
Alkali(ne earth) metal promotion in Ni-

catalyzed thermal decomposition of 

methane 
 

Master Thesis 

S. (Stefan) Bismeijer 

 

Daily supervisor: 

MSc. S.E. (Suzan) Schoemaker 

Examiners: 

Prof. dr. P.E. (Petra) de Jongh 

Dr. J.E.S. (Jessi) van der Hoeven 

 

Materials Chemistry and Catalysis 

Debye Institute for Nanomaterials Science 

Utrecht University 

 

Date: 

April 2022 – May 2023 

 

  



 
- 1 - 

 

  



 
- 2 - 

 

Abstract 
To move towards a more sustainable form of energy production, COx emissions need to be drastically 

reduced. As renewable energy sources cannot yet provide for the growing demand, the thermal 

catalytic decomposition of methane could be a promising intermediate. Apart from energy-rich 

hydrogen, this reaction also adds value to the solid carbon by-product in the form of carbon 

nanostructures. Promotion with alkali and alkaline earth metals of Ni-based catalysts was investigated 

by following the carbon growth in-situ using a thermogravimetric analyzer. Nickel catalysts with Li, Na, 

K, and Mg as promoters were tested. It was found that under similar reaction conditions, all the 

promoters show different effects on the catalytic properties of the catalysts, with promotion by Na and 

Mg showing a large increase in both activity and lifetime. K, on the other hand, shows a reduction in 

both properties. For the Na-promoted catalysts a concentration dependency was found, suggesting 

that lower promotion concentrations are needed when going down the alkali metals. On the other 

hand, Mg-promotion showed a slight increase in catalytic performance when increasing the promoter 

concentration, this might suggest that the promoter effect of Mg is different from that of the alkali 

metals. Measurements performed at different temperatures found activation energies of 77, 83, and 

102 kJ/mol for the tested Ni reference, Na-promoted, and Mg-promoted catalysts, respectively. Only 

for the Mg-promoted catalysts an optimum in the catalytic lifetime was found at around 450 °C. While 

the other two catalysts showed increasing lifetimes and total carbon yields with decreasing 

temperatures, where this was not expected. The formed carbon structures seem mostly unaffected by 

the introduction of the different promoters compared to the reference catalyst, suggesting limited 

changes in the carbon growth mechanism upon promotion.  
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1. Introduction 

1.1. General introduction 
As the world is slowly starting to realize, we are currently in a major climate crisis. The earth’s 

environment is drastically affected as the world is warming up. The major contribution to this global 

increase in temperature is the emission of greenhouse gasses emitted by the production of energy, 

which has been rapidly rising since the 1850s.1–3 To combat these problems it is necessary to move 

away from the use of fossil fuels for our energy needs and switch to more renewable resources. 

Hydrogen has been proposed as a good alternative energy-dense fuel that can be used to produce 

energy without the release of greenhouse gasses, as it is oxidized to just water. Aside from the use of 

hydrogen as a fuel, it is also used in big quantities in the chemical industry, with the production of 

ammonia via the Haber-Bosch process as its biggest consumer.4 While the use of hydrogen as a fuel 

might be an emission-free way of producing energy, the way hydrogen is currently being produced is 

not. As the infrastructure for green electricity needed to produce hydrogen by water electrolysis is not 

yet realized, most hydrogen is currently still produced using the steam methane reforming process.5 

Hydrogen is produced by the reaction of methane with water, but this reaction has carbon monoxide, 

as well as carbon dioxide as a byproduct.6 For these reasons an alternative method of producing 

hydrogen without greenhouse gas emissions is needed. One method, proposed back in the 1990s by 

N.Z. Muradov, thermally decomposes hydrocarbons, instead of oxidizing them. This would result in 

hydrogen and solid carbon, instead of water and gaseous COx products, the reaction equation has been 

shown below.7 Aside from the reduction in emissions, the solid carbon could also be a valuable product 

of this reaction instead of being a harmful gaseous by-product. Small industrial testing plants are 

currently being set up to take this process to industrial scales.8 

  (1) 

When catalysts are used to perform the thermal decomposition of, in the case of this work, methane, 

carbon nanomaterials are formed. These materials can take the form of fibers, nanotubes, with single 

or multiple walls, or other carbon nanomaterials.9–12 These carbon nanomaterials have been shown to 

have very interesting properties and applications. Applications can be found in electronics, where for 

example carbon nanotubes can be applied in transistors.10 They can also be used as starting materials 

for composites where strength and low weights are essential.10 More environmentally impactful 

applications might include their use as adsorbents for pollutants or in functions like gas storage.9,10,13 A 

final, but very interesting, application is the use of carbon nanostructures in catalysis. Here, they can 

mainly be used as catalytic supports due to their mesoporosity, high surface area, and specific metal 

support interactions. This can be an improvement over other carbon support materials, like activated 

carbon.14,15 In some cases, carbon nanotubes, and nanofibers have even been used as direct catalysts. 

For example the oxidative dehydrogenation of ethylbenzene to styrene or methane decomposition.16,17 

All these different applications of the carbon product can add value to what, in the current energy 

production, is just an unwanted by-product. 

For the catalytic thermal decomposition (CTD) of methane, different catalysts can be used. Most 

current research is being done on the upper-row transition metals, as they have higher availability and 

lower costs than other metals, while showing great activity in methane decomposition.18 Of all upper 

row transition metals, Ni, Co, and Fe are the metals that have shown the best activity for this reaction. 

It has been reported that the catalytic activity increases when going from Fe to Co to Ni.18–20 Multiple 

reasons why these metals show good activity for this reaction have been proposed. The first is their 

electronic structure, with a partially filled 3d orbital, which makes them able to accept electron density 

of the methane adsorbing on the surface. Dissociation is made possible by back donation from the 

CH
4
 (g) → 2H

2
 (g) + C (s)   ∆𝐻298

0 = 74.5 
𝑘𝐽

𝑚𝑜𝑙
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metal to the adsorbate, changing its electronic structure.21 The carbon that is formed after dissociation 

is not deposited on the same sites where methane is dissociated. So the second reason that Ni, Co and 

Fe show good activity is that they are able to dissolve and transport carbon, which also frees up the 

dissociation sites.21,22 The deposition of carbon happens by growing carbon structures. Currently, two 

ways of carbon growth have been reported in literature: Tip-growth, and base growth. Which of the 

two growth modes is favored during catalysis is mostly determined by the metal-support interactions. 

When the metal nanoparticles are weakly bonded to the support, the catalysis will yield tip growth, 

while strong interactions between the metal and the support will lead to base growth.21,23 In both 

mechanisms, graphitic carbon is grown at the interface between the metal and the carbon 

nanostructure. While these mechanisms show a general method of how the CTD of methane works, 

research shows many different results in both catalytic properties, and in carbon products formed in 

this reaction. This is because the activity and formation of carbon products are dependent on many 

different parameters, of which the choice of metal is only one. Catalyst composition, morphology, 

catalyst preparation method, support used, pre-treatments, and catalytic conditions all play an integral 

role in the activity and the carbon nanostructure growth.9,21,24 

In this work, the focus will be on Ni-based catalysts, as Ni has been shown to be the most active metal 

for this reaction. This high activity, however, also has a major drawback. As Ni-based catalysts still suffer 

from high deactivation rates, especially during catalysis at higher temperatures. This is mostly due to 

encapsulation of the Ni nanoparticles by carbon, which in turn blocks the active sites for methane 

dissociation and deactivates the catalysts.24,25 The main way in which researchers are currently trying 

to combat this fast deactivation of Ni catalysts, is by combining them with different metals. These 

metals can be incorporated into the Ni-nanoparticles, by for example alloy formation, to induce 

structural, geometrical, and electronic changes in the particles. These bimetallic and sometimes even 

trimetallic catalysts have shown to be very beneficial in improving the catalytic properties of Ni-based 

catalysts.24,26 Many different bimetallic catalysts have already been researched for this reaction, 

including combinations of the three main transition metals Ni, Co, and Fe, as well as Ni in combination 

with other metals.27–29 Beside the three upper-row transition metals, other metals have been 

incorporated into Ni catalysts as well. Two examples are Cu and Pd, with Cu incorporation being the 

most notable, although both combinations have improved the lifetime and the activity of the 

researched catalysts for their respective studies.25,30 Of all these bimetallic combinations, NiCu catalysts 

have gained much attention from the scientific community. While Cu does not show any activity for the 

CTD of methane by itself, the incorporation within Ni-based catalysts does improve the catalytic 

properties, hinting at structural or physical changes of the Ni particles having large effects on the 

catalysis.18,25,26,31,32 The main explanations for these improvements are reported to be easier 

reducibility of the metal nanoparticles, better metal dispersions, and higher rates of methane 

adsorption. In addition to these factors, Cu also seems to improve the diffusion of carbon through the 

metal nanoparticles, and this affinity of Cu with the carbon nanostructures seems to be a key factor in 

reducing the encapsulation of the particles leading to deactivation.24–26 This is in contrast to the 

solubility of carbon in NiCu alloys, as this has been reported to decrease with increasing Cu content, so 

the increase in carbon diffusion must compensate for the decrease in solubility.33 These results on 

bimetallic catalysts, show not only that the catalytic properties of Ni-based catalysts can be improved 

upon addition of other elements within the catalyst composition, but also the importance of the 

change in physical properties that these promotional effects induce. In addition to these catalytic 

improvements, the carbon structures are affected due to this bimetallic functionalization. Showing, for 

example, the formation of carbon fibers with or without hollow cores depending on catalytic 

conditions, which might be directly related to the diffusion pathways through the catalyst particles.9,31 
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This is shown in figure 1. In contrast to NiCu catalysts, the formation of branched carbon fibers was 

shown for the bimetallic Ni-Pd system.30 

 

Figure 1: Schematic representation of the formation of a solid fiber (left) and a hollow fiber (right). (Adopted from Ref. 8). 

As mentioned before, a large amount of research has already been done on the modification of Ni-

based catalysts using bimetallic systems. Aside from this method of promotion, where structural and 

geometrical modification of the metal nanoparticles plays an important role, other types of promotion 

have seen less attention for this reaction. The promotion of alkali and alkaline earth metals has not 

been very well researched in the case of the CTD of methane.34 In many other reactions this type of 

promotion has been shown to have either positive promotional effects, which increase catalytic 

properties, or harmful poisonous effects leading to less efficient catalysts.35,36 The most famous 

example being the activation promoter K2O, which is used for the industrial Fe catalysts, needed for 

ammonia synthesis. Without this promoter the use of this catalyst would not be viable on an industrial 

scale.35,37 Other major reactions where this type of promotion has shown positive effects include the 

Fischer-Tropsch synthesis, methane steam reforming process, and dry methane reforming. In the case 

of the Fischer-Tropsch reaction, sodium and sulfur incorporation increased the activity of the reaction 

and boosted the selectivity towards the lower olefin fraction, while decreasing selectivity towards 

unwanted methane.38 In the methane steam reforming process, coke formation could be reduced, by 

the addition of small amounts of K, which resulted in increasing lifetimes of the tested catalysts.39 Lastly, 

dry methane reforming also showed decreases in coke formation through the addition of alkaline earth 

metal oxides e.g., MgO, CaO, and BaO. The addition of these promoters was also shown to increase the 

reducibility of these catalysts.40,41 Beside the alkaline earth metals, the alkali metals have also shown 

promotional effects in dry methane reforming. Here the main effect seems to be on occupying the sites 

where coke is normally deposited.42,43 This mostly leads to an increased in lifetime while reaction rates 

are less effected. This indicates that the type of promotion is less related to electronic effects, and more 

on the positioning of the promoter atoms. Because carbon encapsulation and fast deactivation is the 

main drawback limiting Ni-based catalysts, these promoter interactions, might improve the catalytic 

properties if similar effects are induced in the thermal catalytic decomposition of methane. 

