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Abstract 
The two-step methane homologation reaction has been proposed as a direct reaction route towards 
longer hydrocarbons. The main problem associated with this reaction route is the operation of the 
catalyst in two temperature regimes and associated low productivity. To increase productivity 
temperature pulsed activation is introduced as a method to operate the reaction in a continuous 
process. Proof of principle experiments were designed to demonstrate the feasibility of this process.  

RU and CoPt catalysts were studied in  two-step homologation process as originally described by van 
Santen. Surface carbon was found to follow a typical hydrogenation temperature pattern in 
correspondence with C , C  and C  species being present on the surface. The selectivity followed the 
same temperature dependency as reported by van Santen and coworkers.1 Ru catalyst showed a higher 
activity in methane decomposition, CoPt catalyst showed a better selectivity towards longer 
hydrocarbons. Both effects were determined to be particle size dependent. 

Microkinetic simulations were performed to study the theoretical effect of temperature pulsing on 
surface reactions and species. For pulsed surface temperatures of 723K, methane decomposition on a 

 showed usable surface concentrations resulting from methane decomposition. The 
effect of co-feeding hydrogen shows a decrease in reactivity at chosen base temperatures however 
influence on reactivity at higher temperatures is limited. Furthermore hydrogen addition improves the 
selectivity towards the reactive  methylidyne and vinylidene surface species, both considered precursors 
for longer hydrocarbon formation at base temperature. Surface concentrations are not expected to 
reach equilibrium during pulsed operation. 

Two-step methane homologation was tested in temperature pulsed operation. Initial in situ reduction of 
catalyst showed operational reliability to be problematic with repeated failure of equipment. Problems 
were traced back to catalyst preparation procedure leading to alloying of catalyst metal and underlying 
platina heating strip. Proof of principle experiment with a partial reduced cobalt catalyst showed 
methane homologation activity despite non-ideal reaction conditions. No quantification could be made 
for now. A first step towards operating the two-step methane homologation reaction in a continuous 
process has been taken, however a solid proof of principle was not demonstrated. 
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Chapter 1: Introduction and Outline 
As the main component found in natural gas, methane is readily available and can be an important 
alternative carbon source in the crude oil based economy and processes. Recent developments such as 
large scale shale gas production, have contributed to the availability of low-cost natural gas which adds 
to the growing interest in methane as both fuel and precursor for chemicals. With an ongoing transition 
towards bio- and renewable chemical sources in the future, fossil fuels may become less interesting as 
direct energy sources but the importance of fossil fuel based chemical products will remain central for a 
number of years to come.2,3 Over the last decades considerable effort has been invested into the 
conversion of methane into more valuable chemicals for transportation and/or utilization. As displayed 
in Figure 1 different routes are available for the valorization of methane. Steam reforming of methane to 
produce syngas is currently the major route to methane conversion. 4 

 
Figure 1: Possible pathways for methane conversion.

Currently the main processes to convert syngas into products are the methanol route and the Fischer-
Tropsch synthesis. The latter process attracted much attention in both research and industry and several 
large scale projects have been built over the last years to valorize natural gas reserves.5 However the 
Fischer-Tropsch suffers from some major drawbacks of which the energy consumption of the whole 
process is one of the most significant. 6 

Due to the drawbacks of the syngas route the direct conversion of methane has gained much attention 
in research. Methane is a very stable, symmetrical molecule with a strong (435 kJ/mol) C-H bond. 
Activating the C-H bond to enable further reactions will require high temperatures or oxidation agents. 
At activation temperatures of the C-H bond, conditions prevail at which free radicals are dominating in 
the gas phase6 which makes it difficult to avoid complete oxidation because the activation energy for C-H 
in reaction products is lower.4 Processes such as pyrolysis, oxidative coupling, partial oxidation and two 
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step methane homologation try to solve the struggle with both the kinetics and thermodynamics of the 
process, but are still not commercially viable.7 Of those processes the two-step methane homologation 
route is a process that can be operated at relative mild conditions. 

Two-step methane homologation 
Low-temperature methane homologation has been proposed as a non-oxidative technique to convert 
methane into C2+ hydrocarbons. The process was  introduced by two research groups and focusses on 
the direct conversion of methane through a two-step synthesis.1 8In the first step methane is 
dissociatively adsorbed on a metal catalyst surface  and subsequently hydrogenated. Amariglio and 
coworkers described an isothermal process8 in which an EUROPT-1 platina catalyst was exposed to a 
methane flow at 523K. During the exposure H2 and C2H6 formation was observed, with C2H6 quantities 
being at least one order of magnitude smaller than H2 quantities. After the methane exposure phase the 
flow was switched to H2 and immediately production of saturated hydrocarbons ranging from C1 to C7 
was observed, with a conversion of 19,3% of the deposited methane.  

Van Santen and co-workers described the two-step homologation1 by operating the process at two 
different temperatures to overcome the thermodynamic limitation that prevents the direct conversion 
from methane to ethane.  Methane decomposition was performed at 723K on a silica supported 
transition metal catalyst (Ru, Rh and Co).  After methane decomposition the catalyst was cooled within 
100s below 473K to prevent further dehydrogenation of surface carbon. This was followed by a 
hydrogenation step, starting at low temperature and continued with a temperature-programmed 
hydrogenation (TPH) of the adsorbed carbon species.  Three different surface carbon species were found 
during hydrogenation, an active C phase, from which the homologated carbon species formed, an 
amorphous carbon phase C which yielded mainly methane and some ethane and graphitic carbon C
which was highly unreactive and yielded mainly methane at high temperatures. The phase distinction is 
displayed in Figure 2. 

 

Figure 2: Temperature programmed hydrogenation of surface carbon on a 3 wt% silica supported  rhodium catalyst, after 
methane decomposition at 400°C for 3 minutes as published by Van Santen and coworkers.1Three different surface carbon 

species can be distinguished by their hydrogenation temperature.  
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The basis for the two-step methane homologation is thermodynamically established. As displayed in 
Figure 3 the direct conversion from CH4 to ethane is always energetically less favorable than conversion 
into surface carbon. The practical conversion may thus be feasible via indirect routes. Further the 
conversion from methane to carbon becomes energetically favorable above temperatures of 500 °C and 
via the carbon intermediate a subsequent reaction with hydrogen below 200 °C will yield two 
energetically favorable reactions. However as can be observed the methane formation remains 
competitive with ethane formation even at low temperatures, thus negatively effecting selectivity 
towards longer hydrocarbons. 

 

Figure 3: Gibbs free energy change vs. temperature at atmospheric pressure. Graph as published by Kee and Karakaya.9 

 

Catalytic effects 
Apart from reaction conditions the effect of the used catalyst in the two-step methane homologation has 
to be understood. Different aspects of the catalyst can be considered such as metal, particle size and 
support material.  

 

MMetal selection 
Three of the main metals studied in methane decomposition are Cobalt, platina and ruthenium, since 
those metals support both good methane activation and carbon homologation and are frequently used 
in Fischer-Tropsch or methane activation processes. Those metals are also along the most suitable for 
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the two-step homologation process, ruthenium and platinum due to their excellent properties for this 
reaction and cobalt due to the applicability (and lower costs) of this metal in real world situations.1 

When examining the adsorbate behavior of CHx fragments on metal surfaces it is observed that all 
fragments tend to restore their coordination number. Therefore CH3 molecules will prefer an atop site 
whereas less hydrogenated surface species will be more coordinated with metal surface atoms, 
therefore changing surface sites. CHx fragments will also be more strongly coordinated to metals with 
higher d-band filling due to the higher overall coordination of adsorbents. This effect leads for example 
to Fe being an unsuitable metal for catalyzing the two-step homologation reaction due to the adsorbents 
requiring extremely high energies to desorb.10 11  

In addition to the research by Van Santen further comparison studies researched the suitability of Ru, Pt 
and Co for the two-step homologation and concluded that overall Ru was the most active catalyst.12 For 
Co and Ru the product distribution shifted to higher hydrocarbons with a decrease in temperature, 
however for Pt the reverse was observed.13 Whereas Pt catalyst showed ethane release during 
adsorption of CH4, on Ru this effect was not observed. On Ru a stronger contribution of hydrogenolysis 
during the hydrogenation step compared to Pt was observed. 13

 

Solymosi and coworkers investigated the two-step homologation on different metals. Here ruthenium 
was found to be the most active metal (per metal site) for methane decomposition followed by Rh, Ir, Pd 
and Pt. The hydrocarbon production in the second step followed the order Pt, Ru, Rh, Ir, Pd. 14 

 

PParticle size effects 
An extensive review on the structure-reactivity relationship has been done by Van Santen. 15 In Figure 4, 
three different kind of reactions can be distinguished, Type I is the hydrogenation of hydrocarbon 
fragments and rates are size insensitive since those happen on a flat surface. For Type II reactions the 

-bond activation processes, as discussed above. 
Type III reactions show an increase in TOF vs particle size due to dependence of step-edge sites. An 
example for type III reactions is the -bond activation, but also the aforementioned carbon-carbon 
coupling. 

The catalyst particle size is a property which can be selected by altering the preparative procedure. The 
size of the prepared catalyst nanoparticle has a great influence on the methane dissociative properties as 
well as on the carbon homologation rate. Methane dissociation benefits from relative small particle sizes 

-bond is energetically favored on edge or corner atom sites, which are 
relative more available on smaller particles. 16  

Furthermore the carbon-carbon homologation is theoretically also favored on step edge sites since the 
energy barrier for this step is the lowest on those sites due to the higher coordination number of the 
carbon. With this knowledge a variation in reactivity and reaction products can be expected for different 
catalyst particle sizes and an optimum can be determined. Lastly metal particle size also matters for the 
activation of the catalyst since it is known that small cobalt particles can’t be reduced easily and smaller 
particles also tend to oxidize faster, thus deactivating the catalyst.16  
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Figure 4:Particle size dependency for TOF as described by Van Santen.15 

Activation energies do not only differ from metal to metal but are also dependent on the used surface 
plane in experiments. Therefore not only values found in specific studies have to be considered for 
identifying the most suitable catalyst but real-world catalyst behavior has to be studied since in 
computational analysis idealized surfaces and energy can be used, not necessarily yielding results 
consistent with those from actual experiments. 

 

MMetal support effects 
Regarding used metal support Smith and coworkers investigated the methane homologation on 
supported Co catalysts. 17–19 They found that a Co/Al2O3 catalyst was more active in methane 
decomposition whereas the comparing Co/SiO2 showed a higher activity in the hydrogenation step and a 
greater C2+ selectivity. Effects were attributed to the higher migratory support of carbonaceous species 
on alumina supported catalyst.  Furthermore the addition of Pt to Co catalysts was researched by Guczi 
and co-workers since Pt increases the reducibility of Co ions and thus enhances methane adsorption.20  
Further investigation showed that the used Co-Pt/NaY system had almost complete methane conversion 
and a selectivity of 83,6% for C2+ hydrocarbons in the hydrogenation step. This was contributed to a 
synergistic effect of Co-Pt on the C-C bond formation. 

