diffusion (pathway 1), although a 
subsurface pathway with a relatively low energy barrier is 
highlighted. Thus, the quality of the applied reactive force field 
is demonstrated. 

3.3. Mechanism of CNT Growth at 873 K. Figure 3 
displays the XRD patterns of the 5% Ni/MnO catalyst exposed 
to a CH4/N2 = 1/1 gas mixture flow at 873 K and GHSV = 
120000 L h-1 kgcat-l (black patterns). Patterns are stacked and 
displayed from the bottom to the top with increasing TOS. 
The first pattern has been obtained under N2 flow (blue 
pattern) and the second 15 min after CH4 flow. Subsequent 
patterns have been obtained at 5 min intervals. The shift of 
initial reflections to lower 20 in comparison to the reference 
PDFs at the bottom of the graphs is due to the thermal 
expansion of the Ni and MnO lattices. In addition to the 
effects of thermal expansion, Ni ( 111) and ( 200) reflections at 
20 ,::;i 14 and 16°, respectively, shift to even lower 20 angles 
upon exposure to CH4 and shift back upon the subsequent 
exposure to C02 ( a magnification of the Ni ( ll 1) reflection is 
shown in Figure 3B). Note that this reversible shift is not 
caused by local temperature changes from reaction enthalpies, 
as both reactions are endothermic. According to previous 
reports,21 the shift to lower 20 angles upon exposure to CH4 

could be attributed to carbon dissolution in the octahedral 
interstitials of the fcc Ni lattice. After the Ni lattice expands as a 
consequence of dissolving carbon, it subsequently starts to 
contract simultaneously with the appearance of graphitic 
carbon (first reflexes detected in green pattern), as shown in 
Figure 3B, indicating the onset of CNT formation. lt is 
noteworthy that the Ni lattice remains slightly expanded while 
CNTs are continuously growing, indicating that some carbon 
still remains dissolved in the fcc Ni. When it is exposed to an 
oxidizing gas mixture (red patterns, CO2/N2= 1/1, GHSV = 
120000 L h-1 kgcai-1), the Ni lattice contracts to its original 
size and graphite is oxidized to CO according to eq 2), as 
shown by the diminishing and final disappearance of graphite 
reflections. 

Figure 4 shows the Ni lattice parameter and the graphite 
weight percentage calculated from Rietveld refinement of the 
experimental diffraction patterns collected at 873 K ( shown in 
Figure 3). The dotted line represents the lattice parameter of 
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Figure 4. Ni lattice parameter and graphite mass fraction calculated 
from Rietveld refinement of the experimental diffraction patterns 
collected at 873 K (shown in Figure 3). The vertical dashed line 
depicts the first graphite reflection observation. The horizontal dotted 
line represents the lattice parameter of Ni at 873 K from the 
calibration experiment in Fignre S 1. 

Ni at 873 K extracted from the temperature calibration 
experiment: i.e., without reaction mixture. The Ni lattice 
expands with TOS from the initial 3.5579(3) A to a maximum 
of 3.5674(2) A. After initial lattice contraction, the graphite 
weight percentage starts to increase. The lattice further 
decreases until reaching a value of 3.5609(3) A. Upon 
exposure to C0 21 it finally drops to 3.5572(2) A, slightly 
lower than the calibration experiment lattice (3.5585( 6) A), 
most probably due to the endothermicity of reaction 2. The 
growth rate of graphitic nanotubes at 873 K is 0.67 wt % 
min-1, calculated by fitting linearly the graphite wt % in the 
time range 40-75 min. Moreover, the crystallite size of 
graphite with TOS is plotted in Figure S3A. The fast 
nucleation step of the growth process results in a constant 
growth of graphite with a crystallite size of 4.4 ± 0.1 nm, 
highlighting the lack of graphite sintering at 873 K 

Given the high computational effort of DFT calculations, 
one is limited to short time and small length scales (i.e., 
approximately several femtoseconds and a few to 100 atoms). 
However, greater scales are needed to accurately describe the 
Ni lattice expansion when both temperature and varying C/Ni 
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ratios are taken into account. In order to overcome this 
limitation, a ReaxFF was used, which is based on ab initio 
calculations and is capable of rather accurately reproducing the 
behavior of first-principles calculations. Regarding different 
carbon concentrations within the bulk unit cells, a detailed 
comparison and evaluation of the ReaxFF force field in 
comparison to corresponding ab initio DFT calculations can be 
found in Table SI of the Supporting Information. The 
resulting Ni lattice parameters as a function of the C/Ni 
ratio at 873 and 1073 K are shown in Figure S4. The increase 
in lattice parameter (Lia, in comparison to the initial or C/Ni = 
0 lattice parameter) derived from ReaxFF simulations is 
plotted as a function of the C/Ni ratio with a second-degree 
polynomial fit (Figure S5A). The experimental values oflattice 
expansion (from Rietveld refinement) are substituted to the 
polynomial fit, and experimental C/Ni values can be 
interpolated. The polynomial fitting and the maximum 
experimental lattice expansion at 873 K are shown in Figure 
5. Thus, the experimental maximum lattice expansion of Lia = 
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2"" degree polynomial fit 
Max. experimental öa @873 K 

0.25 0.30 

Figure 5. Polynomial fit of the lattice expansion as a function of the 
C/Ni ratio derived from Rea:x:FF-MD simulations and experimental 
maximum lattice expansion at 873 K 
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0.0095 Ä can be assigned to a C/Ni ratio of 0.008, which 
formally corresponds to a NiC0_008 composition. This carbon 
atomic concentration of 0.82% exceeds the reported limit of 
solubility of carbon in Ni films of 0.22% at 873 K,51 most 
probably due to the high surface to volume ratio of the 
nanoparticle configuration.6 Further, one should keep in mind 
the sensitivity of this extrapolation to small variations or 
uncertainties in the force field description. The CNT growth 
mechanism description will be analyzed in the section below 
together with the 1073 K experiment. 