Some research has already been performed on alkali and alkaline earth metal promotion for the CTD 

of methane. Hussain et al. reported an increase in H2 production, together with a decrease in carbon 

formation on the catalyst surface, through the addition of K to the NiCu/Al catalysts. Aside from this, 

they found an increase in lifetime for the K-doped samples. Multiple K concentrations were also tested 

for the catalysts and it was observed that at higher K concentrations the activity of the catalysts 

decreased sharply after several hours, indicating a concentration dependency on this type of 
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promotion.44,45 Zapata et al. illustrated the effects of Ce, Ca, and K on silica-supported Ni catalysts, only 

finding a positive promotional effect for the cerium-promoted catalysts, where continuous activity was 

found due to the prevention of active site blockage by the formation of coke. K and Ca showed to 

negatively affect catalysis,46 however, as a concentration dependency for K was found by Hussain et al. 

this might be the cause for this difference in findings. Lithium has been studied as a dopant by 

Musamali et al. The work shows high loading 37.5%Ni-12.5%Li/CaO catalysts, which showed better 

performance than monometallic 50%Ni/CaO catalysts for the CTD of methane. In the catalysis 

described, multi-walled carbon nanotubes, as well as carbon nanofibers are formed.47 Finally, some 

work has been performed on the direct influence of Na promotion on the carbon nanostructures 

formed in the CTD of methane. Enlarging the inner diameter of carbon nanotube cores was found by 

the addition of Na2CO3.48 

Beside from the work mentioned above, not much insight has been gained into the addition of 

promoters from the alkali and alkaline earth metal groups on Ni catalysts used for the CTD of methane. 

Within the continuation of this work, we will try to get a clearer view of how these promoters affect 

both the catalytic activity and lifetimes, as well as the formation of carbon. 

1.2. Approach 
To gain more insights into the effects of alkali and alkaline earth metals on the Ni-catalyzed CTD of 

methane, we will be synthesizing different promoted Ni-based catalysts. In the choice of catalyst for 

this research, many different factors need to be taken into consideration. As mentioned in the general 

introduction, both the support and the preparation method influence the final catalytic performance 

of the finished catalysts. To make sure that all prepared catalysts would be comparable to each other, 

all catalysts were prepared using the same method. Because the used support has been shown to have 

a significant influence on the catalytic properties of the catalysts, a support was chosen that reduced 

these support effects.49–51 In our case, graphitic carbon was used due to its good thermal stability at 

the reaction conditions and only showed weak metal-support interactions.52–54 Another advantage of 

this choice of support was the visibility of the different catalyst components while measured using 

electron microscopy. The reason for this is the low molecular weight of C giving better contrast to the 

Ni particles than metal oxide supports would. Lastly, separation of the products from the support would 

not be necessary as the carbon support would only make up a small portion of the final carbon product 

after catalysis. This would only leave the removal of the metal and reduce the harsh treatments needed 

if other more difficult-to-remove supports had been used. As this choice of support has weak metal 

support interactions, the tip growth mechanism of the carbon structures is to be expected.31 

To deposit both the Ni and the promoter precursors onto the support material, multiple methods could 

be employed. In this work, we choose to apply an incipient wetness co-impregnation method as this 

method provided a way to deposit a precise amount of both Ni and promoter precursor onto the 

support at the same time. This is advantageous as pre-treatments to incorporate the promoter on the 

support, can lead to loss of pore volume, making it harder to obtain similar Ni loadings onto the final 

catalysts. The precursor salts used for impregnation were nitrates for the Ni, as well as for the 

promoters. Ni(NO3)2 • 6H2O was chosen as it can be decomposed into NiO under relatively mild 

conditions without the need for any oxidizing gasses.55 To make sure not too many different compounds 

were present in the precursor solutions, which could lead to unexpected reactions, the nitrate salts of 

the promoters were used, together with  small amounts of nitric acid to acidify the solution to 

approximately pH 1. 

To end up with catalytically active metal nanoparticles, the impregnated catalysts will have to be dried, 

heat treated, and reduced. For the heat treatment, no oxidizing agents should be needed as the Ni 
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precursor decomposes into NiO in inert atmosphere as well. Therefore, this will be done in just an N2 

flow, with heat treatment temperatures being determined using thermogravimetric analysis coupled 

with mass spectrometry (TGA-MS). For the reduction, both an ex-situ and an in-situ reduction were 

decided upon. The ex-situ reduction should make sure that a big part of the NiO has already been 

reduced before the catalysts enter the catalytic setup, ensuring an easy and complete reduction during 

the in-situ reduction step. This reduction step is deemed very important as a full reduction to metallic 

Ni needs to have occurred for all catalysts to be able to compare them accurately. Reduction 

temperatures were determined using temperature-programmed reduction coupled to a mass 

spectrometer (TPR-MS). At critical stages in the preparation of the catalysts, as well as after the 

catalysts were fully prepared, all catalysts were characterized using Inductively coupled plasma optical 

emission spectroscopy (ICP-OES), powder X-ray diffraction (XRD), nitrogen physisorption and (scanning) 

transmission electron microscopy ((S)TEM), occasionally in combination with energy dispersive X-ray 

(EDX). This was done to ensure a correct catalyst synthesis and to determine if the different catalysts 

could be accurately compared. 

The chosen promoters to research for this work were Li, Na, K, and Mg. The alkali metals were used as 

they already have been shown to exhibit interesting effects on Ni-based CTD catalysts. However, the 

understanding of these promoters is still limited. Furthermore, no study has yet been carried out with 

all three alkali metals, in which they can be directly compared to one another to determine if any trends 

can be found when going down the first period. Mg has been chosen as the last promoter from the 

alkaline earth metals, as Ni supported on MgO has already shown interesting metal support 

interactions for the CTD of methane.50,56 It would be interesting to determine if these effects are also 

present when Mg is used in smaller quantities as a promoter instead of as a catalyst support. It is also 

known that Mg can interact with Ni by the formation of alloys in both the metallic phase and its oxidized 

MgO phase.57,58 Researching this could lead to interesting results and might show different kinds of 

promotion in comparison with the alkali metals. Finally, Li and Mg have been reported to have more 

similar properties than Li has with the other alkali metals, due to their isodiagonal relationship.59 

Making it an interesting addition to the three alkali metals being tested. 

To determine the catalytic performance, catalytic testing was performed on a TGA-MS system. This 

system was combined with a gas mixing device to allow the use of hydrogen and methane for the in-

situ reduction and catalysis respectively. Catalysis was performed in methane mixed with argon. Using 

the TGA system during catalysis, we were able to measure the reaction process in-situ, as the carbon 

formed in the reaction is deposited in its solid form, making it possible to measure the weight increase 

in the TGA during the catalytic reaction. From this data, it was possible to extract specific reaction 

parameters that will be presented and discussed in the results and discussion section. 

Apart from measurements on all the catalysts promoted with the different elements mentioned above, 

we will also try to determine dependencies on the promoter concentration and catalytic temperatures 

for two of the promoters. Na- and Mg-promoted catalysts were chosen for this, as preliminary results 

showed good activities for these catalysts, and it was expected that slight changes would be easier to 

determine using more active catalysts. The concentration dependency was deemed interesting, as 

previous research mentioned in the general introduction showed different results for the same 

promotors used, and some dependency on the concentration was already observed.44–46 The different 

temperatures were chosen as this would lead to the possibility of determining the activation energies 

for the different promoted catalysts. Aside from this, prior research showed a very big dependence on 

the temperature for NiCu catalysts, to where it was even proposed that the reaction mechanism 

changed upon differentiation of the catalytic temperature.31 
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To determine what kinds of carbon nanostructures are being formed during the catalytic 

measurements of the different promoted catalysts, TEM imaging is used. The images made on the 

microscope can be analyzed using image analysis software to obtain information on the type of 

structures formed, as well as on the size of these formed structures. 

Using this approach, we will try and answer several questions in this work on the promotional effects 

of alkali and alkaline earth metals on the Ni-catalyzed thermal decomposition of methane: 

• How does the promotion with Li, Na, K, and Mg of Ni/C catalysts affect the activity and lifetime 
of these catalysts in the thermal decomposition of methane at 500°? 

• How does the promotion with Li, Na, K, and Mg of Ni/C catalysts affect the carbon structures 
being formed during the thermal decomposition of methane? 

• Is there any dependence on the concentration or temperature when promoting Ni/C with Na 
or Mg for the thermal decomposition of methane? 

• Can any trends be found between the promotional effects of Li, Na, K, and Mg when used to 
promote Ni/C catalysts for the thermal decomposition of methane? 

 

Due to the limited research already performed on this type of promotion for the CTD of methane, it is 

hard to hypothesize what the answers to these questions will be. However, it is expected that the 

promotion will have a significant influence on the catalytic properties of these reactions, as this type 

of promotion has already been shown to cause severe changes for other reactions. Although, for other 

reactions the results of this type of promotion have not been found to follow a specific trend, it has 

been shown that the surface energy of the nanoparticles plays an important role concerning the 

formation of carbon structures.21 Where alkali metals are mainly shown to affect this surface energy, it 

is expected that changes in the carbon structures will be observed.21,34 On the topic of the dependence 

on concentration and temperature, the hypothesis is that these are indeed present and also very 

important. Because the electronic properties of the alkali and alkaline earth metals are quite strong, 

too much or too little might induce too much or too little change on the electronic structure of the Ni 

surface respectively. In the case of temperature, the catalytic properties usually change when going to 

lower or higher temperatures, leading to slower or faster deactivation. Whether this dependency will 

be the same for the different promotors, is still unclear. Since other trends have not yet been observed 

by other research for this type of promotion in this reaction, it is hard to make any predictions on that 

part. It would however be logical that as the electronic properties of the alkali metals get more extreme 

when going down the periodic table, the promotional effects that these additions impart on the 

catalysts will also get more extreme. 
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2. Experimental methods 

2.1. Catalyst synthesis 
Catalyst precursor solutions were prepared using three different components: promoter stock solution, 

the Ni precursor and nitric acid. Promoter stock solutions were made by dissolving required amounts 

of promoter nitrate salts (LiNO3 (Sigma Aldrich), NaNO3 (Thermo Scientific), KNO3 (Sigma Aldrich) and 

Mg(NO3)2 • 6H2O (Acros Organics) in 5 mL H2O to obtain stock solutions with 0.875M promoter. The 

appropriate amounts of Ni(NO3)2 • 6H2O (Sigma Aldrich) were dissolved in minimal amounts of water. 

To which the promoter stock solution and HNO3 were subsequently added before the addition of water 

in a 5 mL measuring flask. Through this method, transparent green precursors with 3.5 M Ni, 

0.35/0.175/0.117/0 M promoter and 0.1 M HNO3 were obtained. The exact used quantities of the 

components for all catalysts can be found in Appendix 1. 

The precursor solutions were deposited on the GNP500 (xGnP®C-500, XG Sciences) by incipient 

wetness co-impregnation. This was done by first drying the support for 2h at 170°C under vacuum while 

stirring. Afterward, 90% of the pore volume of the dried support was filled with precursor solution, by 

dropwise addition of precursor solution to the support at lowered pressure while continuously stirring 

to homogenize the sample. The impregnated catalyst was left to stir for another hour before being 

dried overnight under dynamic vacuum to evaporate the water in the precursor. 

Using this method, catalysts with an atomic ratio of Ni to promoter of 20/1 were prepared for all 

different promoters. Catalysts promoted with Na and Mg were also prepared with atomic ratios of 10/1 

and 30/1. 

In the continuation of this thesis, the different catalysts will be depicted using their atomic ratio of 

nickel to promoter followed by Ni’promoter’ e.g., 20NiNa for a Ni catalyst promoted with Na in an 

atomic ratio of 20/1 Ni to Na. All different catalysts used can be found in Appendix 1. 