 

Surface effects  
Much effort has been put into the understanding of the carbon surface species associated with methane 
decomposition. Three forms of surface carbon were characterized designated as C , C  and C .1 21  These 
species were considered to be the surface intermediates which form on the catalytic surface after 
carbon decomposition. Along with this characterization, Van Santen and co. initially proposed a carbon-
carbon bond forming mechanism which took place only during hydrogenation. In the meantime, Belgued 
and coworkers proposed a mechanism in which bond forming mainly took place during methane 
decomposition. This led to a hefty debate on the topic with further research showing that carbon carbon 
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bond forming could take place in both the methane decomposition step and in the hydrogenation step. 
Further characterization also made a difference between methylidyne (CH) surface species and 
vinylidene (CCH2) surface species, where the latter one was identified as the most likely precursor for 
C2+ production.22 Further research on this matter combined with computational effort showed that 
although vinylidene can be an intermediate in the whole process the longevity of this species is 
extremely short and that energetically further dehydrogenation of this molecule is far more prevalent 
than carbon-carbon bond forming.22 23 17 A closer look at the stability of those surface species showed 
that both methylidyne and vinylidene species were only stable in a range from 400-700K and 450-600k 
respectively, the highly unstable ethylidyne species transformed into vinylidene species upon heating.   

 

Figure 5: Proposed mechanism for the two-step methane homologation on ruthenium by Goodman and coworkers.7 

 

From 800K onwards, methane decomposition led to the production of graphitic carbon.  STM revealed 
that the graphitic carbon mainly consisted mainly of carbon islands located on the lower terraces of the 
step edges of the surface. These islands existed of only carbonaceous material, no hydrocarbon species 
were found. The absence of ethane formation at those temperatures clearly illustrate that graphitic 
species do not play a significant role in the ethane formation process. The mechanism for ethane 
formation proposed based on these findings is presented in Figure 5.  

In the first step methane is decomposed on the surface to produce methylidyne, vinylidene and 
hydrogen species. In the second hydrogenation step the methylidyne is involved in two competitive 
reactions, firstly direct hydrogenation to methane and secondly transformation to vinylidene species. It 
can also be speculated that in the hydrogenation step some methylidyne intermediates couple with the 
vinylidene intermediates to form a small fraction of propane and higher carbon species. 

Other research focused on the methane activation problem. Since methane has a relative low sticking 
probability (10-9 to 10-7 on Ru0001 in the range 550 to 400K) the surface intermediates of methane 
decomposition are difficult to study since low temperatures are required to stabilize those. Further this 
topic is under high interest of the Fischer-Tropsch research field with only recent insights supported by 
DFT calculations showed that C and CH are the most likely surface species and precursors in further 
reaction due to energetic effects. With F-T research the debate mainly centered around the question 
whether CO or C, CH and CH2 species were the main precursor in oligomerization. The insights around 
the C, CH and CH2 surface species can be directly applied to the methane homologation process since 
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mechanisms are comparable. DFT calculations also showed that varying coadsorbed hydrogen 
concentration had a significant effect on surface species. Increasing the concentration of surface 
hydrogen showed an increase in CH2 surface species since the reaction barrier for the CH2  CH+H 
reaction increased four times to 65 kJ/mol compared to a single CH2 surface molecule. 24 25 26 

Overall the possible pathways and surface intermediates with corresponding reaction energies are 
known. From known reaction energies the energetically most favored route can be observed and in 
combination with the observed species and surface intermediates mentioned before the most likely 
reaction route can be selected. More on this subject can be found in chapter 3 where the full pathway is 
displayed. 

 

Microkinetic modelling of surface reactions and coverages. 
Microkinetic modeling is the modeling of reactions in terms of elementary reaction steps that occur on 
the catalytic surface.27  The main input for such a model is based on a detailed analysis of the chemical 
reaction network. Parameters required for the model can be obtained by performing density functional 
theory (DFT) calculations or from experimental means.  

With known reaction constants and surface intermediates a set of ordinary differential equations (ODE) 
can be constructed. All elementary reaction steps and corresponding forward and backward rate 
constants are constructed yielding an ODE for every unique compound that describes the surface 
coverage versus time. With Microkinetic simulation the ODEs are integrated over time until a steady 
state solution is reached. In theory several of such solutions can exist, however a general accepted 
method to solve this problem is to start with an empty catalytic surface.  

The ODEs used to construct the entire simulation are based on basic Arrhenius equations and can be 
used to the describe the total reaction rate: 28 

     [1] 

The pre- act are based either on DFT calculations or on 
experimental values. This general equation can be used to set-up all elementary rate equation steps, 
after which they can be solved simultaneously.  For gas-surface reactions Hertz-Knudsen kinetics give a 
much more accurate description of the reactions taking place and these kinetics can be used to model 
the adsorption and desorption steps in a system. With the Hertz-Knudson kinetics the sticking of a gas 
molecule on a surface can be described as  function of several parameters. This leads to the following 
equations:28 

[2]

     [3] 

[4] 
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Were S is the sticking coefficient, Asite is the adsorption surface site area, m is the molecular mass, kb the 
 the characteristic temperature for rotation, pA the 

partial pressure and Edes the desorption energy. 

With Microkinetic simulations valuable insight in surface coverage of reaction intermediates can be 
obtained as well as reaction rate constants. Combined with experimental data this can be used as a 
powerful tool to predict whether or not certain reaction procedures will yield result and if novel 
procedures such as pulsed operation might be successful.   

 

Pulsed activation in heterogeneous catalysis. 
Chemical systems naturally exhibit various types of periodic phenomena involving length and time 
mechanisms spanning several orders of magnitude. Catalytic surface reactions for example are 
happening in femto- or picoseconds whereas transport of molecules to that surface generally takes milli- 
or microseconds. 29 Typically the requirement for chemical reactions is providing enough energy to 
overcome the activation energy threshold. Conventional chemical engineering solves this problem by 
heating both the reaction surface and the bulk of the reactor. However, essentially only molecules at the 
reaction surface need to be supplied by the energy to overcome the activation barrier since reactions in 
the bulk are mostly uncontrolled and thus unwanted. The pulsed activation method is a type of dynamic 
operation in which very fast temperature pulsing provides that energy locally and directly to induce 
reactions.30 Pulsed activation operates at two regimes, the first being the base regime to which the 
reactor is subjected most of the time and the second one being the pulsed regime in which locally high 
temperatures can occur.  

As Backx and coworkers described30  a pulsed reactor can be used to supply heat almost selectively to a 
catalytic surface. The catalytic surface in this concept was directly heated by periodic discharges of 
electrical energy. The temperature increase that could be achieved this way was up to 250K in 15 
microseconds after which the surface cooled again and returned to base temperature in approximately 
100ms. Since the temperature of the catalytic surface changes much more rapidly than that of the bulk a 
pulsed regime on the catalytic surface can be considered with this set-up.31  Since the duration of the 
temperature pulse is in the order of magnitude of molecular transport effects a transient operating 
regime is expected during the pulse. During this transient or “sudden change” state adsorbate 
concentrations on the catalytic surface change and sometimes even morphology and crystallinity of the 
catalyst can be altered during pulsed operation.32 

Backx and coworkers used this reactor to control a model reaction with CO to research transient surface 
effects and control this precisely. Considering the extremely fast switch in temperature that can be 
achieved by this system the two step methane homologation might also be of interest to research in this 
set-up. The research done by Van Santen and coworkers essentially used temperature pulsing to achieve 
homologation however on a much slower time scale. The pulsed activation method might be of use to 
prevent unwanted dehydrogenation of  activated methane and study the homologation reaction in the 
most optimal thermal conditions, possibly preventing the need for hydrogen removal during reaction. 
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Research scope 
The main problem associated with the two-step methane homologation process is the temperature 
control. Whereas the dissociation of methane on a group VIII metal typically takes place at 700K the 
temperature optimal for hydrogenation is 373K. Heating and cooling of the reactor, catalyst and reactant 
mixture currently dominates processing times, yielding low overall productivity. If heating and cooling 
can be sped up significantly, a first step towards operating this process in a continuous setting can be 
made. If only the catalyst is heated, reactions can still be operated at necessary temperatures but 
lengthy heating and cooling cycles can be circumvented.  

To circumvent heating and cooling of the reactor and reactant mixture a reactor based on temperature 
pulsed activation has been designed and tested by Backx et al.30 The general concept is that the reactor 
and reactant bulk are operated at low (20-200°C) temperatures and only the catalyst present in the 
reactor is heated to the desired reaction temperature, enabling rapid temperature changes of the 
catalytic surface only. If it proves possible to operate the two-step methane homologation in this reactor 
a method to overcome heating and cooling dominating reaction times is demonstrated. The purpose of 
the research presented in this thesis will be to provide a proof of principle for the hydrocarbon 
formation from methane in a two-step, low-temperature reaction sequence under temperature pulsed 
operation.  

Previous research regarding the presented scope of this thesis focusses either on the topic of two-step 
methane homologation or on pulsed operation, therefore conditions and parameters applicable to this 
specific process in pulsed operation are yet to be determined. In order to determine optimal conditions 
and parameters the experimental work is divided into three chapters.  

In the first chapter the selection of the catalyst will be addressed, as well as an overview of the two-step 
methane homologation reaction and optimal reaction conditions. 

In the second chapter a theoretical study of the surface reactions will be provided. With microkinetic 
simulations surface reactions are studied to provide insight into the effect of temperature stepping on a 

th experimental 
results from the first chapter, reaction conditions and operating parameters can be determined.  

The third chapter is focused on providing a proof of principle for two-step methane homologation in 
pulsed operation. With the experimental results from chapter one and two as starting point, pulse 
operated experiments will be carried out to study if the two-step methane homologation process is a 
viable candidate for pulsed operation and if this can lead to operation in a continuous process. 
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Chapter 2: Methane homologation on supported Co/Ru catalysts. 
 

Introduction
As mentioned in the theoretical outline of this report different metals, supports and techniques can yield 
results that differ vastly from each other. With the extensive research already conducted on both 
methane activation as well as methane homologation, a first selection of reaction conditions and 
materials can be made. However in this work, the aim is to solve both problems associated with the two-
step methane homologation reaction, low activity due to thermodynamic limitations and the difficulty to 
operate the process at two temperatures. 33 Therefore a selection of catalysts has to be made first and 
secondly the simulation of experimental conditions that are of value in the later research steps.  

Selection parameter for catalyst Options 
Metal Co, Ru, Pt (Group VIII transition metals) 
Support Al2O3, SiO2 
Particle diameter 0-10 nm 
Method Incipient wetness impregnation 

Table 1: Selection criteria’s of catalyst preparation.

Selection parameter process 
Reduction temperature 
Reduction procedure 
Concentration 
Decomposition duration 
Decomposition temperature 
Hydrogen concentration 
Hydrogenation temperature 
Catalyst regeneration procedure 
Table 2: Selection criteria for process conditions. 