3.4. Mechanism of CNT Growth at 1073 K. Significantly 
different processes are observed during CVD of CH4 at higher 
temperature, as shown in Figure 6. At 1073 K and GHSV = 
60000 L h - l kgcat - 1, the mechanism of CNT growth is studied 
with an initial CH4/N2= 1/4 gas mixture (black patterns, 
stacked from bottom to top with TOS), a second period with a 
CH4/N2 = 1/1 (blue patterns), and a final oxidation period 
with CO2/N2= 1/1 (red patterns). To obtain precise data of 
the Ni lattice expansion and contraction, an initial lower flow 
of methane is chosen due to the higher rate of reaction 1 at 
1073 K.25 

As seen in Figure 6, the Ni ( 111) ( a magnification of this 
region is shown with selected patterns in Figure 6B) and (200) 
reflections do not simply expand but split into three transient 
reflections at smaller 20, pointing to an expansion of the Ni 
lattice due to carbon octahedral dissolution and therefore to 
the formation of three different Ni carbides (NiCx1_ 3). Upon 
graphite precipitation ( the first pattern in which graphite is 
detected is highlighted in green), the intensities of the two 
reflections at smaller 20 decrease while the intensity of the 
reflection at larger 20 increases. Thereafter the lattice remains 
constantly expanded while CNTs continue to grow. When the 
reactant concentration is changed to CH4/N2 = 1/1, the 
expanded NiCx1 reflection position slightly shifts to the left due 
to the increased rate of reaction 1 and the subsequent increase 
in the amount of the dissolved carbon in nickel. Finally, after 
the reactant mixture is changed to CO2/N2= 1/1 the lattice 
contracts to its original size ( observed under N2) and 
subsequently the intensity of the graphite reflection decreases. 
Due to the configuration of the setup, it takes between 120 and 
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Figure 6. (A) In situ XRD patterns of the 5% Ni/MnO catalyst during CNT growth at 1073 K: initial N2 (in orange), subsequent CH4/N2 = 1/4 
(in black), CH4/N2= 1/1 (in blue), and final (in red) CO2/N2= 1/1. The green pattern shows the first appearance of a graphite reflection. Patterns 
were collected in 60 s intervals and are stacked from bottom to top with increasing TOS. (B) Selected patterns of the same experiment showing Ni 
(lll) expansion before CH4 (orange), during the first graphite detection (green), during the CNT growth or at TOS= 9 min (black), and after 
oxidation with C02 (red). 
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180 s for the changes in gas mixtures to have an effect on the 
resulting pattems. 

A combination of the experimental nickel lattice expansion 
obtained from peak fitting from the 1073 K pattems and 
Reax:FF-MD simulations has been applied to calculate the C/ 
Ni ratio of the different NiCxi phases (from Figure 6) using the 
same procedure as for the 873 K experiment ( data points and 
fitting are shown in Figure S5B) and is displayed in Figure 7. 
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Figure 7. Polynomial fit of the lattice expansion as a function of the 
C/Ni ratio derived from ReaxFF-MD simulations and experimental 
maximum lattice expansion for the three Ni carbides at 1073 K at 
TOS= 4 min. 

By application of this methodology, the three transient Ni 
carbide phases observed in the experiment (TOS = 4 min) can 
be assigned to (1) NiCx1, a C/Ni ratio of0.046 (NiC0_046), (2) 
NiCx21 a C/Ni ratio of0.204 (NiC0_204), and (3) NiCx3, a C/Ni 
ratio of0.309 (NiC0_309). Interestingly, the last phase is close to 
a fcc Ni3C phase in which carbon atoms occupy octahedral 
interstitials, and not to a previously reported rhombohedral 
(R3c) Ni3C or hexagonal (P6) NiC/ 2 For the three carbides, 
as for the 873 K experiment, the atomic carbon concentrations 
in the Ni nanoparticles of (1) 4.42%, (2) 16.97%, and (3) 
23.62% exceed by far the reported limit of solubility of carbon 
in Ni films of 0.62% at 1073 K,51 most probably due to the 
nanoparticle effect. 

Figure 8B displays the Ni lattice parameter obtained from 
peak fitting of the pattems belonging to the CVD experiment 
performed at 1073 K shown in Figure 6 (lattice parameters are 
given in Table S2). The lattice expands upon carbon 
dissolution from an original lattice parameter of 3.5653(1) A 
(in good agreement with the calibration experiment lattice 
parameter of 3.5709(7) A) and generates the three carbides 
NiCo.o46, NiC0.204, and NiC0_309. lt is noteworthy that the 
NiC0_309 carbide lattice parameter decreases upon graphite 
precipitation while those of NiC0_204 and NiC0_046 remain 
almost constant. NiC0_309 completely disappears after 9 min of 
TOS and NiC0_204 after 18 min. Thereafter only NiC0_046 
displays detectable intensity until exposure to C02. At the 
beginning of the CH4/N2 = 1/1 step the change in the MFCs 
flow ( the CH4 flow was reduced to O, subsequently the N2 was 
adjusted to the desired value, and finally the CH4 was 
increased) results in a slight decrease in the lattice parameter of 
the NiC0_046 phase. This lattice parameter subsequently 
increases due to the higher partial pressure of CH4, slightly 
above its value during the CH4/N2 = 1/4 period. Under C02 
flow, metallic Ni appears as the only detectable bulk phase in 
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Figure 8. (A) Intensities of the graphite ( 002) and the Ni and Ni 
carbide (111) phases normalized to the MnO (200) intensity. (B) 
Lattice parameter of Ni and Ni carbides at 1073 K (from Figure 6). 
The vertical dashed line represents the first graphite reflex 
observation. The horizontal dotted line in the bottom panel 
represents the value of the Ni lattice parameter at 1073 K from the 
calibration experiment. 

the catalyst. The precise quantification of the Ni carbide phases 
is difficult by application of Rietveld refinement due to the 
overlapping, small intensities, and unknown chemical compo
sition of the reflections in the XRD pattems. Nevertheless, a 
qualitative analysis can be done by comparing the change in 
the intensity of the different ( 111) reflections. Thus, the 
change in the normalized intensity of the different NiCxi 
reflections is plotted with TOS, calculated by normalizing 
each phase' s ( 111) reflection intensity to the intensity of the 
MnO (200) reflection, and is displayed in Figure 8A The slow 
decrease in the normalized NiC0_204 reflex intensity suggests 
that this phase might still exist but be below the technique's 
detection limit after 19 min of TOS. Moreover, the normalized 
graphite ( 002) reflection intensity is also plotted in Figure 8A 
and highlights the constant formation of graphite (nanotube 
growth) regardless of the CH4/N2 ratio. The crystallite size of 
graphite with TOS is plotted and discussed in Figure S3B. 