Decomposition of the precursor salts to oxides was achieved by heat treatment of the catalysts under 

inert N2 atmosphere. Heat treatment was performed at 330°C for 3 hours with 200 mL/min·gcat N2 flow. 

A following reduction step was performed to reduce NiO to metallic Ni. This was done at 350 °C for 3 

hours in 5% H2 in N2 at a constant flow of 200 mL/min·gcat. Both treatments were performed in a glass 

reactor, hanging in a wire oven, with the flows coming from above. After reductions samples were left 

to slowly passivate in the air. 

 

Figure 2: Catalyst preparation procedure, starting with the impregnation of the catalyst precursors. This is followed by a drying 
and heat treatment step to obtain NiO nanoparticles. At last, the samples are reduced to provide metallic Ni particles. 

2.2. Catalyst characterization 
TGA-MS 

Thermogravimetric analysis coupled with mass spectrometry (TGA-MS) was performed on a TA 

Instruments TGA Discovery 5500 coupled to a TA Instruments Discovery II Mass Spectrometer, using 

platinum sample pans and balance and sample flows of 20 mL/min and 50 mL/min, respectively. To 

determine the decomposition characteristics of the precursor salts, first, a one-hour flushing step was 
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done to make sure the system was in inert argon atmosphere. thereafter, the sample was heated up (5 

°C/min) to 500 °C, still under argon atmosphere, during which m/z 1-75 were measured using the MS 

system with a sample time of 1.8 seconds. TGA-MS measurements were performed on all impregnated 

and dried catalyst samples, with around 5 – 10 mg of catalyst per measurement. The evolution of the 

weight was transformed by differentiation against the temperature to obtain the weight change/°C. 

This data was coupled to the corresponding MS data when appropriate. 

XRD 

Powder X-ray diffraction (XRD) was performed using a Bruker D2 phaser in which a Co Kα source was 

utilized. Measurements were done with a deep ridged bottomed holder when enough sample was 

present, or a shallow flat-bottomed holder for smaller amounts of catalyst. Diffractograms were 

measured of all heat-treated, and reduced and passivated catalysts, as well as reference materials, from 

2θ= 20-80°, at a step size of 0.01° and a measurement time of 1 sec per step. A variable rotation of the 

sample holder of 15°/min was used. 

TPR-MS 

Temperature Programmed reduction coupled with mass spectrometry (TPR-MS) was used to determine 

the reduction characteristics of the heat-treated catalysts. These measurements were performed on a 

Micromeritics AutoChem II 2920 with a Thermal Conduction Detector. The MS system used was a Hiden 

analytical QGA. All measurements followed the same method where approximately 50 mg of catalyst, 

sieved at a fraction above 75µm, was loaded into the quartz reactor in between layers of quartz wool. 

After loading the reactor in the setup, the sample was heated to 120°C at 5°C/min in argon and left to 

dry for 15 min. The sample was then cooled to ambient temperature before the gas was switched to 

5% H2 in argon (Linde). This was left to equilibrate for 10 minutes, after which the measurement was 

started. 15 minutes after the start of the measurement the sample was heated to 600°C with a ramp 

of 5°C/min. After another 11-minute wait, the measurement was stopped, the gas was switched back 

to pure argon and the sample was left to cool back to ambient temperature. During the entire 

measurement, the MS was used to sample the outgoing gas every 14.5 seconds, measuring the 

following m/z values: 2 (H2), 17(NH3), 16 (CH4), 18 (H2O), 28 (CO), 30 (NO), 32 (O2), 40 (Ar), 44 

(CO2/N2O).The measured TPR signals were converted to hydrogen concentrations using calibration 

292_0104, measured on 31-01-2023.  

From the plotted TPR data, the areas underneath the curves were integrated, and using this data the 

experimental H2 uptake was calculated by Equation 2: shown below. Furthermore, the theoretical H2 

uptake was also calculated using Equation 3. 

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐻2 𝑢𝑝𝑡𝑎𝑘𝑒 (
𝑚𝑚𝑜𝑙

𝑔
): 

𝐴𝑇𝑃𝑅 (
𝑐𝑚3

𝑔 𝑆𝑇𝑃) ∗  𝑝 (𝑎𝑡𝑚)

𝑅 (
𝑐𝑚3 ∗ 𝑎𝑡𝑚

𝐾 ∗ 𝑚𝑜𝑙
) ∗ 𝑇 (𝐾)

 ∗  103 

in which ATPR is the area underneath the TPR graph, p is the standard pressure, R is the gas 
constant and T is the standard temperature set at 298.15 K. 

Equation 3 shows the theoretical H2 uptake calculated from the amount of Ni present in the different 

catalysts.  

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐻2 𝑢𝑝𝑡𝑎𝑘𝑒 (
𝑚𝑚𝑜𝑙

𝑔
): 

0.01 ∗ 𝑤𝑡. % 𝑁𝑖𝑂

𝑀𝑁𝑖𝑂  (
𝑔

𝑚𝑜𝑙
)

∗ 𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜 
𝐻2 (𝑚𝑜𝑙)

𝑁𝑖𝑂 (𝑚𝑜𝑙)
 ∗ 103 

(2) 

(3) 
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 with weight % (wt.%) NiO, the amount of NiO present in the catalysts, MNiO the molar mass of 
NiO, and molar ratio the amount of H2 needed to reduce NiO. 

Electron microscopy 

For the determination of Ni particle sizes, the distributions of Ni particles as well as promoters over the 

carbon catalyst support and the characteristics of the carbon products formed during catalysis, a 

combination of bright field Transmission electron microscopy (TEM) and High Angle Annular Dark Field 

(HAADF) images with Energy Dispersive X-ray (EDX) was used. Both imaging techniques were 

performed on an FEI Talos F200X electron microscope. TEM samples were prepared by first dispersing 

a small amount of catalyst or reaction product in absolute ethanol and sonicating this mixture for a 

short time. One or two drops of the resulting fine suspension were then pipetted onto a Cu grid coated 

with holey carbon (Agar Scientific 300 Mesh Copper grid). The acquired images were analyzed using 

ImageJ software, where around 300 particles were measured to obtain their size distribution, average 

particle size, and standard deviation. Carbon fiber products after catalysis were also analyzed using 

ImageJ to determine their width and fiber structure. 

Physisorption 

The pore characteristics of the catalysts were determined using nitrogen physisorption at 77K on a 

Micromeritics TriStar II Plus Version 3.01.01. Before the measurement, the samples were dried under 

vacuum at 170°C overnight. Around 65 mg of catalyst sample was used for the analysis. 

ICP-OES 

Inductively coupled plasma optical emission spectroscopy was used for the determination of the 

amount of Ni and promoter in the prepared catalysts. This was done on an Arcos Model Arcos spectro 

ICP-OES after microwave digestion on a CEM MARS 6. Measurements were performed on the catalysts 

after ex-situ reduction. These measurements were perfomed by MikroLab, mikroanalytisches 

laboratorium Kolbe. 

2.3. Catalytic testing 
Catalytic testing of the different promoted and unpromoted catalysts was done on a TGA-MS system. 

The apparatuses used were a TA Instruments TGA Discovery 5500 coupled to a TA Instruments 

Discovery II Mass spectrometer. To the TGA a TA Instruments Blending Gas Delivery Module was 

attached to allow the introduction of different gasses than Ar, and mixtures of these gasses, to the 

system. All experiments were performed using 100 µL platinum sample pans by TA Instruments and 

hydrogen (Linde) and methane (Linde, Methaan 5.5 Scientific 10L) in addition to Argon. Gasses other 

than Ar are only introduced in the sample flow. Measurements were done using 1-2 mg of catalyst 

sample, sieved in a size fraction from 75-150 µm, and all measurements were performed in duplo. The 

method of all measurements was as follows and is depicted in Figure 3: the method started with a flush 

of the system for 1 hour at 100-100 mL/min balance and sample flows of Ar to clear all the air out of 

the TGA oven and ensures an inert starting environment for the experiment, after which the balance 

and sample flows were again set to 20-50 mL/min respectively. The sample was then dried at 100 °C 

for 15 min followed by a reduction at 350 °C (5 °C/min) in 5% H2/Ar for 3 h. The system was heated to 

reaction temperatures at 5°C/min, which varied from 450°C to 550°C for different experiments. When 

at reaction temperatures the system was left to equilibrate for 2 min. Methane was then introduced at 

34% of the total flow, with the rest consisting of Ar. The reaction was performed for 30 to 240 min 

depending on the lifetimes of the different catalysts. After catalysis, the samples were cooled to 

ambient temperatures in a pure Ar flow.  
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Figure 3:TGA profile for catalytic measurement with, in blue, flushing step with 100 mL/min argon balance and purge flows. 
In yellow, the drying step in 20-50 mL/min argon balance and purge flows respectively. In orange, the reduction step with a 20 
mL/min argon balance flow and a 50 mL/min 5% H2 in argon purge flow. In red, the catalytic step with a variable time and a 
20 mL/min argon balance flow together with a 50 mL/min 34% methane in argon purge flow. The black line depicts the 
temperature profile over time. 

2.4. Data Analysis 
The catalytic data was analyzed using Origin software. Duplo measurements were averaged using: 

Average multiple curves. This was done over the full X range, with the creation of 300 points per half 

hour and linear interpolation. Standard deviations were calculated for these curves. The averaged 

curves were differentiated with a derivative order of 1 and a Savitzky-Golay smooth with a polynomial 

order of 2 and a window of 20 points was applied.60 From the derivative curves the maximum growth 

speeds were determined. The lifetime was determined manually by determining the first point in the 

dataset where the carbon growth speed was less than 1% of the maximum growth speed. This time 

was then rounded down to two significant numbers, and an error of 10% was presumed. The total 

carbon yield was taken at the lifetime with the standard deviation calculated by the origin software. 

For the catalytic measurements at 400°C, the lifetime was not reached within the measurement time. 

To approximate the lifetimes of these catalysts the growth speed curves were determined as 

mentioned above and these were fitted starting at X=40 using a linear (20NiNa and 20NiMg) or an 

exponential regression fit (Ni). Using the formulas created, additional points were extrapolated from 

which the lifetime could be approximated using the method above. The total carbon yield was 

approximated by integrating the growth speed. For these properties, the error was also presumed at 

10%.  
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3. Results and Discussion 

3.1. Catalyst characterization 
The three main components of the catalyst preparation are the initial impregnation, the heat 

treatment, and the reduction. In this section, the theoretically calculated weight loadings will be 

compared with those measured by ICP, this is done as a measure of the success of the impregnation. 

During the heat treatment under inert conditions, the precursor salts are to be decomposed into an 

air-stable metal oxide form. This decomposition has been followed using TGA-MS and this will be 

discussed together with the actual effect of the heat treatment on the catalysts. During reduction, 

these oxides are reduced into their catalytically active metal variants and can be followed by TPR-MS, 

while the results of the reduction can be visualized using XRD. At last (S)TEM-EDX results will be shown 

with the determination of the Ni particle sizes right before catalysis together with the (promoter) 

distributions after reduction. 

Catalyst synthesis 

To determine if the incipient wetness co-impregnation resulted in the desired catalysts, elemental 

analysis was performed on all the reduced catalysts using ICP. Reduced catalysts were used as their 

composition would be closest to the composition during catalytic measurements. These results can be 

compared to the theoretical loadings of Ni and promoters, calculated from the precursor compositions 

and impregnated volumes.  

Table 1:  A comparison between the theoretically calculated wt% of Ni and promoters in the different catalysts and the by ICP 
measured wt% of Ni and promoters. Together with the BET surface area and total pore volume measured by N2 
physisorption at 77K. 

