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Abstract 

This thesis concerns the development of a stable nickel catalyst for the dry reforming of 

methane (DRM). Traditional (supported and unsupported) nickel catalysts are found to be 

inadequate due to deactivation and associated problems from sintering and carbon deposition. 

Formation of small supported nickel nanoparticles by impregnation of SBA-15 with single-

source Ni4 cluster precursors is shown to create catalysts with good activities and stabilities 

for DRM. Commercially available 50 nm nickel nanoparticles, thinly coated in alumina using 

ALD, form extremely active catalysts for DRM with very high resistance to sintering. 

Addition of MnOx to unsupported nickel in low Mn/Ni ratios significantly improves catalytic 

activity and stability in comparison to bulk nickel. Coprecipitation via NixMn1-xO (x ≤ 0.5) to 

form ex-solid solution nickel supported on MnO gives catalysts with high activities and very 

high resistance to carbon deposition. This material was further developed by lowering the 

amount of Ni in the NixMn1-xO solid solution to x = 0.05, calcining at higher temperature, and 

pre-sintering the catalyst in a reductive atmosphere, which not only results in stable activity 

at temperatures of up to 700°C but also excellent resistance to carbon deposition, attributable 

to small and stable nickel particles and SMSI effects. Addition of silica led to reaction of 

MnO with SiO2 to form manganese orthosilicate, which depletes the catalyst of MnO and 

thus removes its beneficial effects. An experimental and theoretical investigation into DRM 

kinetics is presented, over the Ni/MnO catalyst and also over simulated catalysts using 

microkinetic and formal models from the literature. The DRM reaction over Ni/MnO is 

essentially first order with respect to the methane pressure and zero with respect to that of 

carbon dioxide, and the overall activation energy is 109 kJ mol
-1

, in agreement with the 

literature. CH4 activation is therefore rate determining, agreeing with a theoretical 

microkinetic sensitivity analysis, and CO2 activation is fast with an abundance of oxidant 

species on the catalyst surface to avoid solid carbon deposition. The behaviour of the model 

catalyst can be adequately described using LHHW kinetics from the literature, in particular 

the Bradford and Vannice formal kinetic model, with the assumption that methane activation 

occurs through decomposition of CHx or CHxO as the rate determining step(s). 
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Zusammenfassung 

Die Arbeit beschäftigt sich mit der Entwicklung eines stabilen Katalysators für die Methan-

Trockenreforming (DRM). Traditionelle (geträgerte und ungeträgerte) Nickelkatalysatoren 

sind auf Grund der Deaktivierung und der gekoppelten Probleme durch Sinterung und  

Kohlenstoffabscheidung auf dem Katalysator unzulänglich. Die Synthese geträgerter Nickel-

Nanopartikel durch eine nasschemische Imprägnierung von SBA-15 mit einem Ni4-Single-

Source-Cluster Precursor (SSPs)  ergeben DRM Katalysatoren mit einer guten Aktivität und 

Stabilität. Handelsübliche 50 nm Nickel-Nanopartikel überzogen mit einer sehr dünnen 

Schicht Aluminiumoxid via ALD stellen extrem aktive DRM-Katalysatoren mit einer sehr 

hohen Beständigkeit gegen über Sinterung dar. Ein geringer Zusatz von  MnOx zu 

ungeträgertem Nickel (Ni:Mn = 6:1, 2:1) erhöht die katalytische Aktivität und Stabilität im 

Vergleich zu reinen Nickel-Nanopartikeln signifikant. Die Kopräzipitation zur Ausbildung 

von NixMn1-xO (x ≤ 0.5) Mischkristallen mit anschließender Umstrukturierung zu Nickel-ex-

Mischkristallen auf MnO erzeugt Katalysatoren mit einer hohen Aktivität und einer sehr 

geringen Affinität zur Kohlenstoffabscheidung zur Folge. Die Reduzierung des 

Nickelgehaltes im NixMn1-xO Mischkristall auf einen Anteil von x = 0.05, die Kalzinierung 

bei einer höheren Temperatur und Sinterung des Katalysators in einer reduzierenden 

Atmosphäre führt zur Ausbildung einer stabile Aktivität bei Temperaturen von bis zu 700°C 

und zeigt weiterhin eine sehr hohe Beständigkeit gegenueber Kohlstoffabscheidungent, was 

der kleinen und stabilen Nickelpartikelgröße sowie den SMSI Effekten zuzuschreiben ist. Der 

Zusatz eines Silica-Trägermaterials zum Katalysator hingegen verbessert die Stabilität nicht, 

da MnO mit SiO2 zu Manganorthosilicat reagiert und somit dem Katalysator MnO entzogen 

wird. Eine theoretische und experimentelle Untersuchung der DRM Kinetik erfolgte am 

Modellkatalysator sowie an simulierten Katalysatoren unter Verwendung formal und 

mikrokinetischer Modellierung. In Übereinstimmung mit den meisten Daten aus der Literatur 

ist die DRM am Ni/MnO hauptsächlich erster Ordnung im Bezug auf den Methanpartialdruck 

und nullte Ordnung in Bezug auf den Kohlendioxidpartialdruck. Die 

Gesamtaktivierungsenergie beträgt 109 kJ mol
-1

. Dies zeigt, dass die CH4-Aktivierung der 
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geschwindigkeitsbestimmende Schritt der Reaktion ist was in Übereinstimmung mit einer 

theoretischen Sensitivitätsanalyse der Kinetik ist. Weiterhin wird verdeutlicht, dass die CO2-

Aktivierung bei einem Überschuss der Sauerstoffspezies auf der Oberfläche schnell ist und so 

eine Kohlenstoffanreicherung auf der Oberfläche vermieden werden kann. Das Verhalten des 

Modellkatalysators kann mit LHHW Kinetiken aus der Literatur hinreichend genau 

beschrieben werden. Dabei beschreibt das Bradford und Vannice formalkinetische Modell, 

mit der Annahme, dass die Methanaktivierung durch den Abbau der CHx oder CHxO 

Komponenten als geschwindigkeitsbestimmender Schritt auftritt, den Katalysator besonders 

gut. 

 



1 Introduction 

The dry reforming of methane (DRM) reaction, also known as carbon dioxide reforming, is a 

catalytically-operated chemical reaction in which methane is partially oxidised using carbon 

dioxide to produce a mixture of carbon monoxide and hydrogen known as synthesis gas (or 

syngas): 

       
                
                                    ( 1.1 ) 

Synthesis gas (the general name for any mixture of CO and H2) is an important industrial 

chemical feedstock used in such processes as Fischer-Tropsch synthesis, hydroformylation 

and methanol production. The H2/CO ratio of syngas is an important factor for the chemistry 

downstream, and the syngas produced by the DRM reaction has a CO : H2 ratio of 

approximately 1 : 1, which is desirable for many gas to liquids (GTL) applications. Indirect 

routes of methane conversion to liquid fuels (via syngas) are currently more efficient than 

direct conversion and remain the most widely used routes of the GTL industry, which has a 

worldwide production capacity estimated to the order of 220,000 bbl/d liquid fuel.[1] 

In the last 20-30 years, attitudes to energy generation and storage, chemicals production and 

the environment have shifted on a global scale. Greenhouse Gas (GHG) emissions are now 

regulated due to the reality of global warming, and increasing awareness of the depletion of 

fossil fuel reserves has created a long-term interest in transferring the intensity in energy and 

chemicals away from oil and towards more diverse feedstocks, including natural gas, 

unconventional natural gas sources (high CO2 content gas, shale or tight gas etc.) and biogas, 

with the ultimate goal of clean and renewable fuels and chemicals in several generations’ 

time. There is therefore an immediate incentive to focus research on the activation of small 

molecules such as CH4 and CO2, especially to the ends of commodity chemicals and liquid 

fuels production. 