Ruthenium is regarded as one of the most suitable metals to catalyze the process since it was found to 
be one of the most active catalyst for methane decomposition as well as one of the most active catalysts 
in C2+ hydrocarbon production. 1 14 34 A proper balance has to be found in metal selection between 
activity in the methane dissociation step and reactivity of the formed surface species. On most non noble 
transition metals the carbon species are strongly bonded to the surface. Their reactivity is therefore very 
low compared to carbon surface species on noble transition metals.35 10 In the noble metal range it was 
shown that the most active metal in methane dissociation in Rh, however Pt showed the largest amount 
of ethane and higher hydrocarbon formation.36 In terms of turnover frequencies in the two step 
methane homologation the ranking is somewhat different however, here the order is Ru>Pd>Rh>Pt>Ir.  

Eventually it was opted to test Ru and Co due to their comparability with other studies 1 and the vast 
amount of data already available for these metals. 

For the support selection several options are available. Most common and practical is either Al2O3 or SiO2 
particles as support for the metal particles. Several other supports have been investigated earlier by 
other researches19 37 and show that support does have an influence on  both methane activation as well 
as carbon coupling activity. SiO2 showed in almost all cases to be to best support in the hydrogenation 
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step whereas  Al2O3 showed better methane activation properties. In our test SiO2 was selected as 
support due to the expectation that methane activation can be influenced easier by temperature and 
metal selection, the availability of SiO2 and to prevent doubling the amount of experiments to be done. 

The particle diameter of the supported metal is also an influential factor in the whole process. It is 
known that smaller particles often display better methane activation properties due to the relative 
higher amount of edges which are regarded to be the most active sites compared to other sites.16 
Furthermore step-edge sites often dominate bond formation. Therefore smaller particles in general yield 
higher conversion rates and higher turnover numbers at a certain optimum ratio of edges to step-edges. 
It is chosen to take these effects into account in this research since this effect comes heavily into play by 
designing the catalyst for the pulsed operation process. 

 

Experimental method 
For the catalyst preparation of cobalt catalyst a Cobalt nitrate hexahydrate  Co(NO3)2 *6H2O powder was 
dissolved in water. For the platina addition Tetraammineplatinum(II) nitrate Pt(NH3)4(NO3)2 was 
dissolved in water before being added to the dissolved cobalt in order to achieve the low weight 
percentage more accurate. For the ruthenium catalyst a RuCl3 precursor was dissolved in water together 
with a small amount of nitric acid to enhance solubility. Further preparation was done by incipient 
wetness impregnation on a grade 62, 150 mesh SiO2 support. Chemicals and catalyst support were 
purchased from Sigma-Aldrich and Merck. 

After incipient wetness impregnation the catalysts were dried overnight at 110 °C. A standard reduction 
procedure for the production of different particle sizes was a 20/80 vol%. H2 in He flow of 200 ml/min at 
atmospheric pressure. Temperature was ramped at 10 °C/min to 400, 500 or 600 °C for Ru catalyst were 
temperature was kept for 1 hour. The cobalt catalysts were all reduced at 450 °C. 

Reduction analysis (TPR) was done by loading approx. 0,05 gram of fresh catalyst in a quartz tube. 
Analysis was performed in  an automated catalyst characterization system, a Micromeritics AutoChem II 
2920 V4.03. Here the catalyst was reduced under H2 flow with a temperature ramp of 10K/min. 

Chemisorption was performed using a Micromeritics ASAP2020. Typically 0,2 gram of sample was loaded 
into the set-up. The sample was reduced in situ at 400°C in hydrogen atmosphere before being analyzed. 
Analysis was done with H2 as analysis gas at 100°C. 

TEM images were produced on a FEI Tecnai 20 transmission electron microscope at an acceleration of 
200 kV with a LaB6 filament. Samples were prepared by crushing catalyst in a mortar and suspending the 
particles in pure ethanol. Via analysis of TEM images average particle sizes and particle size distribution 
was determined. 

The two-step methane homologation reactions were performed in a tubular quartz glass reactor. For 
each experiment approximately 200 mg of catalyst was loaded in the reactor and reduced in situ by 
gradually heating the reactor with 10 °C/min to 450 °C were the sample was held for one hour in a 20/80 
H2/He stream. Methane decomposition was performed between 300 and 450°C by giving a 3 to 5 minute 
pulse of 2,5% methane in a 100ml/min He flow.  The methane flow contained no detectable traces of 
other hydrocarbons. After methane decomposition the sample was cooled in approximately 1 minute to 
a temperature below 200 °C to prevent further decompositioning. After cooling to 100°C the 
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temperature was stabilized and hydrogenation took place in a 20/80 H2/He flow, followed by a 
temperature programmed hydrogenation (TPH) at 10°C/min to a maximum temperature of 450°C. 
Product analysis was performed by an in line Balzers GSB 30002, Quadruple Mass spectrometer, 
equipped with a Faraday detector. The capillary sample temperature was 80°C and chamber pressure 
was 2E-6 mbar. 

For the quantification of the products a portable gas bag was used from Sigma-Aldrich. Before and after 
every use the bag was fully evacuated and filled with He at least 5 times to remove all product traces. 
Testing this procedure proved no traceable products were left after this procedure. The bag was used to 
capture 3 minutes of reactor effluent starting at the same time as hydrogenation. The captured sample 
was injected to the GC by pressurizing the sample bag to create a flush flow first for three minutes after 
which the sample valve was opened. Analysis was performed on a Thermo Scientific Trace 1310 gas 
chromatograph equipped with a Restek Rt-Q-BOND column. Analysis temperature was set to 40°C  
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Characterization of Ruthenium and Cobalt catalysts 
A primary screening of the prepared catalyst was made to investigate the effect of catalyst loading and 
reduction temperatures on the crystallite size, dispersion and catalytic surface area. Preparation of 
catalyst by incipient wetness impregnation resulted in a 5 weight percent (wt.%) ruthenium catalyst and 
three cobalt catalyst with 0,02 wt.% platina added to improve reducibility. Cobalt catalyst weight 
percentages were 5, 7 and 10 wt.%.  

Prepared catalyst Abbreviation used 
Ruthenium 5 wt.% Ru5 
Cobalt 5 wt.%, platina 0,02 wt.% CoPt5 
Cobalt 7 wt.%, platina 0,02 wt.% CoPt7 
Cobalt 10 wt.%, platina 0,02 wt.% CoPt10 

Table 3: Prepared catalysts and their used abbreviations.

After the preparation Ru5 was reduced at three different temperatures under standard conditions to 
view the effect of reduction temperature on the catalyst. For this temperature range the particle size 
shows a linear dependence on reduction temperature which is displayed in Figure 6. 

 

  

Figure 6: Average particle diameter for Ru5 as a function of 
reduction temperature. The sizes and standard deviation can 
also be found in Table 2. 

 

Figure 7: Average particle diameter for Co5, 7 and 10 
respectively. The sizes and standard deviation can also be 
found in Table 2. 

Catalyst Particle size (nm)  Counts 
Ruthenium 5 wt% 400C 4.4 1.0 50 
Ruthenium 5 wt% 500C 5.5 1.0 50 
Ruthenium 5 wt% 600C 5.7 1.4 41 
Cobalt 5 wt% 10.2 2.5 38 
Cobalt 7 wt% 8.8 1.9 27 
Cobalt 10 wt% 10.1 2.1 50 

Table 4: Average particle sizes, standard deviations and counts for TEM analyzed particles. 



  Chapter 2: Methane homologation on supported Co/Ru catalysts. 
 

  18 

 

The prepared cobalt catalysts with different metal loading were all reduced at the same reduction 
temperature of 450 °C since this is also the maximum temperature used in further reaction experiments. 
As can be seen in Figure 7 the particle size shows hardly any dependency on the weight loading of the 
catalyst. However on the TEM pictures some larger clusters can be identified which seem to be 
aggregated cobalt particles. Since relative high cobalt loadings were used, aggregation of the cobalt 
species might be expected as also reported in other literature, leading to the aggregation effect 
determining the particle size.38,39 To give a complete overview of the cobalt dispersion a TEM picture as 
well as the size count of a cobalt species can be observed in Figure 8. For other cobalt weight loadings 
the same aggregation effect can be observed. By measuring the particle size by hand a distinction 
between particles can still be made, therefore the size of large clusters is not accounted in the particle 
distribution. 

 

Figure 8: TEM image and particle size distribution of CoPt10, prepared via incipient wetness impregnation and reduced at 450 °C 
for 1 hour.  

In addition to the characterization using TEM pictures, chemisorption procedures have been performed 
to determine not only crystallite size but to be able to also determine the surface area of the crystallites 
and the dispersion rate. In Table 5 the results of the chemisorption can be found. For Ru5 the trend in 
particle size is quite similar to the trend observed with TEM analysis. Higher temperatures yield larger 
particles which logically have a lower metal surface area (surface: volume ratio decreases with increasing 
volume) and a lower dispersion. For the cobalt particles no clear trend is observable and results are also 
not very consistent with TEM results. This might be due to the aforementioned particle aggregation that 
seems to take place. The observed size of aggregated particles seems consistent with the results 
obtained from chemisorption.  

Catalyst Crystallite size (nm) Surface area (m2/g sample) Dispersion (%) 
Ru5  400C 4.4 5.5 30.1 
Ru5  500C 5.5 4.4 24.0
Ru5 600C 8.1 3.0 16.4 
CoPt5 45.0 0.7 2.0 
CoPt7 17.7 2.7 5.6 
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CoPt10 36.5 1.8 2.7 
Table 5: Particle size, surface area and dispersion for every prepared catalyst as obtained by chemisorption analysis. The 

difference in reduction temperature of Ru5 samples is noted after the catalyst name. 

Another effect that might explain the difference between the analyses is the difficulty to reduce highly 
dispersed cobalt particles. Since smaller cobalt particles are harder to reduce38,39 this might help explain 
the difficulty to get consistent results with chemisorption.  

As a final step in the catalyst characterization all catalysts were analyzed with temperature programmed 
reduction (TPR) to get an overview of the reduction behavior of the catalyst for the chosen temperature 
range of 20-800°C. For all catalysts the reduction temperatures can be observed with this procedure and 
a rough estimation of the reducibility can be made when comparing results to literature. In Figure 9 the 
results of the TPR can be found.  

 

Figure 9: TPR results for all prepared catalysts. Catalysts were reduced under H2 flow with a heating rate of 10 °C/min. 

It is expected that ruthenium is most easily reduced and the cobalt catalyst show much lower activity as 
well as activity over a longer temperature range in the TPR.40 This is indeed observed, however CoPt7 
shows quite a different pattern from the other cobalt particles. It seems to be readily reduced at low 
temperatures, however at high temperature a signal increase is again observed showing that the sample 
is not fully reduced at lower temperatures. Since CoPt7 showed a slightly lower particle size and higher 
dispersion it could be that a more optimal situation is created were factors such as reduction enhanced 
by platina addition show optimal results. It is interesting to see the effect of platina reduction 
enhancement in TPR. To give an insight in this effect a comparison has been made with a Cobalt 10 
weight % sample without platina. This comparison can be viewed in Figure 10. 
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Figure 10: Reduction comparison for cobalt loaded catalyst with and without as small amount of platina. The same reaction 
procedure as in Figure 4 is used. 