The lattice expansion during CH4 decomposition on the 5% 
Ni/MnO catalyst at 873 and 1073 K clearly shows the widely 
accepted mechanism of CNT generation. CH4 decomposes on 
the Ni surface, resulting in H2 and surface carbon species 
which dissolve in the Ni nan<;l'articles and occupy octahedral 
interstitials of the fcc cell.3- To accept carbon inside the 
lattice, the Ni unit cell has to expand, resulting in a shift of the 
Ni peak positions during in situ XRD.53 This process continues 
until the limit of solubility of carbon inside Ni at a given 
temperature is achieved, being much higher at 1073 K than at 
873 K 51 Once the solubility limit is achieved, carbon exsolutes 
from the Ni particles and precipitates in the form of graphite. 
At this point, the Ni lattice contracts but does not achieve the 
original value before CH4 exposure: some carbon remains 
dissolved inside the Ni particles, as later proved by C02 
oxidation of the dissolved carbon and Ni contraction to its 
original value. 

Unlike the case at 873 K, the CNT generation at 1073 K 
proceeds via three transient Ni carbide bulk phases. The 
expansion of the Ni ( 111) and ( 200) reflections and their 
splitting into three are clearly observed in the in situ XRD 
patterns, and neither hexagonal Ni (PDF 01-089-7129) nor 
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any reported Ni carbide (Ni3C PDF 01-072-1467; NiCxi PDF 
00-045-097952) are observed. Therefore, we conclude that 
(prior to graphite precipitation) the high rate of carbon 
formation via eq 1 results in a high rate of carbon dissolution in 
Ni. The lower activation energy for methane dissociative 
adsorption ( 0.9-1.2 e V per CH4 molecule on Ni ( 111)) 12 in 
comparison to carbon bulk diffusion (1.83 eV per carbon atom 
in fcc Ni) results in a heterogeneous distribution of carbon in 
Ni, producing distinct bulk Ni carbide phases. Since CH4 
decomposes on the surface of the meta! particle, we suggest 
that the Ni carbides form an onion-like structure with a 
gradually increasing carbon content from core to surface. In 
this manner, an inner core with a lower carbon content 
(NiC0_046), an intermediate layer with a higher carbon content 
(NiC0_204), and an extemal layer with the highest concentration 
of dissolved carbon (NiC0_309) are formed, as schematically 
shown in Figure 9. According to TEM data, MWCNTs CH,. 

MnO 

1=0 t=4min t = 10 min 

Figure 9. Model of a Ni particle configuration and diffusion 
mechanism at 1073 K. The nicke! carbide carbon concentration 
increases accordingly with ( 1) NiCo.o46, (2) NiC0_204, and ( 3) NiCo.309• 
Dashed arrows represent bulk-diffusing ( white) and surface-diffusing 
(red) carbon. 

nucleate and grow on the most extemal surface of the 
nanoparticles. Therefore, MWCNT precipitation must start 
from the NiC0_309 volume when the limit of solubility of carbon 
in Ni is achieved. This conclusion is supported by the decrease 
in the lattice parameter as well as the intensity of the NiC0_309 
reflections shown in Figure 8. Moreover, the ratio of carbon 
(23.6%) in NiC0_309 closely matches the stability limit of 
carbon content (25%) in fcc NiCx as calculated by DFT.53 

The normalized NiCxi ( 111) intensities displayed in Figure 
SA show slowly decreasing NiC0_204 and slightly increasing 
NiC0_046 intensities once CNTs start to grow, highlighting that 
an equilibrium is almost achieved between these two phases. 
The lack of detection ofNiC0_204 at TOS= 19 min, due to its 
low intensity decrease rate, suggests that this phase still exists 
thereafter but is below the technique's detection limit. The 
reason for the quasi-equilibrium between these two phases is 
the same as that for the appearance of the three Ni carbide 
phases: a high rate of CH4 decomposition results in an excess 
flow of carbon to be homogeneously diffused radially within 
the Ni particles, as proved by the presence of two carbide 
phases. If new carbon was not dissolving into the Ni, carbon 
bulk diffusion toward the core of the nanoparticle (Figure 
2( 1)) would presumably equalize carbon concentration in the 
meta! particle, resulting in the observation of a single bulk 
carbide phase. However, the dynamic behavior of the bulk Ni 
particles occurs in concert with CNT formation at precip
itation sites, at both temperatures tested. Thus, the still
dissolved carbon is mobile and must be bulk-diffusing toward 
the precipitation sites. As a consequence, carbon diffusion 
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cannot be exclusively explained by a surface diffusion 
phenomenon, and some degree of bulk diffusion occurs. The 
NEB calculations point to the dorninance of surface diffusion 
(Figure 2( 2)) and the simultaneous occurrence of certain 
degree of bulk diffusion, most probably via subsurface diffusion 
(Figure 2(5),(6)), supporting the experimental observations. 
Moreover, this statement is supported by other studies, 15 in 
which a certain degree of carbon bulk diffusion was observed 
using environmental TEM. This interpretation of the results 
suggests a dependence on both the particle size and the CVD 
conditions, which must deterrnine the ratio and composition of 
the different NiCXi phases. 