The dry reforming reaction has been investigated since the early work of Fischer and Tropsch 

nearly 100 years ago.[2] However, although it is an integral part of the Calcor process to 
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produce CO, DRM is still not currently operated industrially either as a standalone process or 

without large CO2 overpressures or additional feed components, as the cost of stable and 

active catalysts currently render the process uneconomical.[3] The major stability issue 

specific to this reaction is that of coking, or formation of solid carbon on the catalyst surface, 

which can be extremely hard to avoid. Furthermore, the endothermicity of the reaction 

necessitates high rates of energy input, high operating temperatures and harsh reaction 

conditions, and effective process integration is required to obtain practicable efficiencies: 

these present considerable challenges for reactor design and engineering. 

Many other processes are practised in industry to reform hydrocarbons to synthesis gas. The 

majority of syngas is produced by coal gasification, using steam, oxygen, carbon dioxide and 

mixtures thereof.[4][5] Other examples include steam reforming (of coal, equation ( 1.2 ); of 

methane, equation ( 1.4 )), partial oxidation (oxy-reforming) of methane (equation ( 1.5 )), 

similar reactions using other carbon sources (including coke and chain hydrocarbons), and 

simultaneous combinations of these in a single reactor or series of reactors (for example, 

autothermal reforming): 

     
              
                                  ( 1.2 ) 

         
              
                                   ( 1.3 ) 

       
                
                                   ( 1.4 ) 

         
              
                                   ( 1.5 ) 

Despite abundant reserves, coal is not considered to be a sustainable feedstock, and it is 

extremely dirty with high GHG emissions even before it is consumed.[6] With growing 

international pressure to move away from coal, it is not an appropriate future source of 

synthesis gas,[7] and reforming of methane instead represents the cheapest route.[8] 

Because of the urgent need to reduce GHG emissions, significant increases in process 

efficiency are required wherever a major greenhouse gas is produced as waste. A typically 

wasteful process is the flaring of “stranded” (located in remote areas) or low grade (high CO2 

content) natural gas, which often accompanies extraction of crude oil, and occurs on a huge 

scale due to the low volumetric value of such gaseous components with regard to their 

transportability and use downstream. Technologies such as methane liquefaction by cooling 
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are expensive and there is little economic incentive to pipe methane from remote areas, but 

GTL conversion at the source could prove profitable. CH4 and CO2 are both GHGs, they are 

both cheap and readily available. Proven natural gas reserves are large, and accessible 

sources have grown in the last 15 years due to the so-called “shale gas revolution”. 

Furthermore, natural gas often contains CO2 as extracted, which is also produced by a huge 

number of petrochemical processes, leading to technologies like carbon capture and storage 

(CCS) in an attempt to reduce the release of CO2 into the atmosphere. There are therefore 

many clear environmental and economic benefits of a movement away from current syngas 

production methods and towards methane reforming, using CO2 as oxidant. 

Natural gas demand is expected to increase significantly in the coming years. It is important 

to note that although syngas is sometimes used directly for energy generation, it contains 

approximately half the energy density of natural gas and the immediate products of methane 

reforming should therefore be used for chemicals production, although conversion of 

methane to methanol is a possible route to producing liquid fuels for transportation and is 

certainly more materially and energetically efficient than flaring.[9] Even so, these two giant 

industrial sectors are in constant competition for carbon-based feedstocks, and environmental 

protection targets and legislation apply to both. It is therefore critically important to consider 

the future of energy when considering chemicals, because the same economic forces which 

apply to chemicals production are turning fuels away from oil-based feeds. Conversion of 

small-molecule carbon sources such as CH4 and CO2, which are harder to activate than chain 

hydrocarbons, will therefore play an important role in the future of energy and chemicals 

production worldwide, and whilst research into direct chemical conversion routes is ongoing, 

syngas is currently the major industrial-scale intermediate. 

Standalone DRM cannot easily be justified as a “green” process; furthermore there are 

kinetic, thermodynamic and practical reasons why the reaction cannot be viewed, for 

example, as a simple replacement for steam reforming or a futuristic means to produce 

hydrogen.[10] However, DRM holds ever increasing potential for improving overall energy 

and material balances, and therefore process efficiencies, on the petrochemicals industry 

scale for many generations to come, yielding real and foreseeable environmental, social and 

economic benefits. [3][11] 
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Objectives 

The focus of this work is dedicated to the development of a stable, coke-free model catalyst 

for application in a low-temperature DRM reactor. This work focuses upon low temperature 

dry reforming in order to develop catalysts suitable for coupled processes; that is, DRM 

reactors which have been coupled to other processes to obtain energy efficiency benefits by 

heat transfer. Specifically, this is intended to aid development of a coupled OCM-DRM 

reactor system, and “low temperature” is accordingly defined as approximately 500-650°C in 

this context. Testing has also been performed at higher temperatures, for wider application, to 

gain further knowledge about the catalyst and for comparison with literature values. 

Catalyst deactivation, from carbon formation in particular, is known to be a severe problem 

with nickel-based DRM catalysts, which is exacerbated by operating at low temperatures. 

The major focus of catalyst development was therefore to deliver a stable catalyst with some 

versatility of application and strong resistance to carbon deposition at low temperature. 

This work can be described as three interactive stages, in which information is fed forwards 

and backwards. Prior to the first stage there is catalyst synthesis, and past the final stage there 

is miniplant reactor design and scale-up; these elements are beyond the scope of the present 

work and are carried out in other groups as part of the multi-scale research initiative within 

the UniCat framework. The three stages are approximately contained in chapters 4, 5 and 6 

and a description of the workflow is given in Figure 1.1. 

Chapter 4: Novel Catalysts – Testing and Comparison concerns the testing of a variety of 

commercially available and novel catalysts for the DRM reaction in the search for a suitable 

model catalyst. A model catalyst should provide a good basis of knowledge for a real 

catalytic system. Therefore, despite possessing attractive qualities for DRM, noble metal 

catalysts were ruled out on the basis of cost. The most successfully employed and best 

understood alternative catalyst is nickel, as it is cheap, abundant and possesses highly 

attractive catalytic properties, including high activity even at low temperatures, and nickel 

was thus chosen to be the basis for the catalyst investigated here. The model catalyst should 

preferably be simple with respect to the active phase, to facilitate understanding, and 

although benchmark activity is not necessary it should be an active catalyst by mass and 

volume for practical purposes. However, the major focus is stability and high resistance to 

carbon deposition. 
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     Catalyst synthesis 

     ↑↓ 

1) Catalytic screening/testing to find a stable model catalyst 

     ↑↓ 

2) Feedback to improve catalyst design; behavior analysis and comparison 

     ↑↓ 

3) Kinetic modeling, towards understanding the reaction mechanism  

     ↑↓ 

     Future work: feed forward to reactor design and scale-up 

Figure 1.1. Scheme of the work flow of this project and its position within the UniCat 

framework. 