 

In Table 1, the theoretical and ICP data of the Ni and promoters can be found, together with the 

physisorption results of the catalysts. When comparing the Ni weight percentages between the 

theoretical calculations and the ICP measurements only small differences were found, except in the 

case of the 20NiLi catalysts. These small exceptions are not uncommon due to the human error in the 

synthesis procedure. The lower actual Ni content found by ICP in comparison to the theoretical values 

for the 20NiLi catalyst could be a result of different things. It might have been caused by a mistake 

made in the synthesis or the theoretical calculations. This, however, is seen as unlikely as the ICP wt.% 

of promoter does not display the same level of change between the theoretical and measured weight 

 
Theor. wt.% 
Ni 

ICP wt.% 
Ni 

Theor. wt.% 
promotor 

ICP wt.% 
promotor 

BET surface 
area (m2 /g) 

Total pore volume 
(cm3 / g) 

Ni 14.95 14.89 n/a n/a 274 0.49 

20NiLi 14.20 12.39 0.084 0.0814 299 0.42 

10NiNa 14.66 14.11 0.57 0.53 285 0.54 

20NiNa 14.61 14.35 0.29 0.28 280 0.43 

30NiNa 14.31 14.04 0.19 0.21 286 0.47 

20NiK 14.35 14.13 0.48 0.50 272 0.45 

10NiMg 13.85 13.78 0.57 0.57 289 0.46 

20NiMg 14.38 14.43 0.30 0.31 258 0.45 

30NiMg 14.63 14.43 0.20 0.23 280 0.48 
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percentages. Another explanation might be some inhomogeneity of the Ni over the catalyst sample, 

but this would be hard to determine without more measurements. A last explanation could be that 

during heat treatment and reduction, something different happened to the 20NiLi catalyst compared 

to the other catalysts, resulting in more compounds present in the precursor solution being left in the 

final catalysts, where this would not be expected. This point will be addressed again later in the section 

on reduction. 

Since the loadings measured using ICP are considered the most accurate for the different catalysts, 

these values will be used in all calculations and transformations used in the rest of this thesis. 

 

Heat treatment 

TGA-MS was used to determine the temperature at which the metal precursors that are impregnated 

on the different catalysts would decompose. Whether the peaks measured in the TGA experiment 

result from the decomposition of the impregnated precursor salts, can be determined using the MS 

data.  

In Figure 4 the MS data for m/z fragments 18 (H2O), 30 (NO), and 44 (N2O/CO2) of the reference Ni 

catalyst can be found. The large H2O signal nicely corresponds to the first TGA peak at 90°C with a small 

contribution of the NxOx signal. This first H2O separation at lower temperatures corresponds to the 

thermal decomposition pathway of Ni(NO3)2 • 6 H2O published by Brockner et al. as can be found in 

Figure 4: TGA-MS measurement of the Ni catalyst. The black line shows the derivative of the TGA profile and the colored lines 
show the MS signals of m/z 18, 30 and 44 in pink, purple and dark purple respectively. 

(4) 
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Equation 4.55 Going to higher temperatures the MS signals of NxOx-fragments increase until the peak at 

250°C after which the precursor should be fully decomposed to NiO, and the curves flatten out as 

expected. As the concentration of the promoter precursors was very low, the contribution of the 

promoter salts decomposition on the TGA profile is assumed to be negligible in contrast to the 

decomposition of the Ni precursor. The only TGA peak not fitting in this decomposition process is the 

peak at 440 °C., the MS data show a peak here of the m/z 44 fragment, but in contrast to the peaks at 

lower temperatures, there is no corresponding peak for the m/z 30 fragment. This would mean that 

the m/z 44 peak is not originating from NxOx but from CO2. This leads us to believe that at higher 

temperatures the NiO is already being reduced to Ni, with the carbon support as the reducing agent in 

inert atmosphere. This is also shown to happen in literature with other metals supported on carbon.61  

For all catalysts three distinct peaks can be observed at around 90 °C, 250 °C, and 440 °C. The 

decomposition profiles from the different catalysts can be found in the left graph of Figure 5. The full 

size TGA profiles with corresponding MS data are displayed in Appendix 2. 20NiLi is the only catalyst 

that shows a very big shift in one of the peaks, having the peak at ∼440 shifted to 480 °C, this would 

mean that the addition of Li to the Ni catalysts lowers the autoreducibility of the NiO by carbon. The 

combination of these results led us to a heat treatment temperature of 330°C for all catalysts, as this 

is shown to lead to full decomposition of the precursors, but no reduction to metallic Ni.  

The results of the heat treatment were analyzed using powder-XRD. The zoomed-in diffractograms can 

be found on the right in Figure 5, whereas the full diffractograms can be found in Appendix 3. The 

diffractograms show a characteristic NiO peak at 43° and a combined peak of NiO and the carbon 

support at 50.5°, while peaks at 52° and 61° indicative of Ni are not present. This confirms the success 

of the chosen heat treatment and the decomposition of the Ni precursor to NiO. It is still unclear in 

what states the promoters are present in the different catalysts. The Li and Mg nitrate salts are 

supposed to decompose into their oxide variant at elevated temperatures, while the Na and K nitrates 

are supposed to only decompose into their nitrite variants.62–65   

Figure 5: On the left the derivatives of the TGA profiles of all catalysts measured from 30 to 500°C at a ramp of 5°C/min in Ar 
flow of 50 mL/min. On the right the zoomed in XRD profiles of the different catalysts from 40 to 60°2θ. The XRD profiles were 
measured after the catalysts had undergone heat treatment at 330°C for 3 hours in a 200 mL min-1 g-1 N2 flow. 
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Reduction 

The determination of the temperature at which the NiO is reduced to metallic Ni was done using TPR-

MS. As the metallic Ni nanoparticles are active as catalysts for the decomposition of methane to H2 and 

carbon, they are also active for the methanation of carbon in the presence of H2.52 This means that the 

peaks H2 uptake observed in the TPR profile, is a combination of the reduction of NiO to Ni and the 

methanation of the carbon support. Using MS, we were able to visualize the formation of methane as 

can be seen by the pink line in Figure 6, where the TPR profile of the Ni catalyst with the corresponding 

methane MS signal can be seen. In Appendix 4 TPR profiles with the corresponding methane signals of 

the other catalysts can be found. It can be observed that the methane signal corresponds with the 

position of the last peak seen in the TPR profile between 450 and 500 °C, but that methane is already 

measured starting from 250 °C. It was not possible to quantify the amount of H2 that was taken up by 

the methane being produced because the MS system was not calibrated.  

With the third peak being assigned to the methanation of the carbon support, two peaks are left in the 

TPR signals for the catalysts to be assigned. These peaks are most likely both coming from the reduction 

of NiO. The peak at lower temperatures coming from Ni being more weakly bonded to the support 

than the signal at the slightly higher temperature.66,67 As the carbon support does not have very strong 

Ni-support interactions the shift between these peaks is not very big.  

When the theoretical amount of H2 needed to reduce all the NiO in the catalysts is compared to the 

amount of H2 taken up in the TPR experiments, which is calculated using Equation 3 and can be found 

in Table 2. It can be observed that for all catalysts the experimental H2 uptake during the TPR 

measurement far exceeds the H2 needed to fully reduce the NiO present in the catalysts. However, as 

the methane produced has not been quantified this cannot be said with certainty. 

Figure 6: TPR profile of Ni catalyst (black), measured at a heating rate of 5°C/min in 5% H2/Ar. In pink the corresponding MS 
signal of the methane fragment, measured at 14.8 second intervals. 
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Table 2: Experimental and theoretical hydrogen uptakes for all different catalysts. 

 T1 (°C)1 T2 (°C)1 
ATPR  

(ml/gcat STP) 

Experimental H2 

uptake (mmol/gcat)
2
 

Theoretical H2 

uptake (mmol/gcat)
3
 

Ni 100 600 147 6.0 2.4 

20NiLi 100 600 142 5.8 2.3 

10NiNa 100 600 143 5.8 2.4 

20NiNa 100 600 117 4.8 2.4 

30NiNa 100 600 138 5.6 2.3 

20NiK 100 600 148 6.0 2.4 

10NiMg 100 600 121 4.9 2.3 

20NiMg 100 600 145 5.9 2.4 

30NiMg 100 600 143 5.8 2.4 

1T1 and T2 are the boundaries for the peak integration. 
2ATPR is the integrated area underneath the measured TPR curve. 
3Experimental H2 uptake calculated using Equation 2. 
4Theoreretical H2 uptake calculated using Equation 3. 

For the other catalysts, the TPR profiles can be found in Figure 7. The figure shows that all the TPR 

measurements follow a similar profile as the one shown in Figure 6. Only the 10NiMg catalyst shows 

only two peaks instead of three. Nonetheless, it is suspected that these two peaks are still a 

combination of the three peaks found for the other catalysts. 

The combination of these results led us to a reduction temperature of 350°C. This temperature showed 

high amounts of H2 uptake corresponding to NiO being reduced to Ni for all catalysts. Additionally at 

this temperature, the formation of methane was still low compared to higher temperatures. A longer 

reduction duration of 3 hours was chosen to ensure full reduction of the NiO, as the temperature was 

chosen on the slightly lower side. 

Powder-XRD measurements were performed after reduction and passivation. With passivation the 

partial oxidation of the reduced Ni in air is meant, as metallic Ni is not stable in the presence of O2. The 

zoomed-in diffractograms can be found on the right side of Figure 7, with the full diffractograms found 

in Appendix 5. In contrast to the diffractograms shown before, which were measured after heat 

treatment, these diffractograms show that for most catalysts the combined peak at 50.5° has shifted 

to 52°. This is still a combined peak with the carbon support, but the shift to a higher 2θ is indicative of 

NiO being reduced to Ni. A second peak indicating the presence of metallic Ni can be found at 61°. This 

peak can also be found in all the diffractograms instead of the one from 20NiLi. Minor peaks for NiO 

can still be seen at 43° and 50.5°. As metallic Ni readily oxidizes in the presence of oxygen these peaks 

most likely relate to a layer of NiO formed on the surface of the Ni particles after passivation in air 

following the reduction. 

As mentioned before, the 20NiLi catalyst does not show the shift in the combined peak with carbon or 

the Ni diffraction peak at 61°, found for the other diffractograms. When looking at the peaks for NiO at 
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43° and 50.5°, it can be observed that they are still present and are more intense than for the other 

samples. This would mean that the only phase of Ni present in the 20NiLi catalyst even after reduction 

is NiO. One explanation might be that the NiO was never reduced during the reduction process, 

however, this is unlikely as the TPR profile of the catalyst is very similar to that of the other catalysts. 

Additionally, the formation of methane during the TPR measurement indicates the presence of metallic 

Ni, as this is the active catalytic phase in the decomposition of methane and its reverse reaction.68 Thus, 

it is reasonable to assume that the NiO has been reduced to metallic Ni during the reduction. However, 

this would mean that after reduction all the metallic Ni has again been oxidized to NiO, whereas for the 

other catalysts, this was only a partial oxidation. As such, the addition of Li to the catalytic system seems 

to influence the oxidation properties of the Ni nanoparticles. This might also explain the shift in the 

auto-reduction peak seen in the TGA profile of 20NiLi in Figure 5. How Li influences this oxidation and 

reduction behaviour would require further study, as other studies show different effects with Li-doped 

Ni catalysts.69,70 Our results, however, might also be part of the explanation for the difference between 

the theoretical Ni loading and the ICP-measured Ni loading on this catalyst. As the Ni is fully in its 

oxidized state, the weight of this oxygen is included in the total sample weight used to determine the 

ICP wt.%, while this is not considered for the theoretical wt.%. When the theoretical calculations are 

done under the assumption that Ni is present in the catalyst as NiO, the theoretical wt.% will be 13.7% 

instead of 14.2%. This is slightly more in line with the ICP measurement, but still not the explanation 

for the large difference. 