As observed the reduction pattern starts out quite the same with and without platina. However above 
300 °C the reduction halts and only partial reduction to CoO is most likely achieved compared with 
literature references.41 40 All catalyst show (partial) reduction before the chosen 450 °C operation limit 
for further experiments indicating usability in further reaction procedures. 
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Two-step methane homologation in a tubular reactor 
Using a tubular glass reactor in a heating mantle a very basic set-up was available to test the synthesized 
catalysts in situ. The reactor regime was tested using a 1 second methane pulse in a catalyst loaded 
reactor shown in Figure 11. Further reaction conditions were the same as described for two-step 
experiments. The total feed flow is 100 ml/min and the estimated reactor size is (volume of quartz tube 
loaded with catalyst) is approximately 1 cm in diameter with 3 cm catalyst loaded, yielding an estimated 

 

As can been seen the concentration signal of both the pulse feed as well as the reaction product (H2) 
shows a flow similar to the E-curve of a CSTR rather than an ideal plug flow reactor.42 This is of 
importance in further experiments since this will show that for example the initial hydrogenation step 
after methane decomposition will show a somewhat spread out pattern for reaction products to come 
out of the reactor. 

 

 

Figure 11: 1 second methane pulse experiment at 450°C. The reactor was loaded with an in-situ reduced Ru5 catalyst. 2,5 vol.% 
methane was fed into the Helium carrier stream during 1 second. 

In order to rule out any substantial effects that are inherent to the reactor and support used a reference 
experiment was performed with only a catalyst support loading as indicated in . A normal methane 
decomposition step was performed at 450 °C, followed by a hydrogenation step and temperature 
programmed hydrogenation (TPH). The reactor and support did not show any sign of methane 
decomposition and no products did form during hydrogenation as can be seen in Figure 12. The small 
increase in signal 2 is from the increase in MS chamber pressure due to the start of the methane feed at 
that point, the opposite effect is observed after stopping the methane feed. 
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Figure 12: Reference experiment for methane decomposition at 450 °C. The reactor was loaded with SiO2 support only, no 
catalyst was present. The reaction procedure used is the same as for all other experiments (180 second methane pulse). 

 

An initial screening of the ability of cobalt catalysts to decompose methane has been made. As displayed 
in Figure 13 the decomposition of methane shows an increase in activity for higher temperatures. Above 
400 °C methane decomposition was detected. Decomposition was continued for an elongated period 
and although showing a decrease in production after reaching the platform temperature decomposition 
still took place indicating a continuous buildup of carbon on the catalytic surface and a lack of saturated 
surface. This is in line with the results from van Santen1 which describes the ability to control the surface 
saturation with total decomposition time.  

 

Figure 13: Methane decomposition versus temperature on CoPt10 catalyst. The temperature was ramped at 10 °C/min to 500 °C 
were temperature was held for 5 min before cooling down. 2,5 vol.% methane was used as feed. 

 

A total screening has been performed for all the catalysts at four temperatures. A small note here is 
necessary, since the tubular reactor only has an inline mass spectrometer and all the reaction products 
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(low alkanes) have interfering signals on the MS quantifying the amounts of reaction products was hardly 
possible. However a proper indication of reaction activity could be given.  

The hydrogen evolution during methane decomposition was examined at four different temperatures. 
The results are displayed in Figure 14. All catalyst show a similar behavior during methane 
decomposition at 450 °C, except for the CoPt7 catalyst. Further experiments did not indicate any other 
effects being at play. For hydrogen evolution at 300 °C the results are somewhat different. Here 
ruthenium clearly shows methane decomposition taking place albeit on a much lower rate than at 450 
°C. For the CoPt catalysts methane decomposition seems to hardly take place at all. This is in line with 
the methane decomposition as shown in Figure 13, which shows no decomposition is to be expected at 
this temperature. 

 

Figure 14: Hydrogen evolution during methane decomposition at 450 °C and 300 °C respectively. A 180 second pulse of 2,5 vol.% 
methane was used. 

The type of species present on the surface after methane decomposition could also be distinguished. As 
mentioned alpha, beta and gamma species form on the surface which all have different hydrogenation 
temperatures. A clear distinction of the formed surface species could be made this way, showing C
hydrogenating at 100 °C, C  hydrogenating between 120 and 300 °C and C , graphitic carbon 
hydrogenating at temperatures above 400 Celsius. Found results are in line with the carbon phases as 
shown in Figure 2. In Figure 15 and Figure 16 the effect for ruthenium and carbon are displayed. 
Ruthenium did show a clear phase distinction with a tendency towards more graphitic carbon at higher 
decomposition temperatures, however for cobalt the surface carbon mainly seemed to consist of the 
alpha and at high temperatures an additional graphitic phase. 
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Figure 15: Methane formation during TPH after methane decomposition at different temperatures. Ru5 was used as catalyst, 
standard reaction procedure.

 

Figure 16: Methane formation during TPH after methane decomposition at different temperatures. CoPt10 was used as catalyst, 
standard reaction procedure. 

 

After methane decomposition the surface carbon could be hydrogenated to longer hydrocarbons. The 
main reaction products that have our interest are longer hydrocarbons. In the hydrogenation step 
several species could be distinguished. In Figure 17  different signals are displayed which correspond 
with ethane (m/z 27), propane (m/z 29) and n-butane (m/z 43). Quantification could not be done with 
the MS due to the mentioned signal interference for all fragments. A first indication with the available 
MS results showed that Ruthenium is not necessary more active in longer hydrocarbon production. 
Furthermore longer hydrocarbons only formed during the initial hydrogenation step at 100 °C. During 
the TPH no further C2(+) fragments were detected for any reaction indicating that the C  surface species 
only forms methane at temperatures above 100 °C, therefore no TPH result is displayed here  
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Figure 17: Longer hydrocarbon production during hydrogenation at 100 °C for a CoPt10 (left) and Ru5 (right) catalyst. 20 vol.% 
hydrogen was used. Methane was decomposed at 450°C for 3 minutes.

Further examination of the catalysts yielded the following matrix, as found in Table 6. CoPt5 and CoPt7 
showed only little activity at the lowest temperature step which is consistent with results presented 
before. From methane decomposition at 350 °C on, all catalysts showed longer hydrocarbon formation 
in the initial hydrogenation step at 100 °C. During the TPH no longer hydrocarbons were detected for any 
of the reactions performed. 

 

Table 6: Two-step methane homologation reaction products for different catalyst and methane dissociation temperatures (left 
axis). The m/z signal 15 corresponds with methane, 27 with ethane, 29 and 43 with propane and n-butane respectively (noted as 
C2+). Detected MS signals gave been displayed here to indicate what reaction product formed during hydrogenation. 

Overall the Cobalt catalysts showed higher yields for longer hydrocarbons as far as could be determined 
with the MS. No clear relation between decomposition temperature and longer hydrocarbon yield could 
be determined, with signal intensities largely the same for the reaction temperatures of 350 °C and 
above. With gas chromatography an attempt has been made to quantify the results. Since this involved 
capturing the reactor effluent in a portable gas storage and not an in line, GC results might lack accuracy. 

The found conversions as displayed in Figure 18 and Table 7 show a somewhat more ambivalent image 
than the results obtained with the MS did suspect. For longer hydrocarbon formation a slightly better 
performing cobalt based catalyst was expected on basis of the previous results. This is partly confirmed 
by the performance of the CoPt7 and CoPt5 catalyst, whereas the CoPt10 catalyst is yielding almost no 
longer hydrocarbons. Great care should be taken by drawing conclusions from this since there is a large 
error margin due to all process variables and an experimental set-up which is far from ideal, as described 
in the method section. 
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Figure 18: Relative conversion (corrected for C number) of surface carbon as captured during initial hydrogenation at 100 °C after 
methane decomposition at 450 °C. 

 

 

Product/Cat Ru5 CoPt10 CoPt7 CoPt5 

Methane 97.3% 98.9% 91.6% 94.7% 
Ethane 1.4% 1.1% 5.9% 4.8% 
Ethylene 0.5% 0.0% 0.0% 0.0% 
Propane 0.4% 0.0% 2.0% 0.4% 
Propylene 0.3% 0.0% 0.0% 0.0% 
n-butane 0.0% 0.0% 0.6% 0.0% 

Table 7: Relative conversion of surface carbon as captured during initial hydrogenation at 100 °C after methane decomposition 
at 450 °C. All results are corrected for carbon number. 

The presence of longer hydrocarbons is confirmed by both analysis with MS and GC. Furthermore the GC 
shows that not only ethane is formed but also small fractions of propane and butane can be formed 
using the two-step homologation procedure. Interesting to see is that the Ru5 catalyst also produces a 
small amount of ethylene and propylene apart from the expected alkanes. 
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Conclusions 
By varying reduction temperatures Ru catalyst particle size can be controlled to a certain extend. Varying 
weight loading of cobalt metal shows no clear influence on metal particle size due to agglomeration of 
the cobalt forming clusters up to 15 nm and showing a low dispersion rate. Reduction of ruthenium 
catalyst is possible at temperatures below 400 °C. CoPt catalysts show higher required reduction 
temperatures in comparison with Ru.  

Scanning the ruthenium and cobalt catalysts for methane dissociation showed an increase in dissociation 
as function of temperature, which is in accordance with literature findings. 43,44 Surface carbon was 
found to follow a typical hydrogenation temperature pattern in correspondence with C , C  and C  
species being present on the surface. The selectivity towards these species followed the same 
temperature dependency as reported by van Santen and coworkers.1 The ruthenium catalyst shows  a 
higher tendency for C  and C  than the cobalt catalyst. Both catalyst show longer hydrocarbon formation 
during hydrogenation at 100°C. Overall the cobalt catalysts showed a better selectivity to longer 
hydrocarbons at higher temperatures. The selectivity for carbon-carbon coupling is favored by lower 
carbon surface coverage, which is in line with the observed methane decomposition of the cobalt 
catalyst vs the ruthenium catalyst and subsequent hydrogenation procedure. Two-step methane 
homologation is shown to be possible from temperatures  of 300°C onwards.  
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Chapter 3: Microkinetic simulations as prediction tool for pulsed 
operation effects. 
 

Introduction
In chapter two, the traditional approach to catalyst research has been taken, with “real” experiments to 
determine catalytic activity, reaction products and optimization of reaction parameters by a more or less 
considered trial and error approach. The use of the experiments in chapter two was to determine the 
optimal catalyst and reaction parameters to translate to usable parameters in pulsed operation, however 
those parameters can’t be translated directly due to the time scale effects and thus dominating effects 
of the reactions. To overcome this difficulty, micro kinetical simulations can be used to study short time 
scale surface processes and eventually design criteria for applicable parameters in pulsed operations. 
When the findings from chapter two and three are combined a completer view of effects influencing the 
methane homologation can be constructed and validated with experimental results. 