Upon exposure to C02 both at 873 and 1073 K, the Ni 
lattice contracts to its original value (before interaction with 
CH4) prior to graphite oxidation. These fi.ndings clearly show 
that this bulk-dissolved or subsurface carbon can be oxidized, 
meaning that it remains accessible to C02. The implications of 
this fact for the DRM will be analyzed below. Regarding the 
physical state of the catalyst, metallic Ni remained in its 
crystalline solid state at both 873 and 1073 K This statement 
is demonstrated by the lack of distortion in the XRD pattems 
and agrees with other studies.14'15'17 The lack of metallic nicke! 
upon exposure to methane along with the dynamic behavior of 
the nicke! and the NiCxi phases during CVD and subsequent 
oxidation with C02 highlights the high yield of participation of 
the nicke! nanoparticles with the growth process. Moreover, 
the small amount of sample used and the high GHSV minirnize 
diffusion limitations during catalysis. Therefore, we conclude 
that the observed transient phases are involved in the CH4 
decomposition and graphite precipitation processes and 
confi.rm that the observed phenomena represent the physical 
and chernical nature of the catalytic particles during CNT 
growth. 

Figure 9 displays the mechanism of carbon precipitation at 
1073 K The model schematically shows the composition of a 
Ni particle along the CNT generation process on the basis of a 
combination of experimental and modeling results. The initial 
metallic Ni particle catalyzes the decomposition of CH4 
(reaction 1), and the resulting carbon species dissolve inside 
the particle to constitute three different bulk carbides. Once 
graphite precipitation has started and bulk NiC0_309 disappears 
(right fi.gure), the continuously formed carbon will be 
transported via both surface diffusion (red arrow) and 
subsurface bulk diffusion ( white arrow). 

W e anticipate that the fi.ndings regarding MWCNT growth 
can be used for a better understanding of the mechanism of 
formation of SWCNTs on nicke! nanoparticles and, to some 
extent, to the monolayer and few-layer graphene growth by 
CVD on planar Ni catalysts.54 Substantial differences among all 
these processes exist, which (besides the final carbon product) 
mainly refer to the catalyst confi.guration and the CVD 
conditions. For SWCNTs, the smaller size of the particles and 
the effect of this size on the physical nature of the catalyst 
(melting point, particle dynamism) does undoubtedly 
influence the degree of carbon interstitial dissolution and the 
appearance and endurance of nicke! carbide phases. lt has been 
shown that the carbon solubility limit increases with decreasing 
particle size and in molten or surface-molten nicke! nano
particles.7 Moreover, an increase in the degree of dissolved 
carbon modifi.es the dewetting properties of the particles, 
preventing encapsulation and therefore catalyst deactivation.7 

The growth mechanism of graphene on planar nicke! and the 
carbide formation strongly depend on the temperature:55 (i) 
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MnO 

Figure 10. Mechanism of the DRM. A simplified Ni particle is depicted in the left part of the figure, showing a tip-growth CNT. Green arrows show 
reactions for CH4 decomposition (Rl), amorphous carbon oxidation (R2), and graphite oxidation (R3) by CO2• A magnification of a small part of 
the Ni particle is shown in the right part ofthe figure, with C (gray), 0 (red), Ni (blue), and H (white) atoms. The octahedral interstitial in the Ni 
fcc is highlighted in yellow. Red arrows represent surface-diffusing ( on top of the Ni( 111) surface, D 1) or bulk-diffusing carbon (D2 ). Surface 
triangles represent fcc (yellow) and hcp (green) surface positions. Part of this figure was done using Jmol.59 

below ~773 K Ni2C forms at the surface,56 (ii) between 773 
and 923 K no surface carbide is formed and graphene grows 
directly on the nickel surface, and (iii) above 923 K graphene 
will dissolve in the nickel ( unless a high concentration of 
carbon in the metal already exists) and form graphene upon 
carbon precipitation during cooling. 57 The nickel substrate 
history ( carbon content) has a strong effect on the growth and 
stability of the formed graphene.55' 56 Saturation of the 
substrate can eventually lead to the generation of graphene 
above 1173 K. 58 

In order to assess the bulk composition of the 5% Ni/MnO 
catalyst during CNT growth at different temperatures ( 873, 
773, 673, and 573 K), an experiment was performed and is 
included in the Figure S6. No bulk formation of rhombohedral 
or hexagonal Ni carbides (Ni3C, PDF 01-072-1467; NiCx.1 PDF 
00-045-097952) is observed at any reaction temperature. 

3.5. lmplications for the Dry Reforming of Methane. 
The suggested CNT growth mechanism has strong implica
tions for the DRM process. As demonstrated in our previous 
work, 25 graphite formation can be stopped and even reversed if 
the proper reaction conditions are chosen during DRM. The 
fact that C02 can oxidize graphitic carbon originating from 
both CH4 (reaction 1) and CO (inverse reaction 2) clearly 
shows that this type of surface carbon can act as a reaction 
intermediate toward the generation of CO, instead of 
deactivating the catalyst. The specific mechanism in which 
C02 reacts with surface carbon to yield CO can be better 
explained if we take into consideration the CNT growth 
mechanism depicted in this work. 