Chapter 5: Unsupported and Silica-Supported Ni0.05Mn0.95O – development of a stable model 

catalyst for low temperature DRM concerns deeper investigation into and development of a 

specific material using knowledge from the previous chapter to obtain a stable model catalyst. 

Chapter 6: DRM Kinetics over Ni0.05Mn0.95O and Comparison with Current Kinetic Models 

contains the experimental and theoretical investigation into the DRM kinetics, over the model 

catalyst and also over simulated catalysts using microkinetic modelling. The catalytic 

behaviour and kinetic parameters are compared to other catalysts in the literature to obtain 

mechanistic insights and to facilitate upscaling, further catalyst development and extended 

kinetic investigations in the future. 

 





2 Theory, Thermodynamics and Catalysis 

This section details the theory and current literature surrounding the DRM reaction and the 

project objectives described in the introduction. This includes discussion of the 

thermodynamics of DRM, catalyst deactivation, and the state of the art. 

2.1 Thermodynamics and Process Integration 

The DRM reaction is accompanied by several simultaneous side-reactions. Whilst this is in 

reality a complex network of elementary reaction steps, the overall major side reactions can 

be summarised as reverse water gas shift (RWGS, equation ( 2.1 )) and steam reforming of 

methane (SRM, equation ( 2.2 )): 

      
                
                                  ( 2.1 ) 

       

                
                                   ( 2.2 ) 

A stoichiometric combination of two of the three reactions DRM, SRM or RWGS will yield 

the third. The RWGS reaction reduces the selectivity of DRM with respect to H2, producing 

H2O byproduct and lowering the yield. 

Due to the reversible and endothermic nature of the DRM reaction system, it is limited by 

thermodynamic equilibrium at lower temperatures. This is demonstrable by thermodynamic 

calculation of the maximum methane conversion achievable considering only the reaction 

equilibrium constants for DRM and RWGS, shown in Figure 2.1. The equilibrium conversion 

for a given reaction system in a single phase is a function of temperature, pressure, gas 

composition and, as stated above, the DRM reaction is accompanied by side reactions, such 

as RWGS, which alter the equilibrium conversion when included in the calculation. 
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Figure 2.1. Equilibrium constants (Kp) for the DRM and RWGS reactions (left), and 

resulting calculated equilibrium methane and carbon dioxide conversions for both reactions 

combined (right), as functions of temperature for an equimolar starting mixture of methane 

and carbon dioxide. 

In order to calculate an accurate equilibrium conversion for a real DRM process using this 

method it is necessary to know the entire reaction network, including all reaction equilibrium 

constants in each phase. This can be challenging for high temperature catalytic reactions, 

since surface reactions are difficult to characterise and will differ kinetically and 

thermodynamically depending on the catalyst surface, despite the fact that the overall 

thermodynamic balance and equilibrium conversions are by definition independent of catalyst 

behaviour. An alternative method is to take an overall approach in which the Gibbs free 

energy of the entire system is simply minimised, without definition of a reaction network, by 

knowledge of the thermodynamic properties of the individual species and appropriate choice 

of allowable components. Taking only stable species, and neglecting the catalytic phase (on 

which only a small fraction of the material should be adsorbed), it is possible to calculate a 

good theoretical approximation of the thermodynamic limits of a real process, in which the 

bulk gas phase is in equilibrium with a catalyst surface. This is shown in Figure 2.2. These 

values were chosen for use in this work due to closer agreement with experimentally 
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observed equilibrium limits than those calculated from the individual reaction equilibrium 

constants. Situations for which this approach is no longer appropriate include when a second 

or third phase has a significant effect on the equilibrium behaviour of the system, for example 

adsorption on high surface area catalysts at the very start of a low flow or batch reaction, or 

when a significant proportion of the carbon in the feed continuously forms a solid phase. This 

behaviour has been explored by other researchers.[12] 

 

Figure 2.2. Equilibrium conversions based on Gibbs free energy minimisation method using 

the CHEMKIN equilibrium reactor model. A single gas phase was considered at atmospheric 

pressure and constant temperature, species allowed were: CH4, CO2, CO, H2, H2O and He. 

It is clear that in order to achieve reasonable product yields, the equilibrium effect must be 

taken into consideration. This is often avoided by considering only high temperature reaction, 

although this presents significant reactor engineering challenges as it is more energy 

intensive, involves harsher conditions and entails greater safety implications (all of which 

increase the capital investment required). At lower temperatures, a method of shifting the 

equilibrium is required. This can be achieved by designing a reactor to extract one or more 

reaction products to an external phase.[13][14] 
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The DRM reaction is highly endothermic (247 kJ mol
-1

) and requires an external energy 

source. To avoid heating the process by combustion (and thus negating any material 

efficiency benefits) it would be ideal to couple a DRM process with a relevant exothermic 

process, to improve material and energy balances. This would require a temperature 

difference between the two processes of 50-100 K to allow effective heat transfer. 

An obvious candidate is Fischer-Tropsch (FT) synthesis, which utilises syngas in the 

production of longer chain hydrocarbons. The main problem is the comparatively low 

operating temperature of FT reactors (300-350°C), which make it impossible to transfer any 

heat to a DRM reactor directly due to equilibrium constraints on the DRM reactor -  in other 

words, although the energy output of FT reactions is generally high, the exergy output is low 

with respect to DRM. Consequently, any process integration would probably take the form of 

pre-heating, with limited benefit. Materially, however, DRM-FT process integration is an 

attractive option considering that syngas production is generally the most expensive part of 

the FT process, and methane is preferred to coal as a carbon source due to availability, capital 

costs and process efficiency. In standard methane reforming processes with steam or oxygen, 

around 20% of the carbon is converted to CO2.[15] This figure is obviously smaller if the 

oxidant is itself CO2, which could decrease the cost of syngas (assuming a cheap source of 

CO2, in comparison to e.g. an air separation plant to obtain O2) for FT synthesis. 

An interesting concept put forward by researchers in the UniCat Cluster of Excellence is the 

coupling of a DRM reactor with an oxidative reforming of methane (OCM) process.[16][11] 

The OCM reactions directly couple methane radicals to form ethene and ethane, by partly 

oxidising them using a small amount of oxygen in the feed. 

       
              
                                       ( 2.3 ) 

          
              
                                     ( 2.4 ) 

Much research is currently focussed upon this process, which does not yet operate on a 

commercial scale. This is because a direct route to C2 products from methane could yield 

significant economic benefits, although suitable catalysts and optimised reaction conditions 

are yet to be found.[17] Activity, selectivity and stability are all problems, and the process 

must be designed to avoid the thermodynamically favoured total oxidation of methane: 



2 Theory, Thermodynamics and Catalysis 

 

 

11 
 

       
              
                                      ( 2.5 ) 

Because of these issues, state of the art OCM catalysts still encounter problems of selectivity 

vs. conversion: at higher conversions, the selectivity drops. This limits the yield per pass to 

approximately 20% in conventional fixed bed catalytic reactors.[17] However, the need for a 

recycle stream could be eliminated by feeding all unreacted methane and CO2 byproduct into 

a DRM reactor, forming syngas for downstream application. Furthermore, an air separation 

plant would no longer be necessary to avoid the accumulation of N2 in a recycle stream, 

reducing separation and equipment size costs. Such a combined process is shown in Figure 

2.3. 