In the pulsed operation regimes, due to short time scales, it is expected that reactions are dominated by 
changes in surface concentrations rather than changes in bulk concentration. This leads to a high 
emphasis on surface intermediates, which are more unstable and generally short lived compared to the 
slow two step homologation process described before. With microkinetic simulations a better overview 
of those surface intermediates and their effect on the overall observed reactions products can be 
estimated. The used approach in microkinetic simulations is firstly to study temperature and time scale 
effects on surface carbon formation, secondly to introduce longer hydrocarbons to the model and take a 
look on what time scales longer hydrocarbons evolve. Thirdly the effect of stepping the temperature will 
be simulated and likely experimental optimum conditions in terms of step lengths, reactant 
concentration and step temperatures can be determined.   
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Computational method and simulation parameters 
Calculations were performed with Mkmcxx a program developed at Eindhoven University of Technology. 
Based on the equations mentioned in the introduction of this chapter all calculations were made. The 
simulated surface is a Ru 1121 step edge surface27, whereas all further parameters are based on this 
surface. All adsorption and desorption reactions are assumed to proceed via Hertz-Knudsen kinetics. The 
surface reactions are assumed to proceed via the Arrhenius equation. All used parameters can be found 
in Table 8 and Table 9. Parameters are used to construct the ODE’s to solve equations 1-4 as described. 

Index Elementary surface reaction Forward Eact 
(kJ/mol) 

Backward 
Eact (kJ/mol) 

1 CH3* + * <-> CH2* + H* 47 57 
2 CH2* + * <-> CH* + H* 37 75 
3 CH* + * <-> C* + H* 39 40 
4 CH* + CH* <-> CHCH* + * 86 55 
5 CH2* + CH2* <-> CH2CH2* + * 54 60 
6 C* + C* <-> CC* + * 138 144 
7 C* + CH* <-> CCH* + * 129 75 
8 C* + CH3* <-> CCH3* + * 92 116 
9 CC* + H* <-> CCH* + * 104 72 

10 CCH* + H* <-> CCH2* + * 82 129 
11 CCH2* + H* <-> CCH3* + * 19 4 
12 CCH* + H* <-> CHCH* + * 140 162 
13 CCH2* + H* <-> CHCH2* + * 82 21 
14 CCH3* + H* <-> CHCH3* + * 82 8 
15 CHCH2* + H* <-> CH2CH2* + * 45 42 
16 CHCH* + H* <-> CHCH2* + * 83 46 
17 CHCH2* + H* <-> CHCH3* + * 62 34 
18 CHCH3* + H* <-> CH2CH3* + * 19 23 
19 CH2CH2* + H* <-> CH2CH3* + * 58 34 

Table 8: Reaction parameters for all elementary surface reactions on a Ru1121 surface.45 

 

Index Elementary adsorption reaction 
m2

site 
(E-20) 

Amu K  S Ediss 

20 CH4 + 2* <-> CH3* + H* 4.2632 16 435.6 12 1E-6 94 
21 H2 + 2* <-> 2 H*   4.2632 2 87.6 2 1 60 
22 CH3CH3 + 2* <-> H* + CH2CH3* 4.2632 30 3 6 0.4 112 

Table 9: Hertz Knudsen parameters for the dissociation of gas phase molecules on Ru1121.45 25,4344 

The pre-exponential factor for surface reactions is assumed to be mainly governed by the collision rate 
and thus is set for all species to be 1013 s-1. The reactions are solved numerically as set of ODE’s to give a 
simulated overview of the kinetic behavior and surface concentrations as function of time and 
temperature. Simulation time was set to 1E6 seconds and absolute and relative tolerances were set to 1E-

10. 

All simulations were performed under atmospheric pressure. The simulated methane flow was set to 
20% of the feed in order to comply closely with real world behavior. In the second set of simulation 2% 
of hydrogen was added to simulate the effect of hydrogen coadsorption. No initial surface coverage was 
used in those simulations. 
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For the 3rd set of simulations the same 20% methane, 2% hydrogen feed was used under atmospheric 
CCH2 CCH3

 
*

 = 0,1 for which the 
surface carbon species correspond with equilibrium surface coverage ratio for a Ru1121 surface at 373K. 
Although in simulations the eventual surface coverage goes to 1 for all species combined it was chosen 
to simula * at a value of 0,1 in order to study the change in surface concentration for a sudden 
temperature step. If simulating a fully covered surface no reactions will take place and the simulation is 
not converged.   

 

Simulation predictions for surface coverage of carbonaceous species 
Microkinetic simulations were performed to predict the methane dissociation on ultra-short time scales. 

the time scale of the temperature pulses in the pulse reactor. Of interest is also the behavior in the time 
range of 0,05 to 1 second since those values are the time scales between temperature pulses in pulsed 
operation.  

For methane dissociation and further surface reactions the surface coverages for several intermediates 
have been studied  along with the reaction rates of the gaseous species to get an indication if methane 
dissociation is feasible on short time scales. A first look has been taken into the dissociation of methane 
on the simulated Ru1121 surface for two different temperatures, 373K as the so called “base” 
temperature and 723K as the temperature pulse maximum value. This value corresponds with the 
temperatures used for hydrogenation and methane dissociation in the experiments performed in 
Chapter 2. 

 

Figure 19: Surface coverage of the most abundant surface species vs. time.  (p = 1 atm, methane feed). The right image is a zoom 
 

coverage is present after this time period, although the fraction is quite small. For longer pulse 
experiments the simulation results show eventual surface coverage of coupled carbon species. Not 
showed here is the development of CH* and CCH2* surface species for elongated time period in the base 
temperature regime. This species are considered an important precursor for longer hydrocarbons 
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previously described as methylidyne and vinylidene  in literature.22 46 Simulations also show the largest 
reaction rate below the 1 second mark. No noticeably reaction rate for ethane was detected here, with a 
maximum reaction rate of 1E-18 it is unlikely that any detectable ethane will form during dissociation. 
Some surface hydrogen is detected at low temperatures which is to be expected since hydrogen 
coverage has an inverse relation with temperature. It is also apparent that on a time scale of 0,05 to 1 
second no steady state is achieved here, indicating the possibility to operate both base temperature step 
and temperature pulse in a transient regime.  

 

Figure 20: Reaction rates of gaseous compounds for the simulations as in Figure 14. A logarithmic time scale is used. 

 

The effect of co-feeding hydrogen on surface reactions and species 
A second simulation was performed using the same reaction parameters but now with the addition of a 
set amount (1:10 H2:CH4) of hydrogen to the feed stream. Since operation in the pulse reactor prohibits 
switching the entire gas phase after each pulse a possible solution to circumvent this operational limit 
was thought to be the addition of a small amount of hydrogen in the feed. To study the effect of 
hydrogen addition in the feed a simulation was used to test whether or not methane would still 
dissociate under these conditions and how longer hydrocarbons formation would be affected.  
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Figure 21: Surface coverage of the most abundant surface species vs. time.  (p = 1 atm, 1:10 H2:CH4 feed). The right image is an 
 

 

 

Figure 22: Reaction rates of gaseous compounds for the simulations as in Figure 14. A logarithmic time scale is used. For the 
display of the ethane reaction rates (right) a logarithmic scale is also used to display the reaction rate. 

 

At 723K methane dissociation is still feasible with the hydrogen added feed stream. The same surface 

Hydrogen coverage is also observed at this point, indicating that at this temperature the adsorption of 
both species can be feasible. The observed reaction rate of methane dissociation is somewhat lower 
than in the first simulation. 

 Several significant differences are observable when compared to the first simulation. First of all the 
surface coverage of carbon in the base temperature regime seems to fully go via the methylidyne 
intermediate before eventually conversion into a surface coverage of mainly vinylidene on longer time 
scales. Secondly the dissociation of methane in the base regime shows lower activity than would be the 
case with a pure methane feed. Thirdly the reaction rate for ethane is a factor 12 higher than in the first 
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simulation which is of importance since this is one of the most abundant hydrocarbons found in two-step 
homologation experiments.  

 

The predicted effect of temperature stepping 
To complete the overview of what to expect in the pulse experiments and get better insight into the 
surface behavior during transient states a third simulation has been performed to simulate what would 
happen to the surface if a temperature pulse is applied to a steady state surface in the base regime. For 
this simulation initial surface coverages has been set to represent steady state conversion after long 
times with a surface co CCH2* CCH3* * of 0,1. Results of this simulation are 
found in Figure 23. 

 

Figure 23: Surface coverage of the most abundant surface species vs. time and reaction rates vs. time.  (p = 1 atm, 1:10 H2:CH4 
feed). A logarithmic time scale is used. In the right image the reaction rate for H2 is plotted on the right axis. 

 

During a temperature pulse on an almost saturated surface some methane will decompose. Furthermore 
the partly hydrogenated surface species will be converted quickly to less hydrogenated surface species at 
higher temperatures. Returning the surface temperature to the lower base temperature will show 
increased hydrogenation and a return to initial surface specie ratios. A short period of ethane production 
is observed during the initial change of the surface concentrations. 
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Conclusions 
Microkinetic simulation of methane dissociation sh
time point methane dissociation results in measurable surface concentrations at both 373K and 723K. 
The addition of hydrogen to the feed, shows little change for the methane decomposition at 723K 
however at 373K a clear shift in decomposition time dependency is visible. Addition of hydrogen further 
improves the selectivity towards the surface species that are considered to be direct precursors for 
longer hydrocarbon formation.22  

For both temperature pulsing as for the base regime transient behavior is dominating. The base regime 
temperature shows that for a 20Hz pulsing rate, surface equilibrium will not be reached. Regarding the 
surface concentration change versus time, it is expected that both regime will stay transient in pulsed 
operation. 

A temperature pulse will dehydrogenate present surface species to a certain extend in addition to 
decomposition of methane. Simulations show that pulsed operation should theoretically be a possibility 
to operate two-step methane homologation reactions and longer hydrocarbon formation is to be 
expected.  
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Chapter 4: Two-step methane homologation in pulsed operation 
In the earlier chapters the nature of the two step methane homologation reaction has been described. 
The thermodynamic importance of a two temperature step process gives rise to much difficulty in 
operation as has been shown in chapter 2. While reactions are fast, the heating and cooling process 
takes place on a long time scale, seconds at minimum, thus making the reaction impractical to operate as 
continues process. 

The pulsed reactor gives the possibility to operate the heating and cooling step on a very short time scale 
where surface concentrations are expected to be transient as shown in chapter 3. This is made possible 

flow. A schematic overview is given in Figure 24. The pulsing is made possible by an electric system 
combined with a catalytic surface located on a platina strip which forms the heart of the reactor. 

 

Figure 24: Schematic overview of the reactor.30 

With this set-up a constant direct current can be put through the platina strip to provide a base 
temperature, measured and controlled by a thermocouple placed in contact with the underside of the 
silicon wafer. The platina strip acts as a resistance and thus heats up by passing current through it. The 
base temperature can be set to a maximum of 200 °C since the O-rings are not suitable for higher 
temperatures. However a temperature of around 100 °C has been deemed ideal for the low temperature 
methane coupling step, for which this system is sufficient. A cross section of the strip can be viewed in 
Figure 25. 
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Figure 25: Cross section overview of the used strip. On top the design for a basic strip can be viewed. The second and third one 
are with an insulating Al2O3 layer covered with deposited nanoparticles respectively. 