 

Figure 7: On the left, the TPR profiles for all the different catalysts measured from 30-500°C at 5°C/min in a 5% H2/Ar flow. On 
the right the zoomed-in XRD diffractograms from 40 to 65° 2θ. The XRD diffractograms were measured after the catalysts had 
undergone reduction for 3 hours at 350°C in a 5% H2/N2 flow at 200 mL min-1 g-1 and had been passivated in the presence of 

air. 
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TEM-EDX analysis 

To determine the distribution of particles covering the support surface as well as the sizes of these 

particles, TEM imaging was applied. All the catalysts characterized using TEM have undergone heat 

treatment and the ex-situ reduction, as well as the temperature and reduction program in the TGA, 

used for catalysis. Instead of performing catalysis, when the sample reached catalytic temperature after 

the in-situ reduction, the catalysts were cooled down. This ensures the imaged catalysts are as close to 

what they would be during catalysis as we could achieve, with them being reduced for a second time 

in situ and brought up to catalytic temperatures. 

 

Figure 8: TEM images of the Ni and 20NiMg catalysts measured after in-situ reduction and heating up to catalytic temperature 
at 500°C in the TGA-MS system. 

In Figure 8, two TEM images of the Ni and the 20NiMg catalysts are shown. These images clearly show 

a nice distribution of small particles over the carbon support with sporadic bigger particles among 

them. This homogeneous distribution of particles over the support can be found throughout all the 

different prepared catalysts. The particle size distributions (Appendix 6) also show that the bigger 

particles found for the catalysts shown in Figure 8 are also observed in the different catalysts. The 

average particle sizes with their standard deviations, shown in Table 3, are also very similar between 

the different samples, with the particles for the non-promoted Ni catalyst being slightly smaller than 

for the promoted catalysts. Because larger particles have been shown to have higher activities and 

lifetime in the CTD of methane,71 this might be an indication that the promoted catalysts will have 

higher activities due to their larger particles at catalytic conditions. The similar particle sizes, between 

promoted catalysts, do lend themselves to good comparability of the effects of the promoters instead 

of the effects of particle sizes. The particle sizes measured from the catalysis done at different 

temperatures, will be discussed in section 3.2.3 along with the results of these measurements. 
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Table 3: Average particle sizes with their standard deviation for the different catalysts, acquired by the measurement of >300 
particles per sample. 

 Average particle size (nm) Standard deviation (nm) 

Ni 7.7 ± 2.5 

20NiLi 6.8 ± 1.7 

10NiNa 6.8 ± 2.0 

20NiNa 8.3 ± 2.6 

30NiNa 6.2 ± 1.8 

20NiK 8.0 ± 2.1 

10NiMg 7.3 ± 2.7 

20NiMg 8.1 ± 1.9 

30NiMg 7.1 ± 2.3 

 

 

Figure 9: HAADF- STEM EDX images of the 10NiNa catalysts, with Na in red and Ni in green. The 20NiK catalyst with K in 
green and Ni in red, and the 10NiMg catalyst with the Mg signal in green and the Ni signal in red. 
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To determine at which positions in the catalysts the promoters are present, HAADF STEM-EDX was 

used on the catalysts after ex-situ reduction. Using this technique for the Li-promoted catalyst was 

not possible, as Li has too low of a molecular weight to be measured by the TEM that was used. 

Another limitation was the loading of the promoter on the other catalysts. A metal loading of 1% is 

normally applied as a minimum to be visualized using EDX. The promoter loadings for these catalysts 

are in a range from 0.2-0.6 wt.%, and thus the promoter locations can only be visualized when they 

are very well clustered together. To gain the best insight in the case of the Na- and Mg-promoted 

catalysts, the catalysts with the highest promoter loadings were used for this determination. 

EDX maps of the 10NiNa, 20NiK, and 10NiMg catalysts, with the promoter signals shown in green and 

the signals from Ni shown in red, can be found in Figure 9. The Ni nanoparticles can be clearly 

distinguished as signal clusters. For the Na- and Mg-promoted catalysts, it can be observed that the 

promoter is more prominent around the Ni particles, while for the K-promoted catalyst, the density of 

the promoter signal seems evenly dispersed around the catalysts. The HAADF-STEM images 

corresponding to the EDX maps have not been shown as the signals become very difficult to distinguish. 

Nonetheless, the density of the promoter signal does seem contained to the support particles which 

indicates that the promoters are indeed present on the catalysts.  

It is not entirely surprising that the promoter on the K-promoted catalysts seems to be spread out over 

the catalysts, as Li and K-ions have been shown to intercalate in layered graphitic carbon structures, 

which we use as the catalyst support, while Na and Mg do not show this behaviour in their ionic form.72 

However, the carbon support used is not a perfect graphite, in which intercalation occurs very readily, 

but a turbostratic graphite, in which intercalation is a lot harder.73 Due to this, not much intercalation 

is expected. To determine if intercalated Li and K-species are formed, normally XRD is applied, as the 

interlayer spacing of the graphitic layers changes upon integration of alkali ions between them. 

However, due to very low promoter loadings and the non-perfect graphitic layering of the GNP500 

support, this shift in the carbon peaks is not easily observable. To do this, the use of an internal standard 

could be used in the XRD samples to correct for slight differences in sample height. 
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3.2. Catalysis 
After the characterization of all the catalysts, they were measured on the TGA-MS system for their 

catalytic properties in the thermal decomposition of methane. The weight of the sample was followed 

during the reaction, using this system, as it increased through carbon growth. Before the reaction, all 

samples were in situ reduced in H2 and kept in inert atmosphere afterward to ensure the active metallic 

Ni-phase for the catalytic reaction. In the following sections, the results of the catalytic experiments 

will be presented and discussed. The main properties of the catalysts will be discussed in terms of total 

carbon yield, lifetime, and carbon growth speed. It will be attempted to link these different properties 

to different physical properties of the promoters to get a more fundamental insight into the alkali(ne 

earth) metal promoted reaction. In the first section of this chapter, the different promoted catalysts 

with a 20 Ni/promoter ratio will be compared at a set temperature of 500°C. After this, the focus will 

be put on two of the used promoters, Na and Mg, where the focus will be on the effect of the promoter 

concentration on catalysis, and different catalytic temperatures on the function of these catalysts. In 

all instances, the unpromoted Ni catalyst will be used as a reference to compare to the promoted 

catalysts. At last, we will have a look at the different carbon products that were formed to see if the 

different promoters and reaction conditions had any effect on the type of carbon structures that were 

formed during the reactions. 

The validity of the measurements performed on the catalytic setup has been confirmed by blank 

measurements on the different variables that might influence the results. The results of these 

measurements can be found in Appendix 7. Measurements have been performed on empty sample 

pans to exclude any influence of the pans, at different flow rates to exclude diffusion limitations, and 

with different ways of loading the sample into the sample pan, also to exclude this affecting the gasses 

from diffusing to and into the samples. While these measurements all showed little to no effect on the 

catalysis, some of the duplo measurements of the catalysts still showed significantly large deviations. 

One possible reason for this that has not yet been explored is that the catalysis happens at harsher 

temperatures than the catalysts have undergone during the catalyst’s synthesis, which would lead to 

changes in the catalyst during the catalytic experiments. This problem could be corrected by including 

a heat treatment at harsher conditions before catalysis to establish a stable catalyst structure during 

the whole catalytic measurement. As this problem at the time of writing has not yet been corrected, 

these large deviations will result in a large error on the averaged catalytic data for this work. 

3.2.1. Different promoters 
All the promoters used in this section have been measured during catalysis at 500 °C to make a fair 

comparison between the different promoters that were tested. The averaged evolution of carbon yield 

over time for the Na-, K-, Mg-, and un-promoted catalysts at 500 °C has been displayed in Figure 10a. 

The reference Ni catalyst is shown in black while the Na-, K-, and Mg-promoted catalysts are shown in 

cyan, green, and red respectively. From these measurements it’s easily observed that the incorporation 

of the promoters has a very significant effect on the catalytic properties of the Ni catalyst. Under the 

used conditions both Na and Mg promotion seems to increase both the activity and the lifetime of the 

catalysts, while the K-promoted catalyst seems to have decreased in both activity and lifetime 

compared to the reference Ni catalysts.  

When we look at the individual reaction properties of the catalysts: lifetime, total carbon yield and 

maximum growth rate, which are shown in Figure 10b, we see that the same trend is followed between 

the different parameters. The lifetime of the 20NiNa and 20NiMg catalysts is slightly higher than that 

of the reference Ni catalyst, whereas the lifetime of the K-promoted catalyst is lower. The same trends 

are observed for the total carbon yields and the maximum growth rate, with 20NiMg performing best. 

The highest lifetime for 20NiMg corresponds to both the highest total carbon yield as well as the 
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highest maximum growth rate. That the lifetime and carbon yield are correlated is quite logical, when 

the catalyst is active for longer, it has more time to grow carbon, which can lead to higher yields. A 

higher maximum growth rate together with a longer lifetime and a higher total carbon yield, would 

mean that the Mg- and Na-promoted catalysts can at least transport the created carbon faster, as 

otherwise, this higher growth rate would lead to faster deactivation. These results might also give an 

indication as to what type of promotion is present. The lifetime and subsequently the total carbon yield 

both seem to be most affected by the incorporation of the promoter, while the differences in the 

growth rate are not very large. This can indicate that electronic effects only play a minor role here, as 

this would have resulted in a larger impact in the growth rates. Because lifetime is most effected, it 

might be the case that the promotional effects are more like those seen in dry methane reforming. 

Here the alkali- and alkaline earth metal promoters are present on the sites where coke is deposited.40–

43 As this coke deposition leads to deactivation of the catalysts, lifetime is increased when this coke 

deposition is inhibited. As the deposition of amorphous carbon is also the main deactivation 

mechanism for these catalysts, the same effect might be observed here. Determining the precise 

positioning of the promoters would be very important to confirm this. 

Figure 10: a. Averaged carbon yield as a function of time at 500°C in 34% CH4/Ar for the other 20 Ni/Promoter ratio catalysts. 
b. Individual catalytic properties for the Ni, 20NiNa, 20NiK, and 20NiMg catalysts. 
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While we now know that the incorporation of the used promoters has a significant influence on the 

catalytic performance of the Ni catalysts, it would be very useful if this could be linked to any physical 

properties of the promoters. Because lifetime, total carbon yield, and max growth rates follow the same 

trends between the different catalysts, as shown before, the following correlations will only be shown 

using the lifetime. For the alkali metals electronic effects are most often seen as their primary influence, 

as they are said to decrease the work function of the metal surface.34 When we take the 

electronegativity as a measure for these electronic effects, the electronegativity for all promoters is 

significantly lower than that of Ni itself. This would give all the promoters that are studied an electron-

donating function within this system. When going down the row of the alkali metals we can see that 

the electronegativity decreases from Li to Na to K. With Mg from period 2 having the highest 

electronegativity of the promoters.74 If the major role of the promotion is indeed electronic, it might 

be expected that a trend can be found when the catalytic data is compared to the electronegativity. 

The lifetime is compared to the difference in electronegativity between Ni and the promoters in Figure 

11. What can be observed is that when only looking at the promoted samples, a decrease in lifetime is 

observed when going to lower electronegativities. However, if there would be a linear relation between 

the difference in electronegativity and the lifetime and activity, it would be suspected that the 

unpromoted catalysts would show both higher lifetime and activity. As this is not the case, the relation 

between ΔEM and the catalytic properties might be more parabolic in nature with an optimum around 

a ΔEM of -0.5, this is also shown by the dotted line in the figure. 