Due to its lower stability, amorphous carbon has a higher 
tendency to react with C02 in comparison to graphitic carbon. 
During DRM, syngas production already takes place before 
graphite appearance, 25 meaning that C02 has the capability to 
react with the amorphous carbon on the Ni surface (Figure 10, 
R2) after CH4 decomposition (Figure 10, Rl). Due to the 
different rates of reactions 1 and 2, not all of the generated 
carbon is oxidized, resulting in its dissolution inside the Ni 
particles. Once the limit of solubility is achieved and graphite 
precipitates, the dominant mechanism for carbon transport 
from the decomposition site to the precipitation site is via 
surface diffusion (Dl), although a certain degree of bulk 
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diffusion also occurs (D2). C02 has the capability to intercept 
this diffusing carbon and react via reverse Boudouard (2). Even 
the subsurface and bulk-dissolved carbon can be oxidized by 
C02 if the proper reaction conditions are chosen, as proved 
during the oxidation part of our experiments. Finally, C02 can 
also oxidize the graphitic CNTs (R3) if the proper reaction 
conditions are chosen, 25 which include an increase in the 
reaction temperature and the CO2/CH4 ratio. In other words, 
oxidation of the initial carbon originating from CH4 is fast in 
comparison to that of the precipitated graphite. A way to 
increase the catalyst' s coking resistance relies in slowing down 
the overall diffused carbon via surface and subsurface oxidation 
with C02• The suggested mechanism of reaction is illustrated 
in Figure 10 (partially clone using Jmol, an open source Java 
viewer for chemical structures in 3D 59). 

4. CONCLUSIONS 

The growth of multiwalled carbon nanotubes on a 5% Ni/ 
MnO catalyst has been monitored in situ using synchrotron 
high-temperature XRD at 873 and 1073 K. Ni remains a 
crystalline solid at both reaction temperatures. The Ni 
reflections shift toward lower 20 angles upon methane 
dissociative adsorption on the catalyst at both reaction 
temperatures above the thermal expansion under inert gas, 
indicating a nonthermal Ni lattice expansion. This lattice 
expansion is due to the formation of a solid solution of carbon 
in the fcc Ni. Once the limit of solubility of carbon is achieved, 
graphitic carbon precipitates, resulting in a decrease in the 
lattice parameter of Ni. At 1073 K, the high rate of methane 
decomposition and the low diffusion rate of carbon in Ni 
results in transient fcc nickel carbides with variable carbon 
contents increasing from the core to the surface according to 
NiC0_046, NiC0_204, and NiC0_309, as revealed by complementary 
DFT /ReaxFF calculations and the in situ XRD data. These 
carbon-enriched Ni phases possess a fcc structure with carbon 
in octahedral interstitials, which make them different from the 
rhombohedral or hexagonal nickel carbide Ni3C. At both 
temperatures, the estimated atomic concentration of carbon in 
the Ni nanoparticles is far above the reported lirnit of solubility 
in nickel films and is due to the high surface to volume ratio of 
the catalytic particles. MWCNTs with a partial herringbone 
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configuration of the nanotubes have been confirmed by TEM. 
These results suggest a strong dependence of the observed 
phenomena on the catalyst particle size and CVD conditions. 

The continuous growth of the CNTs and the decrease in the 
lattice parameter of Ni after graphite precipitation points to 
surface diffusion as the predominant mechanism for carbon 
transport from the decomposition sites to the precipitation 
sites, as supported by NEB calculations. In addition to that, a 
subsurface-bulk carbon diffusion occurs to a certain extent. 
Surface diffusion of carbon is the most favored pathway due to 
the lowest energy barrier in comparison to the other diffusion 
pathways. The mechanism described above explains also the 
reaction pathway for the dry reforming of methane process, 
confirming that diffusing surface carbon can be oxidized by 
C02 acting in this way as a reaction intermediate instead of 
deactivating the catalyst. 
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Figure S1. Temperature calibration experiment, showing the lattice parameter obtained 

from Rietveld refinement as function of the temperature. The 5% Ni/MnO was reduced at 

773 K using a pure flow of 5 N mL min-1 of H2 and subsequently heated/cooled at 

intervals of 50 K under pure N2 flow. A pattern was acquired at each isotherm upon 

heating and cooling, and both fittings are included together with its average. 
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Figure S2. Selected area electron diffraction (SAED) of the 5% Ni/MnO catalysts 

exposed to CH4 (A) at 873 K (after 60 min of TOS with a CH4:N2=1:1, GHSV= 60000 L 
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h-1 kgcat
-1) and (B) 1073 K (after 120 min of TOS with a CH4:N2=1:4, GHSV= 60000 L h-1 

kgcat
-1). For both temperatures, SAED confirms the graphite (PDF 00-041-1487) and the 

fcc Ni (PDF 00-004-0850) phases. EDX1 analysis in A.1 is not reported. A.3 (873 K) and 

B.3 (1073 K) display “low” magnification images of the catalyst surface. 
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Figure S3 displays the crystallite size of graphite with TOS obtained from refinement of 

the 873 K experiment (left panel A) and the 1073 K experiment (right panel B). The 

deviation from the expected behavior at 1073 K (crystallite size change should, if 

occurring, proceed via crystallite growth) is due to the small initial size of the graphite 

(200) reflection, combined with two other factors: (1) a small unidentified reflection next 

to the graphite (200) induce questionable peak fitting, especially when the graphite (200) 

intensity is small. This peak perturbs the fitting, altering the FWHM values and therefore 

disguising the real crystallite size. This effect is clearly observed at the end of the 

experiment during oxidation, when the graphite (002) peak intensity drastically 

decreased. The second factor (2) is that the obtained crystallite sizes are close to the 

technique’s detection limit (3 nm) being therefore susceptible to small changes as 

described above. We can therefore conclude that, for both experiments, the nucleation 

part of the graphite formation could not be observed and that CNT growth proceeds 

without crystallite growth. Moreover, the appearance of graphite reflexes does not point 

to the exact moment in which graphite precipitates but rather highlights that during the 

exposure time belonging to the pattern under study the amount of graphite above the 

technique’s lower detection limit allowed its first measurement. 

 

Figure S3. Crystallite size of graphite with TOS at 873 K (panel A) and 1073 K 

experiment (panel B). 
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Table S1. Calculated lattice parameters of different NiCXi phases obtained from DFT and 

ReaxFF simulations. All values are reported in Angstrom. The lattice parameters at 0 K 

were derived from the minimum of the equation of state (EOS). In order to study the 

influence of the temperature on the lattice constant, molecular dynamics simulation (MD) 

at 873 K and 1073 K were carried out. Thereby we found a qualitatively good agreement 

between the calculated DFT and ReaxFF values. 