The pulsing is made possible by a capacitor embedded in the electrical circuit. When temperature pulses 
are applied the direct current circuit is broken to prevent overcharge and the capacitor discharges over 
the platina strip. This leads to a sudden rise in temperature of the platina strip and catalytic surface. The 
underlying silicon wafer acts as a heat sink and facilitates the fast cooling of the strip. The total duration 
of the temperature pulse follows the current pulse closely. In Figure 26 the profile of the pulse can be 
observed. Noteworthy is that the total duration of a pulse takes around 10 microseconds. Further details 
on the pulse energy relation to surface temperature can be found in appendix A. 

 

Figure 26: Pulse discharge profile over platina resistance as in used strips.30 
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The fast switching of reaction temperature regimes makes it impossible to change the gas phase 
contents in the same time since mass transfer is generally much slower (seconds) than the used time 
scales for temperature pulsing (microseconds). Carbon-carbon coupling reactions benefits from high H2 
partial pressure, however in the pulsed reactor switching the temperature and simultaneously the entire 
gas phase is impossible. As introduced in chapter 3 addition of H2 in the feed stream might affect 
methane dissociation in the high temperature regime, but microkinetic simulations show that the effect 
of low hydrogen concentrations is visible but not limiting to this step. Hydrogen adsorption and 
hydrogen surface concentrations are inversely temperature dependent, enabling carbon-carbon coupling 
in the low temperature step and thus by mixing in a small amount of hydrogen in the feed stream the 
problem of switching the entire gas phase can be circumvented. 

In this chapter the construction of a catalytic strip suitable for the two-step methane homologation as 
well as the two-step methane homologation during pulsed operation will be discussed. 

 

Experimental setup 
The preparation of a Ruthenium covered catalytic strip was done in the Plasma and Materials Processing 
group from the Department of Applied Physics TU/e. The first batch of Ru  catalysts was prepared 
directly on the strip by Atomic Layer Deposition using an ABC procedure (Metal Deposition, O2, H2). 200 
cycles of deposition were used at 200 °C in order to produce a 1-2 nm Ruthenium layer. Si3N4 TEM 
windows were present during deposition in order to analyze the surface afterwards. Unfortunately the 
production of this batch failed. 

For the second batch of Ruthenium catalyst the strips were insulated first by ALD depositing a 10 nm 
Al2O3 layer on the strip surface in order to insulate the platina conductor from the deposited catalyst. 
With ALD a prefect layer can be deposited completely insulating the underlying layer. The layer thickness 
was chosen to be quite thin to keep the effect on the heat transport from the platina conductor to the 
catalytic surface as minimal as possible. This step was performed in the Nanolab facilities on the Tu/e. 
Afterwards Ru was deposited by the same procedure as the first batch to yield an estimated layer 
thickness of 1-2 nm. TEM windows were co-deposited for analyzing, however TEM windows were not 
usable in analysis, therefore no characterization of the surface could be done.  

For the cobalt covered strip sputtering was used. A Moorfield Minilab S 60A was used for sputtering both 
Al2O3 and cobalt at the equipment and prototype Center of the TU/e. Two strips were sputtered with a 
10 nm Al2O3 layer after which sputtering of a 10 nm Cobalt layer followed. Simultaneously two other 
strips were sputtered with 10 nm Cobalt only. All strips were partly covered by a mask during sputtering 
in order to keep contact spots to the underlying platina through which current has to pass. Testing the 
conductivity was done afterwards to see if the strips were usable in the reactor. 

The strips were placed in the pulse reactor setup which consists of a small reactor volume (45-
an outer reactor volume under a glass dome which is used to prevent reactor gas from escaping. The 
pressure in the outer reactor volume was set to 4 bar Argon under 20ml/min flow effectively sealing the 
reactor by significant overpressure. A Kalrez O-ring was used as seal between the strip and reactor bed. 
Reactor sealing was checked by bringing the internal reactor under vacuum. If a stable vacuum was 



  Chapter 4: Two-step methane homologation in pulsed operation 
 

  38 

achieved reactor sealing was assumed to be good. All experiments were performed under an inner 
reaction pressure of 1,5 bar. Process control was done by Labview software on a connected pc. Analysis 
was done by an in-line Pfeiffer Vacuum Omnistar GSD320 quadruple mass spectrometer. 

 

Figure 27: The catalytic strip placed in the pulse reactor with a thermocouple in contact with the supporting back layer of the 
strip. For clarification: the strip is forming one reactor wall, hence the underside of the strip is observed. 

To reduce the catalyst, first the reactor was flushed with Argon for an extended time period. Secondly a 
20% H2 
2 seconds at 1,5 bar. The procedure was initialized for 15 minutes with a base temperature of 40 °C 
before being heated to 200 °C at 10 °C/min. Here temperature was stabilized for 10 minutes before 
temperature pulsing was started. Pulses of approximately 50, 90, 130, 170, 210 and 250 °C were used for 
further reduction. Pulsing rate was set to be 20Hz for a 10 minute period each.  Flows, pressure, 
temperatures, pulsing and time was controlled by a script in LabVIEW to standardize experimental 
procedures.  

For actual reaction experiment  a cobalt on alumina insulating layer sputtered strip was used. The strip 
was heated as described in the reduction method to 200 °C. After a holding time of 10 minutes, 50°C 
temperature pulses were applied for 10 minutes to improve the degree of reduction. However no higher 
intensity was used to conserve the strip. The strip was cooled down from 200 to 100 °C and feed was 
switched to a 10% methane, 2% hydrogen in argon feed. Reactor feed flow was set to 0,6 ml/min to yield 
a residence time of 5 seconds. The strip was heated again to 200°C to have a higher base temperature 
which should enhance methane dissociation at lower pulsing intensities hopefully yielding measurable 
rates before the strip is broken by pulsing. After stabilizing for 10 minutes at the set base temperature 
pulsing was started at a 20Hz pulsing rate. Every pulse intensity was kept for 10 minutes before switching 
to a higher intensity. Intensities increased from 50, 90 to 130 °C before the strip broke down.  

Surface analysis of the catalytic strips was performed by XPS analysis on a Thermo Scientific K-alpha XPS. 
The Ru, ALD coated strips were analyzed with a surface survey as well as with a depth profile analysis. 
For the cobalt sputtered strips, a three spot test was done, one at the breaking point, one near the break 
point and one on an optical determined undamaged piece of the strip. Analysis was carried out by a 
surface etch with an Ar plasma beam for 20s between survey scans to generate a depth profile. After 
every 20 seconds of etching a scan was performed for the Co2p, Al2p, Pt4f, C1s and O1s binding 
energies. XPS results were analyzed with CasaXPS.  
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Catalyst preparation and initial setup testing 
In order to operate the desired two-step homologation reaction in the pulse reactor catalytic strips were 
prepared using both sputtering and atomic layer depositioning (ALD). Unfortunately the first batch of 
ruthenium coated strips proved to be unusable as shown in Figure 28. Furthermore the reactor strips 
have a platina strip used as resistance to enable the heating pulses. The platina strip can also be used 
untreated (no other covering metal) in the reaction to act as catalyst. For some initial screening 
experiments the strip was used in this way since no other catalyst was available at that point. 

 

Figure 28: Ruthenium strip after attempted reduction. During preparation tape was failed to remove properly leaving a layer of 
carbon residue on the surface. 

Firstly the reactor regime was checked using a 1 second hydrogen pulse as displayed in Figure 29. 
Unfortunately at this point it was not yet allowed to work with other available gasses such as CO or CH4, 
therefore H2 was used. The same pattern as in the quartz reactor is observed implying non-ideal plug 
flow behavior. If checked against the average residence time of 1 second for this experiment (3 ml/min 

 it is apparent that mixing takes place. 

 

 

Figure 29: 1 second hydrogen pulse experiment at 100°C. 20 vol.% methane was fed into the Argon carrier stream during 1 
second. The reactor flow was 3 ml/min at all times at 1,5 bar. 

After the determination of the reactor regime an initial test was done using the platina catalyst to test 
for any reactivity in experiments with methane. After cleaning the surface under hydrogen flow at all 
described pulse intensities for a prolonged period, methane decomposition was tested. At the base 
temperature regime no formation of hydrocarbons was detected and the small visible hydrogen peak 
could be attributed to a change detected in the MS. In the TPH procedure performed afterwards no 
products could be detected. It is expected that platina as catalyst shows limited methane activation 
under conditions used in the pulse reactor due to lower reported activity of methane dissociation 
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compared to Ru or Co catalysts, which corresponds with the description of earlier performed 
homologation experiments on platina. 8,12 

 

Figure 30: Initial methane decomposition experiment on Pt. Base temperature is 100 °C, flow is 25% methane in Argon, 2 ml/min 
reactor flow. The dotted lines represent the start of a new pulse regime, pulses of 50, 125, 200 and 250 °C have been used,. The 
pulse frequency was set to 20 Hz. Each pulsing regime was operated for 10 minutes.  

 

In situ catalytic reduction in pulsed operation 
Using sputtering a set of second catalysts was prepared supported by the catalytic strip. Four strips were 
prepared, two were sputtered with alumina oxide to form an insulating Al2O3 layer of around 10 nm, 
although it is known that with sputtering this layer is probably not fully insulating. Cobalt was sputtered 
to an estimated thickness of around 10 nm in the equipment and prototype center. An attempt was 
made to reduce the prepared catalyst in situ in the pulse reactor however as displayed in Figure 31 this 
happened to be a nuisance.  

 

Figure 31: Reduction of cobalt catalyst in the pulse reactor. First the temperature was ramped to 200 °C with 10°C/min. 
Temperature pulsing was started after 10 minutes, the dotted lines act as indicator for a change in pulsing temperature. Pulses 
of 50, 90, 125 °C were used with a frequency of 20  Hz. Each pulsing regime was operated for 10 minutes . Flow was 1,5 ml/min 
20vol.% H2 in Ar. 
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Shortly after stepping the temperature pulses to 125 °C short circuiting of the wafer took place showing 
electrical arcing in the reactor, a quick drop in temperature and tripping power circuits. The breaking 
point was clearly visible on the strip by showing a lightning pattern around a discoloured line as in Figure 
32. This happened for one cobalt catalysts directly sputtered on the strip as well as for both the alumina 
insulated cobalt catalyst. It was expected that at certain temperatures some alloying of the platina and 
reduced cobalt takes place. By alloying local changes in resistance can occur and it was expected that this 
effect led to the breaking of the platina strip due to high potential build up and sudden discharge by 
arcing to other conductive parts. Several broken strips were analyzed by XPS with a depth analysis at 
several points along the strip to see if a logic explanation could be found. Depth analysis profiles for Pt 
and Co can be found in Appendix C. 

Since there was only very little time left to use the pulse reactor and ALD prepared ruthenium catalyst 
were not yet ready the last cobalt catalyst was used in a somewhat altered reaction. 

 

Figure 32: A broken catalytic wafer. A clear lightning pattern can be observed around a perpendicular line. 

 

Two-step methane homologation proof of principle experiments. 
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Figure 33: Pulse experiment with partially reduced cobalt catalyst. The followed experimental procedure is as described in the 
experimental setup paragraph. The last large peak on the right is when the wafer broke down generating electrical arcs and a 
sudden drop in temperature. 