 

Atomic radius of the promoters, another property of the promoters beside electronegativity, might play 

an influential role in the difference observed in catalysis between the different catalysts as well.75 The 

alkali metal promoters are expected to be present on top of the surface of the metal nanoparticles. But 

their presence there might be able to block certain active sites for methane dissociation, which would 

lead to lower reaction rates. They might also block carbon formation on the surface, resulting in slower 

deactivation if the carbon formation is only blocked on the part where methane is decomposed. Or it 

slows carbon growth if the promoters are also present at the part of the particles where the fibers are 

formed. On the right in Figure 11, the lifetime of the catalysts is displayed as a function of the atomic 

radius of the promoters. The atomic radius of Ni is displayed by the dashed line at 149 pm. From these 

results, the lifetime can be said to follow a linear trend as a function of the atomic radius of the 

promoter, with the lifetime decreasing at bigger atomic radii. This, however, can also be attributed to 

the concentration of the promoters in the catalysts. Because these molar concentrations are kept the 

Figure 11: On the left, the dependence of the lifetime on the difference in electronegativity of the promotors to Ni, showing a 
parabolic dependence with a maximum around -0.5ΔEN. On the right the dependence of the promoters’ atomic radii on the 
lifetime, showing a linear dependence with increasing lifetime upon decreasing atomic radius. 
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same through the different promoted catalysts, it means that the catalysts with bigger atomic radii can 

cover more of the Ni surface with the number of atoms present. This higher surface coverage could 

also have led to this linear decline of the lifetime. 

While it is expected for the alkali metals to sit on the surface of the Ni particles, this might not be the 

case for the Mg promoter. As mentioned in the introduction, Mg can form combined phases with Ni in 

its metallic state, as well as in its oxidized MgO state.57,58 This combined NiMg phase is supported by 

the EDX data shown previously in Figure 9. This would mean that the way Mg promotes the Ni catalysts 

might be significantly different than the promotion of the alkali metals, even though the trends found 

before seem to also apply to Mg. Mg-promotion might even have more resemblance to promotion with 

Cu for example, as some of Mg’s physical properties are very similar to those of Cu. They have similar 

atomic radii, which makes it possible for both metals to form alloys with Ni. They also have similar fermi 

energies, which might have an influence on the solubility of carbon within Ni alloys.33,76 These 

arguments might suggest that promotion with Mg gives a combination of the more geometric or 

structural promotional effects observed in bimetallic NiCu catalysts, with the electronic or positional 

effects more observed in alkali promotion. 

The 20NiLi catalyst has not yet been discussed because it did not show any form of reproducibility 

between the different measurements done on this sample. As can be seen in Figure 12., the 20NiLi 

catalyst showed vastly increasing activity over the three measurements that have been performed. As 

the catalytic conditions were the same for all different experiments and the MS data shows no 

significant differences in the atmosphere during the catalytic procedure, this can not explain the large 

differences between these measurements. In the characterization of this catalyst, differences were 

already observed in both the heat treatment and the reduction characteristics of this sample in contrast 

to the other catalysts. Mainly, the complete oxidation back to NiO after reduction might be of influence 

here, as the heat treatment, while having a different TGA profile at higher temperatures, still resulted 

in the same NiO phase as it did for the other catalysts. Furthermore, no weight increase is observed 

after in situ reduction of the catalyst samples, which would indicate reoxidation by something in the 

gas phase. These different properties might still affect the final catalytic measurements in some way. 

The positioning of the Lithium ions, and their suspected counter ions, are also still unknown due to the 

inability to determine this using STEM-EDX or XRD. More research is needed to fully understand this Li-

promoted catalytic system, nonetheless this might be worthwhile as two of the measurements show 

better activity than the unpromoted catalyst. Regardless of that for the remainder of this work the 

catalytic properties of this catalyst will not be explored further. 

Figure 12: Carbon yield as a function of time for the three measurements performed at 500°C in 34% CH4/Ar on the 20NiLi 
catalyst, showing a significant increase for each measurement. 
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3.2.2. Varying promoter ratios  
As mentioned previously, a concentration dependence might explain the trends that were found 

between the catalytic properties of the different promoted catalysts and the electronegativity and 

atomic radii, because the promoters with the most extreme properties showed lower performances 

than the ones with milder physical properties. This could lead to an optimization of the promotional 

effects at lower concentrations than were examined before. This dependence was further explored 

through the preparation and testing of the Na- and Mg-promoted catalysts with different molar 

concentrations. These measurements, which were performed at 500°C can be seen in Figure 13. In the 

left graph, the different NiNa concentrations are displayed, and on the right side the different NiMg 

catalysts. There seems to be a significant difference in the concentration dependence of these to 

different promoters in the tested concentration range.  

 

Figure 13: On the left, the carbon yield as a function of time is displayed for the Na-promoted catalysts with different promoter 
concentrations. On the right, the carbon yield as a function of time is displayed for the Mg-promoted catalysts with different 
promoter concentrations. 

For the Na-promoted catalysts (Figure 13, left), it shows the 30- and 20NiNa catalysts having very similar 

catalytic performance, but going to a higher concentration, which means a lower atomic ratio of Ni to 

promoter, in the 10NiNa catalyst, the performance decreases. This would indicate that, as expected, 

there is a concentration dependence for these Na-promoted Ni catalysts. With the independent 

catalytic properties displayed on the left side of Figure 14, we can see that for the most part, the trend 

observed in the previous section for the different promoters is followed here as well. Longer lifetimes 

for the different concentrations are again accompanied by both higher total carbon yields, as well as 

higher maximum growth speeds. The only parameter that shows a slight difference is the max growth 

speed of the 20NiNa, which is slightly lower than that of the 30NiNa catalysts, while the lifetime and 

total carbon yield are very similar. 

The Mg-promoted catalysts (Figure 13, right) show a different result than the Na-promoted catalysts. 

In this case, the catalytic performances show fewer differences between the different promoted 

catalysts. There even seems to be a slight increase when going toward higher Mg concentrations. On 

the right side of Figure 14, the separated parameters for the NiMg catalysts can be found. For these, as 

for the full catalytic TGA data, we can see that all three measurements have very similar lifetimes, 

carbon yields, and maximum growth rates. There is a slight increase in the carbon yield when going to 

higher concentrations. This, however, is not as apparent for the lifetime and the maximum growth rate. 

One way to interpret this data is that there is no concentration dependency for the Mg-promoted Ni 

catalysts, or at least not in the concentration range that we have tested here. As mentioned earlier, the 
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Mg- promotion is not entirely the same type of promotion as is the case for the Na-promoted catalyst. 

If the character of the Mg-promotion is more like the bimetallic character of NiCu catalysts, the 

concentrations of Mg used in the catalysts might need to be higher to have a larger effects on the 

catalytic performance than the concentrations that have been tested here.77–79 

Figure 14: On the left, the different catalytic properties for the Na-promoted catalysts with different Na concentrations are 
shown. Showing a concentration optimum between the 30NiNa and the 20NiNa catalysts. On the right, the different catalytic 
properties are shown of the Mg-promoted catalysts with different concentrations. Showing a slight increase in the catalytic 
properties when going to higher promoter concentrations. 

When looking back to the trends that were observed for the different promoters (3.2.1.), these might 

be explained by the concentration dependence seen for the Na-promoted catalysts. This might suggest 

that the low catalytic performance found for the K-promoted catalyst can be explained by a too-high 

concentration of K in this catalyst. As both the electronegativity as well as the atomic radius of K is more 

extreme than that of Na, the optimum concentration in the dependency of K might be at much lower 

concentrations than the one that was tested for this study. This need for lower concentrations for the 
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lower alkali metals would be in line with other catalysts being promoted with very small amounts of 

caesium for other reactions, as this has even more extreme properties than K.80,81 It would be 

interesting for future research to prepare catalysts with a range of lower K concentrations to determine 

if this is the case, or if K is solely a poison to this reaction. 

3.2.3. Temperature effect 
Because of the signs that the type of promotion between the Na- and Mg-promoted catalysts is 

different, it would be interesting to see if they behave differently at different temperatures. To do this, 

the 20NiNa, 20NiMg and the reference Ni catalysts were each measured at 400, 450, and 550 °C in 

addition to the measurement at 500°C already shown before.  

First it is important to determine if the particle sizes of the different catalysts are still comparable when 

the catalysts are exposed to a different temperature other than 500 °C (Table 4). The particle sizes at 

the lower temperatures are smaller than when catalysis was performed at higher temperatures. The 

only catalyst that does not follow this trend is the 20NiNa catalyst where the average particle size of 

the catalyst measured at 400 °C is slightly bigger than the one measured at 450 °C. Nonetheless, this 

difference, is well within the standard deviation in the size distribution. Because the particle sizes for 

the different catalysts are still very similar at the different temperatures, the catalytic results can be 

fairly compared. One thing to note, is that the particle sizes do increase when the temperature 

increases. This might influence the catalysis, but as it is similar for all catalysts, this will not influence 

the comparison between the catalysts. 

Table 4: Average particle sizes measured using TEM images of the Ni, 20NiNa, and 20NiMg catalysts measured after in-situ 
reduction and heating to temperatures at which catalysis was performed. 

Avg. particle size (nm) Ni 20NiNa 20NiMg 

400 °C 5.7 ± 1.6 7.2 ± 1.7 6.1 ± 1.5 

450 °C 6.5 ± 2.1 6.5 ± 1.8 6.9 ± 1.8 

500 °C 7.7 ± 2.5 8.2 ± 2.6 8.1 ± 1.9 

550 °C 10 ± 4.9 10 ± 3.3 9.6 ± 3.1 

 

The measurements at the different temperatures can be found on the left side of Figure 15. At different 

temperatures, very different catalytic performances can be observed. For more clarity at lower times, 

not the whole measurement time for the 400 °C measurement is displayed. The final lifetimes and total 

carbon yields for these measurements can found in the right graphs together with these parameters 

for the other measurements as a function of the temperature. The lifetime of the different catalysts 

shows a strong dependence on the temperature. At lower temperatures the lifetime is high, and it 

sharply decreases when going to higher temperatures. This is very similar to the lifetime dependencies 

on temperature that are shown in literature for other Ni-based catalysts.82 This dependency, however, 

is not the same for all three catalysts that were tested. Whereas the Ni and 20NiNa catalysts show a 

very similar dependency with a very long lifetime of around 450 min for catalysis at 400°C followed by 

a very sharp decrease when performing catalysis at 450 °C, this is not followed by the 20NiMg catalyst. 

This catalyst shows a lower lifetime at the lowest tested temperature, but also a shallower decrease in 

its lifetime when going to higher temperatures. 

This difference between catalysts is also found when looking at the total carbon yield at different 

temperatures. The Ni and 20NiNa catalyst show a somewhat linear increase in the yield when going to 

lower temperatures, while the 20NiMg catalyst shows a clear optimum for the carbon yield at around 
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450 °C. These results are quite surprising, because like the 20NiMg catalyst, literature shows optima in 

the total carbon yield of Ni-based catalysts within the temperature range tested here, with the optima 

being between 500 and 580 °C.82,83 Meaning the optimum found for the Mg-promoted catalyst is 

already lower than those found in literature. This could have something to do with the incorporation 

of Mg into the catalyst. For the Ni and 20NiNa catalysts, it is surprising that an optimum for the carbon 

yield in this temperature range is not found. If only the promoted catalyst was found to not have an 

optimum in the total carbon yield within this temperature range, this might be ascribed to a promoter 

effect. However, the Ni reference catalyst also does not show an optimum, while literature suggests 

otherwise for other Ni-based catalysts. This might mean that this difference is found due to factors like 

support effects, as the catalysts used in literature, are not supported on carbon, which shows fewer 

support effects. Another explanation might be the setup on which the catalysis is measured, with a 

TGA setup being used in this work and fluidized bed reactors being used in literature. 

Figure 15: On the right, the carbon yield as a function of time is shown for the Ni, 20NiNa, and 20NiMg catalysts measured in 
34% CH4/Ar at different temperatures. On the right, the individual properties are shown for the Ni, 20NiNa, and 20 NiMg 
catalysts from the measurements on the left. Showing increasing lifetimes at lower temperatures and an optimum in total 
carbon yield for the 20NiMg catalyst at 450°C.  