For effective heat transfer between reactors, such a process has an upper limit on the DRM 

operating temperature of 650-700°C. This has clear engineering implications. The 

thermodynamic equilibrium limits (Xmax = 0.84 at 700°C) must be addressed, and can be 

overcome by reactor design as previously discussed, for example by application of membrane 

reactors to remove one or more reaction products, or fine-tuning of the reaction feed. This 

means that a low-temperature DRM catalyst should be able to operate under variable 

component partial pressures. The second, related issue which must be addressed pertains to 

catalytic reaction engineering, which will be discussed in the following section. 
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Figure 2.3. Process flow diagrams for typical OCM (top),[18] and coupled OCM-DRM 

(bottom) [16] 
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2.2 Deactivation of Dry Reforming Catalysts 

Due to the endothermicity of the DRM reaction, the process must be operated at high 

temperature and is carried out using heterogeneous catalysts. As with any heterogeneous 

catalysis, activity and stability are major concerns (although other considerations such as cost 

and versatility can be determining factors). Whilst a large number of DRM catalysts have 

been published over the years with varying activities, the main challenge usually highlighted 

is catalyst deactivation.[19] 

There are many common mechanisms by which heterogeneous catalyst deactivation can 

occur, which according to C. Bartholomew can be classified into six distinct types: [20] 

i. Poisoning (strong chemisorption on active sites, causing them to become inactive) 

ii. Fouling (physical deposition of species which block active sites) 

iii. Thermal degradation (sintering, particle/support pore collapse) 

iv. Vapour compound formation followed by transport 

v. Vapour-solid and or solid-solid reactions 

vi. Attrition/crushing 

Catalyst design and use of the correct materials can often eliminate mechanisms iii to vi, 

although this choice is not always immediately obvious. In fixed bed reactors, such as 

presented in this work, attrition and crushing are not an issue. 

Specifically discussing nickel-based reforming catalysts, Sehested [21] identified four major 

challenges as activity, sulphur poisoning, carbon formation and sintering, and highlighted the 

interdependency of these issues. The deactivation mechanisms can all be classed as i to iii 

type in the above criteria. Particle sintering is very common in high temperature applications, 

especially when the initial material comprises of very small supported particles which can be 

desirable for high activity and other reasons of stability. Proper care of feedstock purity can 

in some cases eliminate the possibility of poisoning and fouling, for example from sulphur-

based contaminants, although for DRM catalysts there is the additional and serious problem 

of carbon deposition due to the high C/H ratio of the feed. 

Much research has gone into the thermodynamics of carbon deposition, with general 

consensus that operation at high temperature and high CO2:CH4 ratios (well above unity) will 

suppress carbon formation.[22] However, it may be attractive from an industrial standpoint to 
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operate in regions where it is impossible to avoid thermodynamically favourable conditions 

coking, i.e. low temperature and a CH4 to CO2 ratio close to unity (as described above, for 

example, to obtain low H2/CO ratios for use in GTL processes), and therefore the formation 

of carbon must be controlled kinetically by choice of an appropriate catalyst. 

For a DRM catalyst to remain active at steady-state, the total net rates of carbon deposition 

must equal those of carbon removal on the active surface. Two main reactions form surface 

carbon, which are methane decomposition, equation ( 2.6 ), and carbon monoxide 

disproportionation (a.k.a. the Boudouard reaction, equation ( 2.7 )): 

   

                
                                    ( 2.6 ) 

   
                
                                      ( 2.7 ) 

A higher rate of carbon formation occurs at lower temperatures, due to the higher rate of the 

Boudouard reaction than methane decomposition below 700°C.[22] [23] When these rates do 

not balance with carbon removal, it is deposited on the surface and can seriously affect 

catalytic performance. Different types of carbon can form, which are usually named coke 

when formed by decomposition of hydrocarbons and carbon when formed by the 

disproportionation reaction (although the two words are often used interchangeably). 

Furthermore, DRM can be classified as a coke-insensitive reaction, in that the carbon 

deposited on active sites is generally reactive and deactivation is dependent upon the rate of 

gasification, as opposed to a coke-sensitive reaction where deposited carbon is unreactive, 

[24] although more recent evidence has shown that, in some cases, once carbon has stabilised 

upon the catalyst surface in certain forms it cannot be removed by CO2 even by altering the 

reaction conditions in favour of oxidation.[25] With this concept in mind, surface carbon can 

be described as active or inactive with respect to DRM. Active carbon formed by methane 

dissociation is generally seen as part of the reaction pathway in the mechanism, often as the 

rate determining step.[26] 

A large active site ensemble size will allow for stabilisation of active surface carbon into an 

aggregated inactive form. This has enabled concepts such as “promotion by poisoning” where 

the catalyst is selectively and partially poisoned prior to reaction to ensure an ensemble size 

which is high enough for methane reforming but low enough to avoid carbon 

stabilisation,[27] resulting in feasible commercial processes such as SPARG (partial 
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poisoning of nickel by sulphur for steam reforming catalysts with noble-metal-like 

properties). Furthermore, SMSI effects have been shown to cause partial decoration of an 

active surface with an appropriate support, leading to similar break-up of the ensemble size 

and stability benefits.[28] The ensemble size can in theory also be controlled by simply 

maintaining small, supported active particles, and metal-support interactions can also (to 

some extent) “anchor” small particles to the catalyst surface to avoid aggregation.[29][30] 

This concept has also formed the basis of microkinetic deactivation studies on nickel 

catalysts.[31] 

The inactive carbon formed in methane reforming reactors can take the form of carbon 

nanotubes (a.k.a. “whiskers”) or encapsulating carbon. [21] Carbon nanotubes, or filamentous 

whiskers, are formed when surface carbon diffuses through the active metal particle and 

forms a stable graphitic structure, sometimes pushing the particle away from the surface of 

the support. The diameter of the nanotube is determined by that of the particle. It has been 

suggested that the rate determining step of this process is carbon diffusion and that the 

activation energy is supplied by exothermic reactions such as CO adsorption and 

disproportionation.[32] Encapsulating carbon surrounds or covers the active site thus 

rendering it inactive, essentially poisoning the catalyst. Quantification of surface carbon 

deposits can be performed by oxidation after the reaction (TPO), and the peak position can be 

used to identify different types as originally classified by Zhang and Verykios. Cα, which 

oxidises at the lowest temperature of the three types identified, is the “active” carbon 

responsible for CO formation, and the stabilities of Cβ and Cγ (which are responsible for 

deactivation) can be reduced by addition of promoters, improving catalyst stability. [33] 

Many noble metal catalysts show high activity and stability against coke formation. This is 

attributed to the low mobility/solubility of carbon in these metals.[20] However, their costs 

are generally seen as prohibitively high for feasible application in the DRM process. 

Therefore much research has gone into discovering alternative catalysts which are resistant to 

coking, using less expensive metals such as nickel. 

2.3 State of the Art Nickel Catalysts 

Description of state of the art DRM catalysts can be split into four parts: choice of active 

metal/oxide, choice of support, choice of promoters and choice of synthesis method. 
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The most common catalysts are supported group VIII, IX and X metals, namely ruthenium, 

rhodium, iridium, platinum and palladium (in order of decreasing activity), [34–43]with 

nickel and cobalt as less expensive, active and stable alternatives. [44] [45] [19] [26] Noble 

metal catalysts are reportedly more active and resistant to coking, but due to their prohibitive 

costs and limited availabilities are not generally seen as appropriate catalysts for DRM. 