 

First the cobalt catalyst was reduced in situ under hydrogen flow as far as possible for an extended 
period of time at the maximum possible base temperature of 200 °C. After the reduction step the 
hydrogen was switched over to methane. Using a maximum base temperature allowed for reaching 
conditions under which methane decomposition was expected with lower pulsing intensities reducing 
the risk of breaking the wafer.  

At the base temperature no products or hydrogen formation was observed. In the first and second pulse 
regime of 50 and 90°C respectively no products were observed either. Those pulsing temperatures 
correspond with an reached maximum surface temperature of 250 and 290 °C. Shortly after switching to 
an operation with 125 °C pulses (surface temperature of 325°C during pulse) an increase in the hydrogen 
signal was detected as well as increase in several other signals. The signals 28 and 29 showed the highest 
activity with the signals 29 and 44 showing hardly any detectable activity at this point and the signal 43 
showing a small peak (3 times signal noise). The observed signals correspond with at least ethane being 
present in the reactor outflow.  

The second observed peak in the last pulse regime is happening at the same time as a sudden drop in 
temperature of the complete strip. At this point this strip also broke down and those signals cannot be 
used for proper identification of any products. Some effects that can be observed here are however 
useful for identification. At the breaking point the temperature suddenly drops enhancing the release of 
longer hydrocarbons due to the thermodynamic better conditions for this step. Also a plasma will form in 
the gas phase (due to the arc discharge) which might also yield longer hydrocarbons.47 

Unfortunately this experiment could not be reproduced due to strip being destroyed and the reactor set-
up no longer being available after the performed experiments. It is expected that with the ALD prepared 
catalyst the durability of the catalyst is much higher since the insulating alumina oxide layer deposited by 
ALD is very stable and even, preventing for example alloying of the catalyst and platina.  
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XPS analysis of catalyst wafers. 
A cobalt wafer was analyzed using XPS analysis in order to determine the cause of the breaking during 
operation. Analysis of the XPS spectra showed both platina and cobalt being present at the surface of the 
break point. At the optically undamaged point no platina could be detected at the surface. Further depth 
analysis showed that cobalt and platina were separated layers at the undamaged point, at the break line 
over the whole expected depth of the cobalt layer both cobalt and platina signals showed. This could 
indicate alloying of the metals taking place, altering the resistance locally and thus local build-up of 
charge can take place which eventually discharges, breaking the strip.  

   

Figure 34: XPS analysis of Co2p3 (left) and Ptf4 (right) region for a damaged strip. For two points the surface was scanned, one 
point right on the break and the other at an optically undamaged point. 

Additional XPS spectra showing the full depth profile analysis are shown in Appendix C. The plasma etch 
reduces the analyzed surface, limiting visibility of surface oxidation, therefore cobalt appears as fully 
reduced catalyst.  
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Conclusions 
The two-step methane homologation reaction is a promising procedure to operate in pulsed operation 
reactors. First proof of principle experiments indicate operational conditions can be tuned to produce 
longer hydrocarbons although yields and concentrations are extremely low with the used conditions. 
Platina did not show methane decomposition during pulsed operation whereas cobalt did.   

One proof of principle experiment with cobalt catalyst shows some longer hydrocarbon formation for a 
temperature pulse of 
pulse is well below the expected temperature gap based on the Gibbs free energy of this reaction. 
During break down of the strip additional longer hydrocarbon formation is observed. Whether this is due 
to plasma formation or due to higher preferred hydrogenation at lower temperatures is unclear, 
although the latter explanation is logical since surface temperature stabilizes at 100°C, the optimal 
temperature for C  hydrogenation.  

Sputtered catalyst show difficulty in operation due to limited resistance against high energy pulses. A 
proper insulating layer between the platina resistance strip and the applied catalytic surface is necessary 
to improve operability. Prevention of power leakage to metallic catalyst is vital to ensure durable 
operation. Cobalt catalyst can be partially reduced in the pulse reactor, although it remains unclear if at 
higher pulse intensities achieved reduction will be more complete since no effect could be measured at 
this point.  
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Chapter 5: General discussion and recommendations 
The preparation of Co and Ru catalyst by incipient wetness impregnation was used to study particle size 
effects and reducibility of the catalyst. The prepared Ru catalyst shows increased particle size and 
decreased dispersion with  an increase in reduction temperature. This effect has been previously 
reported and has been contributed to sintering of nanoparticles.48 The cobalt particle size and dispersion 
rate show no clear dependency on metal weight loading which is explained by weak interactions 
between cobalt precursors and support which results in aggregation of the cobalt species during 
reduction.39  

The used particle size is a factor determining for the experimental  results found in methane dissociation 
and in methane homologation reactions. In general smaller particles show higher reactivity for methane 
dissociation due to a higher ration of edge and corner sites on which methane activation takes place, 
however the selectivity for methane in the subsequent hydrogenation is following the same trend. In 
relation to methane selectivity is the selectivity towards longer hydrocarbons, which has an opposite 
trend, with higher selectivity at larger particles sizes. For both Co and Ru a maximum for this effect has 
been reported for a particle sizes around 10 nm due to the ratio of available step-edges vs. particle 
volume.26,38,45,48,49  

The reported higher activity of Ru in methane dissociation can be partly contributed to this effect since 
for Ru smaller particles were used. Another considerable factor is the degree of reduction, the methane 
activation energy and the methane sticking probability. For Co the reducibility was increased by a Pt 
promotor as is common in F-T synthesis.50  TPR results show reduction of the CoPt catalyst below the 
used 450°C reduction temperature in further experiments, therefore limitations caused by partial 
reduced catalyst are unlikely.  Methane activation energies and methane sticking probabilities differ on 
Co and Ru 26,45, showing lower activation energy for activation on Ru which shows in a measurable 
difference in activity on lower operational temperatures. Further observation of this effect can be made 
in the found ratios of C , C  and C . Since those ratios were determined to be dependent on surface 
concentration of carbon10 a close relation with aforementioned effects is present. The graphitic C phase 
is mostly associated with catalyst deactivation. In the design of pulsed operation this factor is thought to 
be of little influence since operation will take place with low surface concentrations.  

In the design of experimental conditions and parameters for the pulsed operation, the reported results 
translate to a preference towards Ru as catalyst. Since available catalyst surface is extremely limited by 
the flat surface on which the catalyst has to be deposited, operation will likely take place with 
concentrations close to measurable limits. Combined with the short time of a temperature pulse during 
which methane activation will take place, the need for a highly active and optimally tailored catalyst is 
evident. 

Further reaction analysis, specific on the short time scale at which temperature pulsing is operated show 
the theoretical possibility of the process. Results also show the development of dehydrogenated carbon-
carbon surface species at increasing surface coverage which is in line with experimental results as 
described in chapter 2. Eventual catalyst deactivation is to be expected since dehydrogenated surface 
carbon will form a graphitic phase. 

Operational limits in the pulse reactor prevent reactant switching at the same rate as temperature 
pulsing, therefore the effect of hydrogen addition to the feed is simulated. Methane dissociation at 
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higher temperatures is hardly affected by hydrogen addition, in the base temperature regime the 
development of the vinylidene and methylidyne  surface species is observed. Since hydrogen adsorption 
is inversely related to temperature, logic dictates hydrogen coadsorption in the base regime resulting in 
more hydrogenated surface species. Found surface species are in line with earlier reports on the 
coadsorption of hydrogen in methane dissociation25 and in simulation the addition of hydrogen to the 
feed is determined to be beneficial to the two-step homologation reaction in pulsed operation. This is 
based on methylidyne and vinylidene determined to be the main precursors in longer hydrocarbon 
formation.22,23,46 Catalyst deactivation can also seemingly be prevented since no dehydrogenated surface 
species are present in the selected base regime. 

Further analysis of the surface reaction energy barriers show the hydrogenation of CCH3 species to be 
limiting. Changes in temperature regime might be beneficial to this surface reaction since temporarily 
the reaction barrier can be overcome. Reaction rate analysis  confirm this thought, however since 
dehydrogenation of surface species is also benefited by higher temperatures a net effect is hard to 
predict.  

Eventual preparation of the catalyst to be used in the pulse reactor did not go as expected. Whereas a 
preparation procedure with ALD was selected since excellent control over nanoparticle size growth on 
flat surfaces was displayed with this technique, unfortunately initially prepared catalyst were unusable. 
Using this preparative technique, eventual ideal sized Ru particles can be used in the pulse reactor. The 
now followed catalyst preparation using sputtering of cobalt suffers from serious drawbacks. Not only 
was cobalt not the determined ideal catalyst, furthermore catalyst particle size control is poor since a 
film is deposited on the underlying surface. During reduction annealing of the cobalt will happen forming 
larger clusters. Surface roughening has been reported during annealing51, an effect likely to take place 
during reduction, which should increase edge and corner atoms and therefore enhance methane 
activation, however the surface structure of the cobalt sputtered catalyst was not examined. Therefore 
no estimation of surface sites effects can be made here. 

Eventual the most influential effect showed to be the alloying of the catalyst with the platina resistance. 
Local changes in resistance will occur through alloying which eventually resulted in high charge buildup, 
sudden discharge through arcing and this destroying the catalytic strip. This can be prevented by placing 
a properly closed insulating layer between the platina and catalyst, which can be done by ALD. 

In operation of the two-step methane homologation reaction methane dissociation and ethane 
formation (MS fragments m/z 27 and 28) was detected. The operation under a base temperature of 
200°C was necessary to enable methane dissociation at lower pulse intensities. Despite operational 
conditions not being optimal as determined in chapter 2 activity could be observed after switching to a 
pulse regime in which the maximum temperature reached >300°C. Further activity in hydrogenation 
could be observed just after strip breakdown at which point a sudden drop in temperature is observed. 
The sudden lower temperature benefits hydrogenation as described before which explains the observed 
peaks for longer hydrocarbons at this point. The large hydrogen peak can be explained by the sudden, 

temperature pulse at much higher temperature than pulsing thus far reached. Eventually, proof that the 
two-step methane homologation can be operated as continuous process in a pulse reactor cannot be 
given, however initial results show methane activation and longer hydrocarbon formation is feasible. 
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Recommendations 
Based on the results presented in this thesis the following recommendations for further research on the 
topic of two-step methane homologation in pulsed activation are proposed: 

- Properly prepared catalyst strips should be used to increase reliability of the process, enable 
proper reduction and operation at higher temperature pulses. A insulating Al2O3 layer can be 
deposited with ALD to prevent alloying and isolate the platina resistance from the catalyst. 
Eventually testing under determined ideal reaction conditions should be performed. 

- Quantification of products in order to calculate productivity and reaction rates in pulsed 
operation. With known productivity and reaction rates, a proper comparison between pulsed 
operation and the original two-step homologation reaction can be made. Furthermore this 
information can be used to look into the enhancement of reaction rates by operating in transient 
regimes. 

- As observed in microkinetic simulations, the surface concentrations in the base temperature 
regime are time dependent just as surface concentrations in the pulse regime. Tests with 
different pulsing frequencies should be performed to study the time dependency of the 
reactions at base regime temperatures.  