 
Lattice parameter [Å] 

Structure DFT 

(EOS, 0 K) 

ReaxFF 

(EOS, 0 K) 

ReaxFF 

(MD, 873 K) 

ReaxFF 

(MD, 1073 K) 

Ni (bulk) 3.521 3.612 3.643 3.652 

NiC0.25 3.733 3.832 3.827 3.836 

NiC0.50 3.862 3.942 3.953 3.961 

NiC0.75 3.977 3.998 4.093 4.104 

NiC 4.070 4.090 4.238 4.239 

 

  



 Results and discussion 

91 
 

Figure S4 shows the lattice parameter of Ni as function of the C/Ni ratio derived from 

ReaxFF calculations at 873 and 1073 K. The initial lattice parameter (C/Ni=0) logically 

increases with increasing amount of C due to the expansion of the cell unit, being the 

1073 K lattice always greater than the 873 K one (for a given C/Ni ratio) due to thermal 

expansion. 

 

Figure S4. Lattice parameter as function of the C/Ni ratio derived from ReaxFF 

calculations at 873 and 1073 K. 
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Figure S5 shows the increase of the Ni lattice parameter as function of the C/Ni ratio 

derived from ReaxFF simulations (shown in Figure S3) with a 2nd degree polynomial fit at 

873 K(A) and 1073 K (B). 

 

Figure S5. Increase of the Ni lattice parameter as function of the C/Ni derived from 

ReaxFF simulations and polynomial fit at (A) 873 K and (B) 1073 K.  
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Table S2. Lattice parameters of the NiCXi phases obtained from peak fitting of the CVD 

experiment at 1073 K shown in Figure 6. 

TOS Gas 
Phase1: 

Ni 
Phase2: 
NiCX1 

Phase3: 
NiCX2 

Phase4: 
NiCX3 

min [-] Å Å Å Å 

1 
C

H
4 :

N
2 =

1:
4 

3.565 - - - 

2 3.565 - - - 

3 3.565 - - - 

4 3.568 3.613 3.736 3.798 

5 - 3.618 3.725 3.776 

6 - 3.619 3.724 3.769 

7 - 3.617 3.722 3.755 

8 - 3.616 3.723 3.750 

9 - 3.614 3.733 - 

10 - 3.613 3.733 - 

11 - 3.611 3.732 - 

12 - 3.610 3.730 - 

13 - 3.609 3.728 - 

14 - 3.608 3.728 - 

15 - 3.607 3.728 - 

16 - 3.607 3.728 - 

17 

C
H

4 :
N

2 =
1:

1 

- 3.606 3.728 - 

18 - 3.604 3.726 - 

19 - 3.597 - - 

20 - 3.598 - - 

21 - 3.604 - - 

22 - 3.606 - - 

23 - 3.606 - - 
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24 

C
O

2 :
N

2 =
1:

1 

- 3.606 - - 

25 - 3.609 - - 

26 - 3.614 - - 

27 3.578 - - - 

28 3.571 - - - 

29 3.570 - - - 

30 3.570 - - - 

31 3.570 - - - 

32 3.569 - - - 

33 3.568 - - - 

34 3.567 - - - 

35 3.567 - - - 
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Figure S6 shows the in situ XRD patterns of a CNT growth experiment on the 5% 

Ni/MnO catalyst at different temperatures. After catalyst reduction as usual, a pure CH4 

flow at 873 K and GHSV= 300000 L h-1 kgcat
-1 has been used to generate graphite. Once 

graphite reflexes are observed, the setup is cooled down stepwise to 773, 673 and 573 K 

with cooling rates of 0.5 K s-1 and isotherm periods of 10 min at each reaction 

temperature under constant CH4 flow. It must be stated that clear differentiation of Ni 

metal and its carbide forms is not easy, due to similar distances of the Ni(111) and the 

Ni3C(113) planes 102. Moreover, in nanoparticles, the small-size effect may result in some 

lattice distortion 62, adding extra difficulty to metal-metal carbide differentiation. Our 

results show that no bulk formation of Ni carbide (Ni3C PDF 01-072-1467 or NiCx PDF 

00-045-0979 108) occurs at any reaction temperature. This observation agrees with other 

authors results, who reported absence of bulk Ni3C during M-/FLG (mono and few-layer 

graphene) CVD of C2H2 at 823 K 109. A phase transformation of bulk Ni3C to fcc Ni has 

also been reported at 573 K, matching our experimental observation of lack of bulk Ni3C 

at this temperature 110. Nevertheless, our results disagree with previously reported ex situ 

XRD data 111. 
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Figure S6. In situ XRD patterns of the 5% Ni/MnO catalyst during CNT growth at 873-

573 K under constant pure CH4 flow (GHSV= 300000 L h-1 kgcat
-1). A pattern was 

obtained at 70 s intervals. The XRD patterns are stacked and progressively turn from 

black to red with TOS (bottom to top). The right panel displays the reaction temperature. 
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5 Summary and outlook 

The first goal of this dissertation has been achieved by application of samarium doped ceria 

(SDC) and iron and samarium co-doped ceria (FSDC) as ceramic skeleton for the DP 

membrane system and by precise quantification of their CO2 permeability. Both SDC and 

FSDC powders have been synthesized using the liquid citrate method, and their elemental 

composition has been demonstrated by ICP-OES. The addition of iron to the doped-CeO2 

induces viscous flow sintering (demonstrated by HSM), and slightly decreases the lattice 

parameter and the crystallite size before sintering compared to the iron-free SDC system 

(demonstrated by XRD combined with Rietveld refinement). After sintering, equal lattice 

parameters of the SDC and FSDC systems demonstrate that the exsolution of iron occurred. 