Therefore a huge amount of research focuses upon obtaining stable, active and coke-resistant 

nickel and cobalt based catalysts. Other effective catalysts include supported molybdenum 

and tungsten carbides.[46–48] However, nickel is most often reported as the active metal 

exhibiting activities and stabilities comparable to those of noble metals.[49][50][41] 

Furthermore, nickel has been shown to be highly active at low temperatures (550°C or 

lower)[51] [52] and Sokolov et al. have demonstrated reasonable activity for Ni/ZrO2-La2O3 

even as low as 400°C.[53] 

The most common DRM supports are metal oxides, such as silica, alumina, titania, magnesia 

and (to a lesser extent) zirconia, lanthana, ceria, carbon, and calcia, including combinations 

thereof.[37][53–58] Amorphous silica has been used as a standard bulk support or in high 

surface area mesoporous form such as SBA-15, MCM-41 or TUD-1, although it has been 

shown that the porous structure can collapse at high temperatures, blocking active 

sites.[59][60] The major aim of a DRM catalyst support is to highly distribute the active 

phase and provide stability against physical forms of deactivation, although the choice of 

support can in some cases directly affect the reaction mechanism. For example, carbon 

deposition is favoured on acidic supports, such as SiO2, whereas Lewis base supports are 

reported to have the opposite effect, as high affinity towards CO2 chemisorption and high 

oxygen mobility between support and active phase can lead to a bifunctional mechanism. 

This has been clearly demonstrated by Ferreira-Aparicio at al in their study of the effects of 

using γ-Al2O3 versus SiO2 supports on the behaviour of Ru catalysts.[61] In other catalytic 

systems, metal-support interactions may alter the electronic properties and reduce the 

tendency to aggregate (through sintering) of small nanoparticles of supported metal catalysts, 

the latter effect of which can be used to synthesise model supported metal catalysts.[62] 

Much research for many years has focussed on using MgO as a support, especially as the 

basis for standard nickel catalysts for DRM investigations. Whereas bimetallic NiMg has 

very poor activity, even relatively low nickel contents of around 5% on MgO have created 

effective DRM catalysts with low rates of coking in comparison to similar catalysts on TiO2, 
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SiO2 and activated carbon.[63] [28] The Fujimoto group demonstrated the impressive activity 

and resistance to carbon formation, especially at low temperatures, of Ni0.03Mn0.97O (ex)-

solid solution catalysts, and obtained further enhancement by Pt, Pd and Rh doping.[51] [52] 

Hu and Ruckenstein [64] concluded that the optimal NiO loading in NiO-MgO solid solution 

catalyst precursors was between 9 and 29 %wt, and indicated the major factors why MgO is 

an appropriate DRM support: (i)  it can form solid solutions with NiO, due to very similar 

lattice parameters and the same face centered cubic crystal structure, therefore not all the NiO 

is reduced, lessening the amount of surface nickel available for sintering into relatively large 

particles, even for high nickel content catalysts; (ii) The bonding of CO with Ni during 

chemisorptions requires donation of the C lone pair to Ni, and back donation of electrons 

from the metal, which weakens the C-O bond and facilitates the undesirable Boudouard side 

reaction. There are strong interactions between metallic nickel and the MgO (or NiO-MgO 

solid solution) support, decreasing the donor ability of Ni and thus suppressing this coking 

mechanism. This effect ceases when the surface nickel sinters into particles large enough to 

negate Ni-MgO interaction. Furthermore, pulse surface reaction rate analysis (PSRA) has 

shown that the catalyst support affects the structure of the reaction intermediate in methane 

decomposition on Ni, with the number of hydrogen atoms involved in CHx observed as x = 

1.0 for SiO2, 1.9 for TiO2, 2.4 for Al2O3, 2.5 for ZnO and 2.7 for MgO, with lower x in 

correlation with higher coking activity.[65] Identical conclusions have been drawn by many 

other studies, which have also highlighted the Lewis basicity of MgO as a contributing factor 

to CO2 adsorption and anticoking behaviour in consistency with previous studies. [66] [67] 

More recent research has applied modern synthesis methods to prepare MgO-coated SBA-15 

impregnated with nickel, which displayed improved activity and stability for DRM.[68] 

However, the issue of coking has not been fully resolved, and the difficulty of reducing 

nickel (II) in Ni(x)Mg(1-x)O solid solution allows much latent nickel to remain oxidised and 

inactive in the crystal lattice, causing low activity. 

Various promoters have been used with nickel catalysts. Adding small amounts of ytterbium 

(1-2%) to Ni/Al2O3 was found to promote activity and stability and suppress coking, notably 

maintaining small nickel particles with a narrow size distribution.[69] La-Ni oxides and ZrO2 

have similarly been shown to promote well by interacting with Ni and thus keeping the 

particle size low.[70] Ruthenium (itself active for DRM) and lanthanum have been widely 

researched as activity and stability promoters in DRM, and perovskite-type oxides have been 

shown to be excellent precursors for nickel DRM catalysts, with mixtures of Ni, La and Ru, 
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and partial substitution of La with Ca and Sr, showing higher resistance to carbon formation 

at the cost of activity.[71–73] The effect of lanthana and ceria as dopants/supports have also 

been investigated in depth, as these both react with CO2 to form oxygen-storing complexes 

on the catalyst surface (in the form of carbonates such as La2O2CO3) thus favouring oxidation 

of the carbon formed by methane decomposition and improving stability.[74] Addition of a 

small amount of MnO to Ni/Al2O3 catalysts resulted in an increase in catalyst stability, and 

even promoted the activity in one study by Yao et al. who noted the better coking resistance 

of Ni-Mn/SiO2 than either Ni/SiO2 or Ni-Zr/SiO2.[75] [76] 

Lee et al. added 5-15 wt.% MnO to an alumina support to form a Ni/MnO-Al2O3 catalyst, 

which was more active and stable than a Ni/Al2O3 reference catalyst.[76] Perhaps more 

significantly, a Ni/MnO catalyst was found to generate coke at a rate 1-2 orders of magnitude 

lower than all other catalysts investigated, although deactivation still occurred. They found 

that small amounts of partially reduced MnOx migrated onto and covered part of the nickel 

surface, controlling the metal ensemble size (similar to selective catalyst poisoning). This 

type of active surface decoration, described generally as SMSI, is known to occur in metal-

MnOx systems and enable more efficient DRM catalysis. [56] [77] It has also been suggested 

that the basicity of MnO allows the electron density of Ni to increase, chemically suppressing 

the total decomposition of methane on the nickel surface.[78] This would agree with the 

findings of Osaki et al. (discussed above) for various catalyst supports.[65] Furthermore, 

MnO increases the chemisorption capacity for CO2 when added to Ni/Al2O3 catalysts, 

explained by formation of a surface carbonate species. An increase of activated oxidative 

species shifts the equilibrium carbon concentration on the catalyst surface and inhibits 

formation of a stable carbon mass. 