 
- 31 - 

 

Longer lifetimes and higher total carbon yields might sound very beneficial for this reaction, this is not 

entirely the case because the growth rates decrease when going to lower temperatures. So while the 

catalysts have longer lifetimes at lower temperatures, they produce less carbon, and thus hydrogen, in 

a given timeframe. The most optimal situation is long lifetimes together with high growth rates. When 

comparing the maximum growth speeds of the different catalysts in Figure 15. We observe that unlike 

the lifetime, the 20NiMg catalyst shows the most extreme growth rates, whereas the other two 

catalysts showed the more extreme lifetimes. The higher growth rates at higher temperatures do 

however result in very fast decrease of these lifetimes. 

When the growth rates of the three catalysts are plotted in an Arrhenius plot, the activation energies 

for these catalysts from the slope of the linearly fitted lines can be determined (Figure 16). The 

activation energy determined for the Ni reference catalysts at 77 ± 3.2 kJ/mol is in line with values 

found for other catalysts, where mostly activation energies between 60 and 100 kJ/mol are found.82–87 

The activation energies found for both of the promoted catalysts are higher than that of the reference 

catalyst, at 83 ± 13 kJ/mol for the Na-promoted sample and 102 ± 4.5 kJ/mol for the Mg-promoted 

catalyst. This high Ea for the Mg-promoted catalysts can explain the lower activity that was found at 

lower temperatures, compared to the other catalysts because not enough energy was present to 

overcome this energy barrier. For both the Ni and the 20NiMg, the linear line that is fitted in the 

Arrhenius plots is very well fitted to the measured points, which is also indicated by the low deviation 

in the activation energy. For the 20NiNa catalyst, however, this deviation is a lot larger as the fit of the 

linear line is not very good. This might be caused by experimental errors during the catalytic 

measurements or the presence of more than one mechanism for this reaction. As Schoemaker et al. 

shows for NiCu catalysts, two temperature regimes can be present as the carbon growth mechanism 

can change depending on the temperature.31 Although, it is not certain that this is the case here, as 

too little temperatures have been measured to get a clear picture it might explain the big deviation in 

the fitted line.  

Figure 16: Arrhenius plots for the Ni, 20NiNa, and 20NiMg catalysts, with activation energies of 77 ± 3.2, 83 ± 13, and 102 ± 
4.5 kJ/mol respectively.  
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3.2.4. Carbon product characteristics 
During the catalysis, the carbon that was formed was deposited in carbon structures. Literature 

suggests that the carbon structures that are formed in this reaction are influenced by many different 

parameters, of which promotion can be one.21 To see if the promotional effects that we researched in 

this work had any effect on the carbon formation, the products of one of the catalytic measurements 

of each catalyst and reaction condition, were imaged using TEM. From these images, the fiber diameter 

could be measured and the types of carbon fibers that had been grown during the reaction could be 

determined. For the measurements showing less activity, also fewer fibers could be measured as fewer 

are grown during catalysis. In this section, we will take a look at these results to determine if the 

promotion of Ni catalysts with alkali- and alkaline earth metals has any influence on the formed carbon 

structures. 

The different catalysts have been tested at 500°C and the results of these measurements on the fiber 

diameter can be found in Table 5 together with representative TEM images of catalysts after catalysis 

in Figure 17. The figures with the diameter distributions of all the measurements can be found in 

Appendix 8. The images of the 20NiK and 20NiMg catalysts measured after catalysis at 500 °C in Figure 

17 clearly show the difference of the catalytic efficiency on the amount of carbon product that is 

formed. The 20NiK catalysts shows verly little fibers, with the few that have been formed very close to 

the carbon support.whereas the 20NiMg catalyst  shows a lot of fiber growth, with fibers growing 

hundreds of nanometers away from the support. 

In all images taken after the different catalytic measurements, the type of fibers that had been grown 

during catalysis were very similar. The predominant type of carbon structure that was formed were 

hollow fishbone type carbon nanofibers, as can also be seen in figure 17. While most of the fibers were 

hollow, some of the images also showed some full fishbone type fibers. This was observed for all the 

different catalysts that were measured at 500 °C. The diameters of these fibers measured for the 

different catalysts displayed in Table 5 are also very similar. All of the diameter distributions have a high 

standard deviation due to a wide distribution of the fibers observed, ranging from around 5 to 30 or 40 

nm. These wide distributions in the size of the carbon fibers was also observed for all different catalysts. 

The only difference that seems to be present between the products of the measurements, is that when 

the catalysts had very low catalytic efficiencies, for the 20NiLi, 10NiNa, and 20NiK catalysts, the fiber 

Figure 17: TEM images of catalysts 20NiK and 20NiMg after catalysis at 500 °C for 30 min in 34% CH4/Ar with a flow of 50 
mL/min. 
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diameters also seem to be significantly lower than when the catalytic efficiency was higher. This can be 

explained by the growth of the particles during catalysis. When the catalyst particles carbon for a longer 

time, there is more time for the Ni particles to grow. As the particle size of the Ni nanoparticles is 

related to the size of fiber being grown, a very short lifetime would lead to slimmer fibers. While the 

catalytic efficiency is influenced by the used promoter, it does not seem that the promoters have a 

direct effect on the carbon nanostructures that were formed during catalysis. This could be a strong 

indication that the type of promotion using alkali- and alkaline earth metals does not directly effect the 

composition of the Ni nanoparticles or the mechanism of carbon nanofiber growth. This type of 

promotion might thus be more related to electronic effects or the inhibition of the growth of 

amorphous carbon leading to the increased lifetimes. 

Table 5: Average fiber diameters of the different catalytic measurements performed at 500 °C. 

 Average fiber diameter (nm) Standard deviation (nm) 

Ni 14.3 ± 7.0 

20NiLi 8.6 ± 2.1 

10NiNa 8.2 ± 1.5 

20NiNa 12.3 ± 5.7 

30NiNa 10.5 ± 3.5 

20NiK 8.3 ± 2.3 

10NiMg 12.9 ± 3.8 

20NiMg 12.4 ± 4.0 

30NiMg 11.9 ± 3.3 

 

For the measurements performed at different temperatures, the diameters of the formed fibers were 

also measured and are displayed in Table 6. At 550 °C almost no fibers had formed, so it was not 

possible to accurately measure any fiber diameters for these measurements. The diameters throughout 

the different measurements show that the sizes of the fibers are still within a very similar range, 

suggesting temperature does not seem to have much influence on the fiber growth. The only thing to 

note is that the size distributions might have broadened some in comparison to the measurements at 

500 °C, which resulted in higher deviations. . 

Table 6: Average fiber diameters of the Ni, 20NiNa, and 20NiMg catalysts where catalysis was performed at 400 °C, 450 °C, 
and 500 °C. 

 Ni 20NiNa 20NiMg 

400 °C 13.2 ± 3.9 15.3 ± 4.5 12.2 ± 4.1 

450 °C 16.4 ± 7.0 11.8 ± 2.9 13.5 ± 4.2 

500 °C 14.3 ± 7.0 12.3 ± 5.7 12.4 ± 4.0 
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4. Conclusions 
In this work, we have attempted to gain more insight into the promotional effects of alkali and alkaline 

earth metals on the Ni-catalyzed thermal decomposition of methane. Different catalysts promoted with 

Li, Na, K, and Mg were prepared, thoroughly characterized, and tested on their catalytic properties. 

The preparation of the promoted and unpromoted catalysts was performed using an incipient wetness 

impregnation method. Using this method, catalysts with a 20-1 Ni to promoter ratio were prepared for 

all different promoters. For the Na- and Mg-promoted catalysts, two extra catalysts were prepared 

which showed  30-1 and 10-1 Ni to promoter ratios.  

Heat treatment and reduction were performed on the prepared catalysts. All different catalysts showed 

expected decomposition patterns during heat treatment, with only 20NiLi again having a slight 

difference in the autoreduction temperature. The reduction profiles for all catalysts were shown to be 

very similar with measured hydrogen uptakes all exceeding the theoretical uptakes needed for the 

reduction of NiO to Ni. This was caused by the uptake of hydrogen due to support methanation at 

elevated temperatures. Powder-XRD measurements were performed after both heat treatment and 

reduction followed by passivation. After heat treatment, all catalysts showed full decomposition of the 

Ni(NO3)2 • 6 H2O precursor to NiO. However, after reduction most of the catalyst showed metallic Ni, 

as well as some small NiO peaks caused by partial re-oxidation. Again, the 20NiLi catalysts yielded 

different resultsThis time no metallic Ni was visible in the diffractogram leading to the conclusion that 

the Li-promotion resulted in full oxidation of the metallic Ni phase back to the NiO phase. 

The placement of the promoters on the catalysts was determined using HAADF-STEM EDX and it was 

shown that for both Na- and Mg-promoted catalysts the location of the promoters seemed to 

correspond with the Ni particles. From this, we concluded that the Na and Mg atoms are present on 

the catalysts for the Na-promoted catalysts, and on or in the Ni particles for the Mg-promoted catalysts. 

As all catalysts had been successfully prepared and thoroughly characterized, they were all tested using 

a TGA-MS system for their catalytic properties in the thermal decomposition of methane. This was done 

to answer the following questions: 

How does the promotion with Li, Na, K, and Mg of Ni/C catalysts affect the activity and lifetime of these 

catalysts in the thermal decomposition of methane at 500°C? 

All different promoters showed significant changes in catalysis compared to the reference Ni catalysts 

at 500 °C, with the 20NiMg catalyst showing the highest lifetime, total carbon yield, and growth rate. 

In addition, the 20NiNa catalysts showed higher catalytic performances than those of the reference 

monometallic Ni catalyst. The only catalyst that performed worse than the reference catalysts was the 

20NiK catalyst. This catalyst showed a significant reduction in catalytic activity and lifetime compared 

to all the other tested catalysts. As the lifetime of the catalysts was most effected upon pormotion, 

even though the growth rates did not change large amounts, the promotional effects might be based 

on the blockage of sites where amorphous carbon is deposited. Moreover, the 20NiLi catalysts showed 

very varying results over the three measurements that were performed, with significantly increased 

performance for each measurement. An explanation for these results was not found. 

Is there any dependence on the concentration or temperature when promoting Ni/C with Na or Mg for 

the thermal decomposition of methane? 

Catalysts promoted with different concentrations of Na and Mg were tested in catalysis at 500 °C to 

determine if any concentration dependences were present. It was shown that for the Na-promoted 

catalysts, an optimum could be determined in the concentration between 4 and 5 mol% Na/Ni. The 
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Mg-promoted catalysts did not show the same dependence on the concentration. For these catalysts, 

the catalytic performance seemed to slightly increase over the tested concentration range, leading us 

to conclude that Mg might promote the Ni-based catalysts in a different way than the alkali metals. 

The dependence that was found on the temperature also differed between the Na- and Mg-promoted 

catalysts. It was presented that the Na-promoted catalysts showed a dependence on the temperature 

very similar to that found for the reference Ni catalyst, with no optimum temperature found for the 

lifetime and total carbon yield within the tested temperature range. However, the Mg-promoted 

catalyst did show an optimum of around 450°C with a more modest decline in the lifetime at lower 

temperatures than the other tested catalysts. This might also be an indication that the roles of the Na 

and Mg promoters are different in either case. Subsequently, the activation energies were reported to 

be 77, 83, and 102 kJ/mol for the Ni, 20NiNa, and 20NiMg catalysts respectively, which were in line 

with previously reported activation energies. 

Can any trends be found between the promotional effects of Li, Na, K, and Mg when used to promote 

Ni/C catalysts for the thermal decomposition of methane? 