MgO as pore generator has been applied to this system, allowing control of the porosity and 

thus allowing for a rational comparison between the two doped-ceria skeletons. After MgO 

leaching and demonstrated by gravimetric analysis and SEM/EDX, a similar morphology 

(porosity and particle size) is displayed by both membrane systems despite of the difference 

in ceramic skeleton composition and sintering behavior. In this way, MgO is confirmed to be 

an inexpensive and not hazardous alternative to NiO as a pore generator for this membrane 

system. DP have been prepared by impregnation of an eutectic mixture of molten carbonates 

in the membrane’s pores. Comparison of the two DP membrane systems has been done by 

the precise quantification of the CO2 permeability using a high-temperature membrane 

permeation setup. This setup has been designed, constructed an operated within this work. 

The experiments have demonstrated an increase of the CO2 permeability in the FSDC-MC 

membranes compared to the SDC-MC. This increase is mainly attributed to the scavenging 

effect of iron with siliceous impurities in the doped-CeO2 materials, which results in a 

decrease of the grain boundary resistivity (as reported in literature). A maximum CO2 

permeability of 1.31·10-10 mol m m-2 s-1 Pa-1 at 900 °C has been achieved using the 

FSDC/MC DP membrane. 

Study of the doped-CeO2/MgO can be further extended to better understand the 

mechanisms of permeation and to optimize the membrane system. Several factors still 

remain to be adjusted within this system. The porosity of the ceramic skeleton (which 

determines the ratio of the ceramic phase to the carbonate phase) can be systematically 

studied to optimize the membrane’s permeability. Also, the ceramic skeleton pore size can be 

systematically modified by adjusting the particle size of the MgO phase, by e.g. milling and 
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sieving of the sintered template. A co-precipitation synthesis of doped-CeO2 and MgO can 

lead to an improvement in the interconnectivity of the mixed powder’s phase and 

homogenous composition. This procedure can yield control over the porosity, pore size and 

tortuosity of the ceramic skeleton. Finally, supporting an extra-thin layer of the DP 

membrane on a ceramic support can be applied to enhance the permeability. Use of an ultra-

thin membrane can in turn allow the mechanistic study of the permeation phenomenon via 

quantification of the reaction rate of CO2 and the ceramics’ lattice oxygen. 

The second goal of this dissertation has been achieved by synthesizing the desired 

5% Ni/MnO catalyst and its performance study in a fixed-bed plug-flow reactor followed by 

the characterization by TEM and high-temperature in situ XRD under controlled gas 

atmosphere using synchrotron radiation. Changing the operation conditions during catalysis, 

i.e. the reactant ratio and temperature, results in the stoppage of the generation of graphitic 

carbon and even its oxidation with CO2. Both CH4 and CO result in the same multiwalled 

graphitic structures, which are susceptible to oxidation by CO2 if the proper reaction 

conditions are selected. This finding proved that surface carbon can act as a reaction 

intermediate toward the generation of syngas instead of deactivating the catalyst, and that the 

reaction mechanism proceeds via the initial decomposition of CH4 followed by the reaction 

of surface carbon with CO2. Surface carbon appears on the catalyst surface when the rate of 

CH4 decomposition is higher than the rate of surface carbon oxidation by CO2, and must not 

necessary lead to deactivation. Metal particle sintering occurs already at 600 ºC as 

demonstrated by Rietveld refinement of the XRD patterns. Future catalyst design must aim 

to kinetically enhance the rate of surface carbon oxidation by CO2 and to minimize the 

sintering of the catalytic particles. 

 The performed study can be extended to other catalytic systems for the DRM, in 

order to further investigate the graphitic carbon production rate under different operation 

conditions using supported nickel particles with different particle size and distance. By this, 

the effect of these two variables on surface carbon formation and metallic particle sintering 

can be elucidated. Furthermore, other ceramic supports should be investigated, which would 

help to determine the role of the MnO support in the 5% Ni/MnO catalyst. Finally, the use 

of encapsulated catalytic particles by application of atomic layer deposition (ALS) would 

quantify the improvement in catalyst stability, especially by mitigation of the sintering effect 

and the subsequent decrease of catalytic surface area. 

 The third goal of this dissertation has been achieved by testing the 5% Ni/MnO 

catalyst with the high temperature in situ XRD technique and using CH4 as carbon nanotube 
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precursor via the CVD process. Before graphitic nanotubes precipitate, the Ni reflections in 

shift toward lower 2θ angles due to the formation of a solid solution of carbon in the fcc Ni. 

Carbon occupies octahedral interstices of the Ni unit cell, expanding its lattice, until the limit 

of solubility is achieved. Carbon nanotube growth proceeds thereafter, as proved by XRD 

and TEM, the latter showing multiwalled nanotubes with a partial herringbone structure. At 

800 ºC, the high rate of CH4 decomposition and the relatively slow diffusion rate of carbon 

inside Ni results in three transient fcc Ni carbides (NiCx1-3), which form an onion-type 

structure with carbon content increasing from core to shell. Complementary DFT/ReaxFF 

calculations have enabled to estimate the content of the carbides, all of which possess a fcc 

unit cell and not a rhombohedral or hexagonal cell as previously reported for Ni3C. This 

study suggests a strong dependency of the physical and chemical nature of the catalytic 

particles with the particle size and the CVD conditions. Moreover, the main diffusion 

mechanism of carbon from the decomposition site to the precipitation site is claimed to be 

surface diffusion and a secondary occurrence of a subsurface-bulk diffusion. This claim is 

supported by the decrease in the lattice parameter of Ni after graphite precipitation and 

complementary NEB calculations. These observations during CVD further shed light upon 

the mechanism of the DRM previously suggested: diffusing surface carbon on the catalyst 

surface can be oxidized by CO2 to produce syngas. 

The knowledge acquired using the 5% Ni/MnO catalyst during this work can easily 

be extended to other nickel-supported catalytic systems in order to determine the role of the 

MnO support during the CNT growth process. Determination of the suggested particle-

effect on the appearance of the different NiCxi phases is interesting from a fundamental 

point of view. Moreover, the in situ study of the production of SWCNTs by CVD of 

hydrocarbons could be addressed due to the potential high impact of the findings. 