The most common synthesis methods for nickel DRM catalysts are metal salt precursor 

routes. Precipitation or coprecipitation of the ionic nickel and the support, dopant etc. is 

common, as is the wet impregnation of an existing support, followed by calcination and 

reduction to produce unsupported (bulk) and supported catalysts.[62] Standard reference 

catalysts are typically prepared by one of these methods.[26] Other common methods include 

precipitation directly onto the support or thermal decomposition of precursor(s). However, 

technological advances have allowed greater control over the synthesis procedure and many 

synthetic procedures are used to obtain a wide range of different materials, including 
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confined, coated, egg-shell, egg-yolk catalysts and other non-traditional arrangements of 

materials.[62] 

2.4 Conclusions 

Despite thermodynamic barriers, low temperature DRM can be justified as a viable industrial 

process when reactor technologies and process integration are considered, such as a coupled 

DRM-OCM route. However, there are major catalytic issues with DRM, the main of which is 

carbon deposition (which is exacerbated at low temperature), with other difficulties of low 

activity and poor stability via other deactivation mechanisms. Whilst noble metal catalysts 

typically suffer less from these issues, they are generally seen as prohibitively expensive for 

DRM. Therefore various approaches exist to minimise these problems for nickel-based 

catalysts, including partial coverage or selective poisoning of active sites to keep a low 

ensemble size, maintaining small active nanoparticles, kinetically controlling the rates of 

carbon deposition and removal, and the use of metal support interactions (SMSI) can achieve 

one or all of these. 

Catalyst supports can improve the activity, or even directly affect the mechanism, with acidic 

supports favouring carbon depositions and basic supports demonstrating beneficial effects 

such as high affinity for CO2 chemisorption and oxygen mobility. Ex-solid solution catalysts, 

such as Ni/MgO, have demonstrated good stability due to interaction between the metal and 

oxide support, including high resistance to carbon deposition. Some initial research has also 

been performed on using MnO as a dopant in a Ni/Al2O3 catalyst, with impressive resistance 

to carbon deposition also attributed to SMSI. Finally, technological advances have allowed 

new approaches to catalyst synthesis to create non-traditional arrangements of active metal 

and support. 

 

 





3 Experimental 

3.1 Catalyst Synthesis 

All catalysts were synthesised in the groups of Professor Arne Thomas and Professor 

Matthias Driess by Dr Xiao Xie, Dr Elham Baktash, Michael Bernicke, Dr Prashanth 

Menezes and Dr Arindam Indra. Synthesis procedures are given here for the purpose of 

information only. 

After preparation, all catalysts were reduced in situ at 500°C in pure H2 for 1 h directly 

before testing. 

Preparation of Ni(x)Mn(1-x)O  (0 < x ≤ 0.5) by co-precipitation method 

Material was prepared according to our previous studies.[79][80] An example preparation is 

described below for Ni0.05Mn0.95O. 

1.25 mmol Ni(OAc)2·4H2O and 23.75 mmol Mn(NO3)2·4H2O were dissolved in 100 ml of 

deionized water.  55.00 mmol NaHCO3 was dissolved in 50 ml of deionized water. The 

NaHCO3 solution was added into the metal precursor solution drop wise under vigorous 

stirring. Molar ratio Ni(OAc)2:Mn(NO3)2:NaHCO3 = 0.05:0.95:2.2. The mixture was stirred 

at room temperature for 8 h, followed by filtration of the precipitate and washing with 

deionized water. The obtained solid was dried in vacuum at 80°C overnight and then calcined 

at 750°C for 4 h. Quantitative yield was observed. 

Preparation of Ni(x)Mn(1-x)O/SiO2 by a combination method of co-precipitation and sol-

gel process 

Material was prepared according to our previous studies.[79][80] An example preparation is 

given below for Ni0.05Mn0.95O. 

25.00 mmol Na2SiO3·5H2O was dissolved in 50 ml deionized water. First 30 ml NaHCO3 

(55.00 mmol) aqueous solution and later a certain amount of HCl (2 M,  20 ml) were added 

into the Na2SiO3 solution, the pH was adjusted to 9-10 by HCl. Subsequently 50 ml of metal 

precursor solution, containing 1.25 mmol Ni(OAc)2·4H2O and 23.75 mmol Mn(NO3)2·4H2O, 
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was added into the mixture drop wise under vigorous stirring (note that the solution becomes 

immediately viscous, thus manual stirring is advisable). Molar ratio Na2SiO3:Ni(OAc)2: 

Mn(NO3)2:NaHCO3 = 1:0.05:0.95:2.2. In the following step, the whole mixture was stirred at 

room temperature for 24 h, followed by filtration of the precipitate and washing with 

deionized water. The obtained solid was dried in vacuum at 80°C overnight and then calcined 

at 750°C for 4 h. Quantitative yield was observed. 

Synthesis of Ni6MnO8 and Ni2MnO4 catalysts by single source precursor route 

For Ni0.85Mn0.15C2O4∙2H2O, three micro-emulsions containing cetyltrimethylammonium 

bromide (CTAB, 2.0 g) as a surfactant, 1-hexanol (20 mL) as co-surfactant and hexane (35 

ml) as the lipophilic phase were prepared separately with an aqueous solution of 0.1 M nickel 

acetate, 0.1 M manganese acetate and 0.1 M ammonium oxalate. All three micro-emulsions 

were mixed slowly and stirred overnight at room temperature. The green precipitate then 

obtained was centrifuged and washed with 1:1 mixture of chloroform and methanol (200 mL) 

and subsequently dried at 60˚C for 12 hours. Similarly, with a ratio of 0.1 M nickel acetate, 

0.05 M manganese acetate and 0.1 M ammonium oxalate, Ni0.66Mn0.34C2O4∙2H2O was 

produced. For NiC2O4∙2H2O, only 0.1 M nickel acetate and 0.1 M ammonium oxalate was 

used. 

All oxalate precursor were heated to 400˚C with the rate of 2 K/min in dry synthetic air 

(20% O2, 80% N2) and kept at 400 ˚C for 8 hours in a tubular furnace and then cooled down 

to ambient temperature to form Ni2MnO4, Ni6MnO8 and NiO oxide phases from the 

Ni0.66Mn0.34C2O4∙2H2O, Ni0.85Mn0.15C2O4∙2H2O and NiC2O4∙2H2O, respectively. 

As obtained Ni2MnO4, Ni6MnO8, NiO and the oxalate precursors Ni0.85Mn0.15C2O4∙2H2O and 

Ni0.66Mn0.34C2O4∙2H2O were heated in pure hydrogen flow (100% H2) of 15 mL min
-1

 at 

500˚C before reaction for 1 hour to form the active catalysts. 

Preparation of Ni/SBA-15 using Ni4O4 cluster and Ni nitrate precursors [81] 

SBA-15 was prepared according to the published method.[82] Pluronic P123 triblock 

copolymer (Mav=5800) was dissolved in a mixture of distilled water and a 2M hydrochloric 

acid solution before the addition of tetraethyl orthosilicate (TEOS). The above mixture was 

stirred for 24 h at 35°C, and subsequently treated hydrothermally at 100°C for 24 h. Finally 

the precipitate product was filtered, dried at 100°C and calcined at 500°C for 4 h. 
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Incipient wetness impregnation (IWI) was used to introduce the Ni cubane molecule and Ni 

nitrate precursors into the SBA-15 pores. A-Ni4/SBA-15 and A-Ni/SBA-15 (A represents the 

nominal content of Ni) were prepared by impregnation with a Ni4 molecule and Ni nitrate 

aqueous solutions with different concentrations. All samples were vacuum-dried at room 

temperature and calcined at 550°C for 4 h. 