- Test the process with longer runs and provide prove that the process can truly run as a 
continuous process in pulsed operation. To strengthen this claim the catalyst deactivation should 
be closely monitored in addition to the quantification of reaction products.  

  



  Acknowledgements 
 

  48 

Acknowledgements  
My first words of gratitude are addressed to Prof. Dr. Ir. Ton Backx, who inspired me to look after the 
temperature pulsed activation process in the first place. His initial help on the subject and his willingness 
to shape all ideas into a graduation project are greatly appreciated. My thankfulness to Prof. Dr. Ir. Emiel 
Hensen is also vast, since he provided much needed steering and direction to the graduation project.  

Tobias Kimpel, you are especially thanked for your effort to guide me and provide me with feedback. 
Although we were both working on different projects I could always rely on you for advice and much 
needed criticism of my ideas as well as general guidance in the scientific world. I also wish to thank you 
for your TEM operational skills which provided me with the much needed pictures. 

Wei Chen, thanks for your words of wisdom and feedback on my work. Tiny and Johan, thanks for your 
patience if I ran late and also a big thanks for the help with setup building and XPS analysis. Emma, your 
delightful presence always managed to cheer me up and your no nonsense mentality was much 
appreciated. 

Sonali Chopra, a thank you for the help you provided with the ALD procedure. Although we were both 
quite inexperienced with ALD you never lost hope and were always prepared to help me out. 

Hans Fredriksson a warm thank you  for the help with the final experiments and helping me out with 
operating the pulse reactor.  



  References 
 

  49 

References 
 

(1)  Koerts, T.; Deelen, M. J. A. G.; van Santen, R. A. J. Catal. 1992, 138 (1), 101–114. 

(2)  Ragauskas, A. J.; Williams, C. K.; Davison, B. H.; Britovsek, G.; Cairney, J.; Eckert, C. A.; Frederick, 
W. J.; Hallett, J. P.; Leak, D. J.; Liotta, C. L.; Mielenz, J. R.; Murphy, R.; Templer, R.; Tschaplinski, T. 
Science (80-. ). 2006, 311 (5760), 484 LP-489. 

(3)  Rostrup-Nielsen, J. R. Science (80-. ). 2005, 308 (5727), 1421 LP-1422. 

(4)  Rostrup-Nielsen, J. R. Catal. Today 1993, 18 (4), 305–324. 

(5)  Wood, D. A.; Nwaoha, C.; Towler, B. F. J. Nat. Gas Sci. Eng. 2012, 9, 196–208. 

(6)  Holmen, A. Catal. Today 2009, 142 (1–2), 2–8. 

(7)  Choudhary, T. V.; Aksoylu, E.; Wayne Goodman, D. Catal. Rev. 2003, 45 (1), 151–203. 

(8)  Belgued, M.; Pareja, P.; Amariglio, A.; Amariglio, H. Nature 1991, 352, 789–790. 

(9)  Karakaya, C.; Kee, R. J. Prog. Energy Combust. Sci. 2016, 55, 60–97. 

(10)  Guczi, L.; Van Santen, R. a.; Sarma, K. V. Catalysis Reviews. 1996, pp 249–296. 

(11)  Zheng, C.; Apeloig, Y.; Hoffmann, R. J. Am. Chem. Soc. 1988, 110 (3), 749–774. 

(12)  Belgued, M.; Amariglio, H.; Pareja, P.; Amariglio, A.; Saint-Just, J. Catal. Today 1992, 13 (2–3), 
437–445. 

(13)  Belgued, M.; Amariglio, A.; Paréja, P. J. Catal. 1996, 166 (1), 118–120. 

(14)  Solymosi, F.; Erdhelyi, A.; Csernyi, J. Catal. Letters 1992, 16, 399–405. 

(15)  Van Santen, R. A. Acc. Chem. Res. 2009, 42 (1), 57–66. 

(16)  Ligthart, D. A. J. M.; Van Santen, R. A.; Hensen, E. J. M. J. Catal. 2011, 280 (2), 206–220. 

(17)  Zadeh, J. S. M.; Smith, K. J. J. Catal. 1999, 183 (2), 232–239. 

(18)  Zadeh, J. S. M.; Smith, K. J. J. Catal. 1998, 176 (1), 115–124. 

(19)  Boskovic, G.; Smith, K. J. Catal. Today 1997, 37 (1), 25–32. 

(20)  Lu, G. M.; Hoffer, T.; Guczi, L. Catal. Letters 1992, No. 14, 207–220. 

(21)  Junji NAKAMURA, I. T. Surf. Sci. 1988, 201, 185–194. 

(22)  Choudhary, T. V; Goodman, D. W. Top. Catal. 2002, 20 (July), 35–42. 

(23)  Engineering, C.; Uni, V.; Charlottes, V.; Wright, H. A.; Srinivasan, N. J. Phys. Chem. B 2002, 106, 
2826–2829. 

(24)  Cheng, J.; Gong, X.; Hu, P.; Lok, C. M.; Ellis, P.; French, S. J. Catal. 2008, 254, 285–295. 

(25)  Kirsch, H.; Zhao, X.; Ren, Z.; Levchenko, S. V; Wolf, M.; Campen, R. K. J. Catal. 2014, 320, 89–96. 

(26)  Abbott, H. L.; Harrison, I. J. Catal. 2008, 254 (1), 27–38. 



  References 
 

  50 

(27)  Filot, I. Quantum Chemical and Microkinetic Modeling of the Fischer-Tropsch Reaction 
proefschrift; Eindhoven University of Technology, 2015. 

(28)  Zijlstra, B. MKMCXX, Microkinetic modeling software for heterogeneous catalysis; Eindhoven 
University of Technology: Eindhoven, 2016. 

(29)  Chorkendorff, I.; Niemantsverdriet, J. W. Modern concepts of Catalysis and Kinetics; Wiley, 2003. 

(30)  Stolte, J.; Özkan, L.; Thüne, P. C.; Niemantsverdriet, J. W.; Backx, A. C. P. M. Appl. Therm. Eng. 
2013, 57 (1–2), 180–187. 

(31)  Brandner, J. J.; Emig, G.; Liauw, M. A.; Schubert, K. Chem. Eng. J. 2004, 101 (1–3), 217–224. 

(32)  Vendelbo, S. B.; Elkjær, C. F.; Falsig, H.; Puspitasari, I.; Dona, P.; Mele, L.; Morana, B.; Nelissen, B. 
J.; van Rijn, R.; Creemer, J. F.; Kooyman, P. J.; Helveg, S. Nat. Mater. 2014, 13 (9), 884–890. 

(33)  Tang, P.; Zhu, Q.; Wu, Z.; Ma, D. Energy Environ. Sci. 2014, 7 (8), 2580. 

(34)  Koerts, T.; van Wolput, J. H. M. C.; de Jong, A. M.; Niemantsverdriet, J. W.; van Santen, R. A. Appl. 
Catal. A, Gen. 1994, 115 (2), 315–326. 

(35)  KUIJPERS, E. G. M.; Jansen, J. W.; Dillen, A. J. van; Geus, J. W. J. Catal. 1981, 72 (1), 75–82. 

(36)  Solymosi, F.; Erdöhelyi, A.; Cserényi, J. Catal. Letters 1992, 16 (4), 399–405. 

(37)  Erdohelyi, A.; Cserenyi, J.; Solymosi, F. J. Catal. 1993, 141 (1), 287–299. 

(38)  Munnik, P.; De Jongh, P. E.; De Jong, K. P. Chem. Rev. 2015, 115 (14), 6687–6718. 

(39)  Bian, G.; Mochizuki, T.; Fujishita, N.; Nomoto, H.; Yamada, M. ACS Div. Fuel Chem. Prepr. 2002, 47 
(2), 494–495. 

(40)  Guczi, L.; Sundararajan, R.; Koppány, Z.; Zsoldos, Z.; Schay, Z.; Mizukami, F.; Niwa, S. J. Catal. 
1997, 167 (2), 482–494. 

(41)  Moodley, D. J. 2014. 

(42)  Fogler, H. S. Elements of chemical reaction engineering; 2008; Vol. 42. 

(43)  Newell, H. E.; Oakes, D. J.; Rutten, F. J. M.; Mccoustra, M. R. S.; Chestem, M. A. 1996, 75 (1 11), 
193–207. 

(44)  Company, N. P.; Militaire, E. R. 1979, 80, 412–420. 

(45)  Santen, R. A. Van; Neurock, M.; Shetty, S. G. Chem. Rev. 2010, 110 (1), 2005–2048. 

(46)  Koranne, M. M.; Goodman, D. W.; Zajac, G. W. Catal. Letters 1994, 30 (1–4), 219–234. 

(47)  Wang, B.; Yang, E.; Xu, G.; Hao, H. Chinese J. Chem. Eng. 2007, 15 (1), 44–50. 

(48)  Carballo, J. M. G.; Yang, J.; Holmen, A.; García-Rodríguez, S.; Rojas, S.; Ojeda, M.; Fierro, J. L. G. J. 
Catal. 2011, 284 (1), 102–108. 

(49)  Bezemer, G. L.; Bitter, J. H.; Kuipers, H. P. C. E.; Oosterbeek, H.; Holewijn, J. E.; Xu, X.; Kapteijn, F.; 
Van Diilen, A. J.; De Jong, K. P. J. Am. Chem. Soc. 2006, 128 (12), 3956–3964. 

 



  References 
 

  51 

(50)  Moodley, D. J. Ind. Eng. Chem. Res. 2014, 53 (Recent Advances in Natural Gas Conversion), 1816–
1824. 

(51)  Shi, H. T.; Lederman, D. Am. Phys. Soc. 1998, 58 (4), 1778–1781. 

  



  Appendix A: Relationship of pulse energy to pulse peak temperature. 
 

  52 

Appendix A: Relationship of pulse energy to pulse peak temperature. 
 

 

Figure 35: Temperature peak relationship to the used pulse energy in the set-up as used in experiments described in this thesis. 

 

   



  Appendix B: Catalyst preparation by ALD 
 

  53 

Appendix B: Catalyst preparation by ALD 
During the ALD preparation of Ru catalyst using an ABC procedure a proceeding from island formation 
towards film closure is observed. By selecting the amount of ALD cycles excellent control can be achieved 
over crystalline island size is achieved. In Figure 36 two HAADF-STEM images show the difference 
between 50 and 250 depositioning cycles.  

 

 

Figure 36: HAADF-STEM picture of a 50 (left) and 250  (right) cycle ABC procedure prepared ruthenium sample .Images are 
courtesy of Dr.Ir. S. Chopra. 
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Appendix C: XPS depth analysis of cobalt coated strip 

 

Figure 37: XPS analysis of the Co2p3 region at the surface break (left) and at an undamaged part (right). Depth profiling analysis 
was performed by 20s Ar beam etch between each surface survey. 
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Figure 38: XPS analysis of the Pt4f region at the surface break (left) and at an undamaged part (right). Depth profiling analysis 
was performed by 20s Ar beam etch between each surface survey. 
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