Specific trends between the different promoters were found both based on their electronegativity 

difference to Ni and concerning the atomic radii of the promoter atoms. For the difference in 

electronegativity, an optimum was found around -0.5 ΔEN, which the 20NiMg was very close to. When 

increasing electronegativity differences, the catalytic performance of the catalysts was shown to rapidly 

decrease. For the atomic radii of the promoters, a linear relationship could be found, where the 

catalytic performance decreased with increasing atomic radius. This relation, however, could also be 

due to the concentration dependency that was found. As for both dependencies, the catalytic 

performance decreased for the promoters with the more extreme physical properties, which are found 

when going down in the alkali metal period. It might be the case that for these catalysts, positive 

promotional effects are only found at lower promoter concentrations, as their influence is greater. 

How does the promotion with Li, Na, K, and Mg of Ni/C catalysts affect the carbon structures being 

formed during the thermal decomposition of methane? 

Catalysis performed with the different catalysts and catalytic conditions used for this work all resulted 

in the formation of hollow fishbone type carbon nanofibers, with some sporadic full fibers fishbone 

type fibers. The different promoters that were tested did not have much influence of the growth of the 

fibers. This might indicate that the composition of the Ni nanoparticles is not changed much upon 

promotion using alkali- or alkaline earth metals, confirming the expectations that the promotional 

effect is based on electronic effects or the inhibition of the formation of amorphous carbon leading to 

deactivation of the catalysts. 

With these results, more insight has been gained into the way that the alkali and alkaline earth metals 

promote the Ni-catalyzed thermal decomposition of methane. 
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5. Outlook 
While we have gathered some great new insights into alkali and alkaline earth promotion for the Ni-

catalyzed thermal decomposition of methane, there are still many things that can be done to improve 

our understanding of promotor effects. In this outlook, we will first start with looking at research that 

can still be done which would have a direct influence on the understanding of the results found in this 

work. Subsequently, we will look at different angles that can still be explored in furthering the 

understanding of the promotional effects of alkali and alkaline earth metals on the Ni-catalyzed CTD of 

methane. 

The most important part to figure out related to this research would be the positioning of the 

promoters. As it is suspected that the presence of the promoters block sites, where amorphous carbon 

is formed, which leads to deactivation of the catalysts. Determining the exact promoter locations can 

give more insight into these suspicions. Possibilities to do this might be using XRD, from which the 

phases of the promoters might be determined, although higher promoter quantities might be needed. 

Also, more potent EDX might give more insight. Another possibility might be in computational 

chemistry. It might be possible to model the incorporation of the promoters on the Ni nanoparticles to 

determine where the promoters would end up. This might give more insight into the change in physical 

and electrical properties of the nanoparticles upon promotion. 

Because some/several parameters that influence the catalysis directly are still unclear, gaining more 

insight in what they are would be very beneficial and would help in better understading the results that 

were found. Something that is not touched upon in this work but could have an effect on the catalysis 

is the counterions to the different promoters that were used. It is not expected that the promoters are 

present in their metallic form, as these are very sensitive to air, and would be quickly oxidized. However, 

it is expected that the promoters are present in their ionic form. This suggests that the negative counter 

ions must be present in the catalysts as well. In combination with the other components of the 

catalysts, the decomposition of the initial promoter salts might have been affected as well. 

Unfortunately the composition of the counter ions, as well as their effect on catalysis, is still very much 

unclear. It might be possible to shed some light on this issue by using different promoter salts in the 

initial precursor solution. Promoter salts with easier decomposition than the nitrate salts used in this 

work might make it possible to promote the Ni catalysts with metallic alkali and alkaline earth metals. 

When comparing these catalysts without counter ions to the catalysts used in this work, the effects of 

the counter ions might be cleared up. 

This work also showed that the catalysts change during in-situ reduction and heating to catalytic 

temperatures Because of this, it might be beneficial to make sure these changes have already occurred 

before any catalytic testing is done. Making sure that catalysts are in a stable phase during the whole 

of the different catalytic measurements can reduce influences such as particle size effects when 

measuring catalysis at different temperatures. This might be achieved by incorporating harsher heat 

treatment steps within the method of catalyst synthesis. These heat treatments must be harsher than 

any conditions under which catalysis is performed, to form a stable catalytic phase at catalytic 

conditions. Hydrogen treatment at high temperatures would be the most optimal, as hydrogen is also 

present during the catalytic measurements. Although, the carbon support used in this study will be 

methanated at the elevated temperatures that would be needed, but this might need to be accepted 

to obtain more reproducible and comparable results.  

A last possibility that could be explored to gain further understanding is measuring the catalysts in 

higher quantities. Performing the experiments in bigger quantities will allow us to determine if the 

same results are found when catalysis is scaled up. Achieving this would be impossible in the used TGA 
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setup, as the sample pans don’t fit much more of the sample. Another catalytic setup would be needed 

to complete these measurements. Using a fluidized bed reactor would be the best choice as literature 

already discribes this would allow for free growth of the catalytic particles without much risk of 

breaking the catalytic setup when carbon growth occurs.19 

Aside from more research to gain more clarity, another option is improving the understanding of the 

alkali and akaline earth promotion on the CTD reaction as a whole. A first logical continuation of this 

work being the promotion with other alkali- and alkaline earth metals like Cs, Be and Ca. It would be 

very insightfull to find out if these different promoters follow the trends found in this work, or if they 

differ from it. It is expected that  Cs-promotion would  follow the promotianal effects of Na, but with a 

much lower optimum concentration whereas  the Be- and Ca-promotion would be more in line with 

what was found for the promotion using Mg. 

For all possible promoters, differences in the catalysts might also be explored. As we have seen in this 

work, the promoter loadings do effect the properties of the promoted catalysts, leading us to believe 

that the optimization of these loadings for all the different promoters might give very interesting results 

and insights into how these promoters work. Another interesting property of the catalysts to explore 

would be if the promotional effects that have been found are effected by the support that is used for 

the catalysts. The metal support interactions might influence the promotional effects of the alkali- and 

alkaline earth metal promoters leading to different results with the use of different supports. 

Finally, the differences in growth mechanism of the carbon nanostructures can be explored upon 

addition of the promoters. One suggested method of doing this would be to follow the growth of the 

carbon using in-situ TEM. This method would allow for visualization of both the nucleation of the 

carbon structures aswell as the more continuous growth stage once the structures are growing. In turn, 

this data might be used to shed more light on any changes in the growth mechanisms of the carbon 

nanostructures between the promoted and unpromoted catalysts. 

Apart from giving more insight into promotional effects in general, all these mentioned avenues of 

research might help us gain better understanding of the alkali- and alkaline earth metal promotion in 

the Ni catalyzed thermal decomposition of methane.  
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7. Layman’s abstract 
The current way of producing the bulk of our energy cause large amounts of emissions, which lead to 

climate change. Although, green methods of producing energy, like wind or solar energy are being 

developed, these methods are not yet ready to meet the rising energy demands. An intermediate 

solution might be to use the current resources, like methane gas, in an emission-free way. When 

methane is heated without the presence of air, it falls apart into H2 gas and solid carbon, instead of 

harmful CO2. In turn, the H2 gas can be burned in conventional ways to produce energy without the 

emission of any harmful gasses. The solid carbon that is formed during this reaction also has added 

value as it can be used in multiple applications. 

The process to split methane into carbon and hydrogen is called thermal decomposition. For this 

reaction to take place, very high temperatures are needed. It takes large amounts of energy to achieve 

these high energies, which is undesirable. To lower the required energy that is needed for the reaction 

to take place, catalysts are used. There are many possible catalysts that can be used for this reaction, 
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but in this work, we focus on the use of very small nickel particles, which have been put on an inert 

carbon material. This carbon acts as a support for the particles, keeping them stable. While these Ni 

particles already increase the energy efficiency of the reaction on their own, it is still possible to 

improve on this efficiency by tuning the properties of the Ni particles. There are multiple ways to 

achieve this, but we will focus on the improvement by the addition of very small amounts of a different 

element, which is called promotion. The addition of the different elements from the periodic table will 

result in different effects on the catalysts. The focus of this work will be on the addition of Lithium (Li), 

Sodium (Na), Potassium (K), and Magnesium (Mg) as promotors which are elements from period 1 and 

2 of the periodic table.  These used elements are suspected to influence the electronic or surface 

properties of the Ni particles the most, thus inducing great changes in the catalytic efficiency.  

By preparing catalysts in which the different promoters were incorporated it was found that only the 

Na- and Mg-promoted catalysts improved the efficiency of the reaction. The promotion with Li did 

show differences with the catalysts using no promotor, however, the measurements could not be 

reproduced, so Li-promotion was not investigated further. Only the addition of K made the catalysts 

work much worse compared to catalysts using no promotor. 

Because very small amounts of promoter can lead to very large effects in the thermal decomposition, 

the amount of promoter used also plays an important role. This is why, for the Na- and Mg-promoted 

catalysts, different amounts of promoter were also tested. An optimum amount of Na promoter was 

found. However, for Mg it was found that the efficiency slightly increased when more Mg was added. 

This difference gave an indication that the elements of period 1 might promote the catalyst differently 

than those of group 2.  

The temperature at which thermal decomposition is performed is also very important, as it can give us 

more insight into how the promotion works. Both the Na- and Mg-promoted catalysts were tested at 

different reaction temperatures and compared to unpromoted catalysts. The results showed that for 

the Mg-promoted catalyst an optimal temperature for the catalytic efficiency was found. However, the 

Na- and unpromoted catalysts, worked better at the lower tested temperature. This provides another 

hint that the Na- and Mg-promoters work in different ways. 

As mentioned before, thermal decomposition not only produces H2 but also solid carbon. This carbon 

is made into different structures which have different properties. Which carbon structures are formed 

can be influenced by the catalyst used in the reaction. However, the addition of the different promoters 

did not change the structure of the produced carbon in a significant way. 

All these results gave us some more insight into how the use of Lithium, Sodium, Potassium, and 

Magnesium can play a role as promoters in the thermal decomposition of methane, whether they 

improved the catalytic performance, or made it much worse. 
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Appendix 2: TGA-MS profiles measured from 30 to 500 °C (5 °C/min) after impregnation and drying of the precursors on the support. On the 
left axis the change in sample weight and on the right axis the corresponding MS signals with M/Z 18 (H2O) in pink, m/z 30 (NO) in light 
purple, and m/z 44 (N2O/CO2). A. 20NiLi, B. 10NiNa, C. 20NiNa, D. 30NiNa, E. 20NiK, F. 10NiMg, G. 20NiMg, H. 30NiMg 

A. B. 

C. D. 

F. E. 

H. G. 
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Appendix 3: Powder-XRD diffractograms of the used catalysts after heat treatment at 330 °C for 3h in 200 ml min-1 g-1 N2 
flow. 
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Appendix 4: TPR-MS profiles measured from 30 to 600 °C (5 °C/min) in 5% H2/Ar at 200 mL min-1 g-1 after heat treatment of the 
catalysts. On the left axis the hydrogen uptake and on the right axis the methane (m/z 16) MS signal. A. 20NiLi, B. 10NiNa, C. 20NiNa, 
D. 30NiNa, E. 20NiK, F. 10NiMg, G. 20NiMg, H. 30NiMg 

H. 

E. 

G. 

F. 

D. 

B. A. 

C. 
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Appendix 5: XRD diffractograms measured after reduction at 350 °C for 3h in 5% H2/Ar at 200 mL min-1 g-1 and passivation in 
air. 
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A. 

B. 

C. 

Appendix 7: Validity tests of catalytic measurements. A. weight changes of the empty sample pan during the whole catalytic 
program. B. Influence of the flow rates on the catalytic measurements using the Ni reference catalyst. Catalytic measurement 
was performed using 34% CH4/Ar. C. Influence of loading manner on catalytic performance, with one sample flatly loaded over 
the bottom of the sample pan and the other loaded as a pile in the middle. Measurement was performed using a NiCu catalyst 
provided by Suzan Schoemaker. 
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