Preparation of alumina coated nickel nanoparticles by ALD 

Catalyst was prepared according to the published method.[83] Ni oxide nanopowder (∼50 nm 

particle size (TEM), 99.8% trace metals basis) was purchased from Sigma–Aldrich. ALD was 

performed using a viscous flow reactor system similar to one previously described [84] and a 

fixed-bed powder sample holder. Ultrahigh purity nitrogen (99.999%) was used as the carrier 

gas with a mass flow rate of 360 Nml min
-1

. The system pressure was between 133 and 266 

Pa. In traditional ALD, two precursors, A and B, are alternately dosed and purged through the 

reactor with the time sequence t1–t4. A is trimethyl aluminum (TMA, Sigma–Aldrich, 97%); 

B is deionized water; t1 is the dosing time for A; t2 is the purge time for A; t3 is the dose time 

for B; and t4 is the purge time for B. The time sequence of 300–300–300–300 s was chosen 

for the system due to the porous nature of the NiO nanopowder, which usually needs longer 

dosing and purging time than for flat substrates.[85] The over-coated samples were prepared 

using 5, 10, 15, and 20 cycles of Al2O3 ALD at 50°C to generate the protective layers, and 

are described as NiO-X, where X is the number of alumina ALD cycles. 

3.2 Catalyst Testing 

Catalytic testing was carried out in tubular fixed-bed quartz reactors with internal diameters 

of approximately 9 mm. The bed consisted of powdered catalyst diluted with silica or quartz 

balls (diameter 0.4-0.5 mm) or quartz sand (40% 0.2-0.8 mm). Directly before each 

experiment, the catalyst was reduced in-situ with pure hydrogen at a flow rate of 15 Nml min
-

1
 at 500°C for 1 h. Reaction gas was methane and carbon dioxide diluted in helium at 

atmospheric pressure, with argon or nitrogen as internal standard. Gas flow was controlled by 

calibrated MFCs (Bronkhorst High-Tech BV, various models). For screening experiments, 

the ratio of CH4:CO2:He  was 1:1:8, the total reactor bed volume used was 1.25 ml, and 

typical gas flow rate was 30 Nml min
-1

. The catalyst mass was chosen for each experiment 

depending upon the nickel content and expected activity, but was typically 50 mg for initial 

activity measurements. Further testing was carried out at different flow rates, gas ratios, bed 
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volumes and catalyst masses. Methane (99.95%), carbon dioxide (99.995%), helium and 

hydrogen (99.999%) were obtained from Air Liquide and used without further purification. 

The DRM product gas was analysed using an Agilent 7890A gas chromatograph equipped 

with adsorption column and molsieve (J&W 123-1056: 50 m x 320 µm x 0.52 µm DB-1 

column; Agilent 19091: 60 m x 320 µm x 1 µm HP-PlotQ Molsieve), thermal conductivity 

(TCD) and flame ionisation (FID) detectors. GC control and data evaluation was performed 

using Agilent ChemStation B.04.01. 

Conversion    of reactant   was calculated using the standard formula: 

   
                       

          
 ( 3.1 ) 

… where       is the total flow of all gases into the reactor,        is the total flow of all gases 

out of the reactor, and       and        are the mole fractions of reactant   at entrance and exit 

of the reactor, respectively. Average conversion values (for specific activity) were calculated 

by the following method: 

- Exclude the first data point at each temperature (after equilibration) 

- Average over all the activity values for the first 10 h (or all available data) on stream 

at that temperature 

Therefore the activity information includes any rapid deactivation/increase in activity that 

occurs with time on stream. This is to avoid labelling a catalyst as “highly active for the dry 

reforming of methane,” when it is actually only highly active for methane decomposition 

(and water gas shift) and deactivates completely within the first few hours. Furthermore, 

some high surface area catalysts (e.g. SBA-15 supported) may be highly active at high 

temperatures due to a high number of available active sites, but experience sintering or 

support pore collapse, rapidly lowering their activity. The high number of DRM publications 

every year makes this a necessity for discrimination between state-of-the-art catalysts and 

catalysts with well-presented data. 

The catalytic Gas Hourly Space Velocity (GHSV) and Weight Hourly Space Velocity 

(WHSV) were calculated using the following formula, where    and    are the volumetric and 

mass flow rates of feed gas, respectively, and      is the mass of catalyst used: 
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 ( 3.2 ) 

     
  

    
 ( 3.3 ) 

The contact time was calculated as below, where      represents the bed volume: 

             
     

  
 ( 3.4 ) 

The bed voidage,  , was measured experimentally to be around 0.45 for the quartz beads 

used, in agreement with literature data for loose randomly packed spheres. 

3.3 Characterisation 

Catalysts were also characterised using the following techniques: Temperature Programmed 

Reduction (TPR) and Oxidation (TPO), Thermo-Gravimetric Analysis (TGA), Brunauer-

Emmett-Teller Nitrogen Adsorption (BET), X-ray diffraction (XRD), transmission electron 

microscopy (TEM), scanning electron microscopy (SEM) and energy-dispersive X-ray 

spectroscopy (EDX). 

Temperature programmed reduction (TPR) 

Typical TPR used 50 ml min
-1

 total flow of 10% hydrogen in nitrogen at a heating rate of 5 K 

min
-1

. The heating rate was altered for specific experiments to facilitate comparison with 

literature values, since an increase in the heating rate causes peak broadening and shift to 

higher temperatures. All TPR conformed to Monti-Baiker criteria. The outlet gas was dried 

using a standard mole sieve and analysed using a calibrated Messkonzept FTC200 fast-TCD 

unit. 

(Post-Reaction) Temperature programmed oxidation (TPO) 

The catalyst was also characterised using TPO, similar to TPR. Post-reaction TPO was used 

to quantitatively measure the amount and characterise the type of solid carbon formed on the 

catalyst surface during reaction. This was performed by placing the original quartz reactor in 

the TPO oven without removing the catalyst bed. A defined synthetic air flow and 

temperature ramp, typically between 5 and 60 Nml min
-1

 and 10 K min
-1

, were set and the 
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carbon content (CO, CO2) in the outlet gas was measured using a quadrupole mass 

spectrometer (Inprocess Instruments GAM 200). Calibration with graphite powder (Sigma-

Aldrich, PURITY) was accurate to a total error in the calculated graphite mass of less than 

3%. Peak positions were compared with literature values. 

Thermo-gravimetric analysis (TGA) 

TGA was performed using a Netzch TG209 F3, coupled to a quadrupole mass spectrometer 

(MS, Inprocess Instruments GAM 200). 

Brunauer-Emmett-Teller nitrogen adsorption (BET) 

BET surface area measurements were performed using a 5-point N2 adsorption analysis on a 

Micromeritics Gemini with VacPrep 061. 

X-ray diffraction (XRD) 

XRD was carried out by Maria Unterweger in the group of Professor Thomas. A Bruker D8 

Advance X-ray diffractometer with Cu Kα1   1.5418   radiation was used for wide angle 

XRD (2θ between 2° and 90°). Peak identification was performed using data from the JCPDS 

database. 

Transition electron microscopy (TEM) 

TEM analysis was performed by Dipl. Ing. Sören Selve at the ZELMI institute, using an FEI 

Tecnai G² 20 S-TWIN transmission electron microscope with LaB6 cathode at 200 kV (point 

resolution 0.24nm), and TEM-EDX using an EDAX Si(Li) r-TEM SUTW Detector (energy 

resolution of less than 136eV for MnKα). Samples were prepared by dispersion in water, a 3 

µL droplet of which was dried on a 200 mesh Cu grid, coated by a thin (approx. 30 nm) 

Formvar® film which had been previously coated with 3-5 nm amorphous carbon. 