The CNT growth via CVD and the DRM reactions are two highly interconnected 

processes, as previously suggested and further demonstrated during this work. Our studies 

not only yield key information for a better understanding of the mechanism of reaction and 

interaction between the reactants and the nickel nanoparticles: they also highlight future 

directions for improved catalyst development and reactor operation. Future DRM catalyst 

design must aim to kinetically enhance the rate of diffusing surface reaction with CO2 in 

order to prevent graphite formation. As an alternative, a lack of enhanced oxidation with 

CO2 could be compensated with high-pressure CO2 steps during reaction. The effect of such 

steps on the downstream of the process must be properly studied, e.g. by process simulation, 

before supporting their validity during industrial production of syngas via DRM. 
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The room temperature study of the different NiCXi phases after high-temperature 

CVD of CH4 is also highly desirable. Quenching the in situ XRD setup to immobilize the 

carbon inside the fcc Ni prior to graphite precipitation should be performed, with subsequent 

transfer of the sample under inert gas for characterization using HR-TEM, EDX and SAED. 

The high impact of the suggested work lays in the discovery and characterization of fcc NiCxi 

phases. 

Based on the results achieved within this thesis, integration of the separation and the 

activation of CO2 is suggested for further experimental studies. Even though this work 

gained insight within these two fields, experiments performed with the high-temperature 

membrane permeation setup using catalyst on top of the DP membrane could demonstrate 

the feasibility of the process integration, study synergies and the appearance of new 

deactivation phenomena. Use of water vapor in the sweep side of the membrane is reported 

to increase the flux density of CO2. Besides, presence of water has an oxidizing effect on 

carbon formed during the DRM and can even be used to conduct bi-reforming of CH4. This 

process is characterized by a combination of dry and steam reforming and has lately become 

a hot topic in syngas production and CO2 activation. 

Combination of separation and integration is also desirable from the process point of 

view, due to the endothermic nature of DRM. The reason is simple: minimize the energy 

demand and cost of the separation and activation processes. Figure 5-1 shows the block 

diagram comparison of (1) flue gas separation with amine absorption and posterior DRM 

reactor and (2) flue gas separation using DP membrane unit and subsequent DRM reactor. 

Use of the membrane system, besides the simplified and continuous operation, results in 

other advantages. The first is the reduction of the equipment investment due to the lack of 

heat exchangers, the double-column, reboiler and absorber column bottom pump. The 

second is the minimization of the energy demands to cool down the flue gas and heat up the 

CO2-rich stripper top exit, although a proper heat integration in (1) could drastically reduce 

the energy demands for these two heat exchange processes. This integration can be 

potentially addressed by a techno-economic analysis using process simulation software. 
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Figure 5-1. Block diagram compar ison of: (1) flue gas amine absorption and DRM reactor and 
(2) flue gas DP membrane separat ion and DRM reactor. HE stands for heat exchanger. 

As conclusion, during this thesis an improvement of a DP membrane permeability 

has been achieved by application of FSDC as ceramic skeleton, and a better understanding of 

the reaction mechanism, deactivation phenomena and testing conditions during the DRM 

has been achieved using a 5% Ni/MnO catalyst. 
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Symbols and abbreviations 

Symbols 

Symbol Quantity  Units 

A Membrane effective area cm-2 

a Lattice parameter Å 

J Flux density mL min-1 cm-2 

K Membrane permeability mol m m-2 s-1 Pa-1 

K’ Membrane permeance mol m-2 s-1 Pa-1 

NA Avogadro’s number mol-1 

Q Volumetric flow rate mL min-1 

P Pressure Pa 

X Component fraction - 

Z Formula units per unit cell - 

Greek letters 

Symbol Quantity Units 

ρ Density g cm-3 

θ Angle for the XRD analysis º 

σ Conductivity S cm -1 

ϕ Porosity - 

Subindex 

a.l. After leaching 

b.l. Before leaching 

c Ceramic phase 

G Grain 
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GB Grain boundary 

i i species, usually gas Ar, CO2 or He 

inlet Referring to the feed gas inlet in the membrane system 

leak Flux density through cracks and defective sealing 

m Membrane 

MC Molten carbonate 

MgO MgO template 

permeate Referring to the permeate out of the membrane system 

real Real gas flux density 

sweep Referring to the sweep gas inlet in the membrane system 

theor Theoretical mass of the leached membranes 

total Total flux density (real+leak) 

Acronyms 

CCU Carbon capture and utilization 

CNF Carbon nanofiber 

CNT Carbon nanotube 

CSS Carbon capture and storage 

CV Check valve 

DFT Density functional theory 

DOE Design of experiments 

DP Dual-phase 

DRM Dry reforming of methane 

GDC Gadolinium-doped ceria 

EIS Electronic impedance spectroscopy 

FSDC Iron and samarium co-doped ceria 
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FWHM Full width at half maximum 

GDP World domestic product 

GHGs Greenhouse gases 

 GWP100 100-year global warming potential 

HSM Hot stage microscopy 

IPCC Intergovernmental panel on climate change 

MC Molten carbonate 

MD Molecular dynamics simulations 

MFC Mass flow controller 

MFI Mass flow indicator 

MIEC Mixed ionic electronic conductive materials 

MS Mass spectrometer 

MWCNTs Multiwalled carbon nanotubes 

NEB Nudged elastic band 

NV Needle valve 

PI Pressure indicator 

P&ID Piping and instrumentation diagram 

ReaxFF Reactive force field 

RR Rietveld refinement 

SEM Scanning electron microscopy 

SDC Samarium-doped ceria 

SRM Steam reforming of methane 

SWCNTs Singlewalled carbon nanotubes 

(HR)TEM (High-resolution) transmission electron 
microscope/microscopy 

TGA Thermogravimetric analysis 
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TPO Temperature programmed oxidation 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

YSZ Yttria-stabilized zirconia 
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