Scanning electron microscopy (SEM) 

SEM was performed by Dipl. Phys. Christoph Fahrenson at the ZELMI institute, using a 

DSM982 FE-SEM with Gemini optics from ZEISS (12-14 kV), coupled with EDAX Apollo 

detector and TEAM software for EDX analysis (14 kV). Samples were mounted on silica 

slides without further preparation. 
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3.4 Data Evaluation 

The theoretical chemical equilibrium limits were calculated by the minimisation of Gibbs free 

energies method used in the equilibrium reactor model in the program CHEMKIN. Reaction 

conditions were chosen specific to each experiment, since the equilibrium conversions are a 

function of the temperature and partial pressures of each component in the system. Chosen 

product gases were CH4, CO2, CO, H2 and H2O (and He). Thermodynamic data were taken 

from the DETCHEM website.[86] 

Kinetic Data 

When measuring kinetic parameters, experimental error was assumed to take the form of a 

normal distribution around the mean. Error bars shown represent a 95% confidence interval, 

i.e. twice the standard deviation of multiple measurements at identical conditions. Shown on 

a natural logarithm plot, this was translated into the relative error by the standard procedure 

of differential analysis for transcendental functions, assuming a small error, that is for the 

function         , where   here generally represents the reaction rate,    represents twice 

the standard deviation (the absolute error) and    the plotted error: 

   
  

  
   

         

  
   

  

 
 ( 3.5 ) 

Parameter fitting was generally performed by minimising the sum of squares of the residual 

    ) and evaluation considered using R
2
. The general definitions are: 

     
   

       
               

 

 

                    

 

 ( 3.6 ) 

 

… where    represents each experimental data point,    is the corresponding fit and    is the 

mean of all experimental data. 

When fitting kinetic parameters, it is assumed that experimental error has a normal 

distribution around a zero mean with constant variance.[87] For a model with   parameters 

(  ,   …   ) to fit   estimated response variables (   ,    …    ) to   data points (  ,   …   ) 

the goal of parameter estimation is then to minimise the objective function, which is the     

as a function of the parameters: 
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           ( 3.7 ) 

Non-linear models are harder to fit and generally must be linearised to minimise the function 

directly, although this changes the error distributions. Therefore iterative methods should be 

employed to find the optimum parameters. Whilst many improved gradient algorithms exist 

to rapidly find solution parameters from poor initial guesses (Gauss-Newton, Levenberg-

Marquardt), it was considered that any initial guesses should be close to the optimum 

parameters (or at least good initial guesses) for each statistically significant model since the 

parameters have already been optimised for similar catalysts in the literature. Furthermore, 

the comparatively small experimental data set and relative simplicity of the models in 

question meant little processing power was required to obtain optimised parameters in a few 

minutes or less. Therefore a simple steepest descent method was used in this work, wherein 

the initial guess for each parameter was altered by 1% and the change in SSR was measured 

to determine the approximate (1
st
 derivative) optimisation vector, which was then used to 

successively step towards the solution and improve the direction vector. Iteration was halted 

when the change in SSR or    between steps fell below 10
-9

. 

Note that R
2
 is not a very appropriate measure of the quality of data fitting, since the lack of 

intercept of any conversion-based model (at t = 0, X = 0) means that    , that is: 

                      ( 3.8 ) 

… where    indicates the mean, does not naturally occur in the analysis.[88] Therefore the 

final SSR is also given. 

Model discrimination was performed by first fitting the model parameters to integral-mode 

kinetic data from several experiments, then analysing the rate dependence at low conversion 

levels using variation of reactant partial pressures in a differential-mode reactor (i.e. 

comparison with initial rates). Different rate determining steps predict different pressure 

dependencies, allowing the kinetic model to describe rate behaviour well across a wide range 

of conditions. 



4 Novel Catalysts – Testing and 

Comparison
1
 

There are a huge number of different catalysts available for DRM commercially and in the 

literature. Descriptions of the synthesis, characterisation and testing of many variations of 

nickel-based catalysts are published every year in a variety of journals, and major chemical 

companies focus research departments and initiatives on DRM catalyst development and 

utilisation.[89] When new catalysts are synthesised, it is of vital importance to be able to 

compare the results with those already published, to ensure proper comparison of data for 

activity, stability and rates of coking. However, even for fixed bed tubular reactors, it is 

impossible to compare all catalysts with precisely the same conditions, for many reasons: 

- Variations in reactors: materials of construction, fixed bed length and diameter, flow 

profiles in the catalyst bed, mass and heat transfer limitations in the bulk, bed 

voidage; 

- Variations in catalysts: particle size, specific/volumetric activity, intraparticle mass 

and heat transfer limitations, surface area; 

- Variations in reaction conditions: feed composition, flow rate, reaction temperature, 

pressure, length of reaction; 

- Variations in experimental error: analysis methods, feed gas purities, catalyst purities, 

calculation methods and assumptions; 

All of these factors, which can vary between labs or even between experiments in the same 

lab, can make it difficult to provide an accurate representation of catalyst activity and 

stability, and comparison between catalysts. 

In order to mitigate these effects, it is crucial to ensure that the actual catalytic activity is 

measured. This means that the reaction rate should be controlled by the catalyst, and not by 

                                                 

 

 
1
 Sections of this chapter are published in references [81][83][79] 
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mass transfer limitations, gas phase reaction or thermodynamic equilibrium. Methods to this 

end are well documented.[87] Whilst it can be preferential to run a reactor in differential 

mode for kinetic purposes, it is often more informative to operate at higher conversions when 

screening to obtain immediate information about the catalyst behaviour under reactant 

concentration gradients and slightly more realistic conditions, for example to spot 

deactivation from a product species, and also because often no activity information about the 

catalyst is known at that point. Activity can then be compared in dimensions of rate of educt 

converted (or product formed) per unit time per unit mass/amount/volume/surface area of 

catalytic material as appropriate. 

This chapter focuses on the testing of various materials produced via a range of synthetic 

procedures, shown schematically in Figure 4.1, as catalysts for the dry reforming of methane. 

 

Figure 4.1. Schematic of various catalyst types tested in this work. 

4.1 Commercially Available Nickel Catalysts 

Dry reforming is not yet practiced on a commercial scale, so catalysts described in this 

section are not industrially used for DRM or sold as DRM catalysts. However, this work 

focuses on nickel-based systems, and there are many commercially available nickel-based 
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catalysts. Therefore the catalysts tested were chosen as a representation of commercially 

available nickel catalyst materials without exceptional preparation, treatment or additives. 

Nickel supported on silica/alumina and stabilised for catalysis 

65 wt% Ni supported on SiO2-Al2O3 (Sigma-Aldrich, 208779) was tested for low temperature 

dry reforming of methane. This catalyst is often used in GC methanisers and represents a 

typical supported nickel catalyst, in that it has a relatively high surface area (190 m
2
 g

-1
) and 

is reduced and stabilised as bought. Figure 4.2 shows the methane conversion with time on 

stream. As expected, conversion increases with the temperature.  

 

Figure 4.2. Methane conversion of commercial Ni/(SiO2-Al2O3) catalyst (top) and reactor 

pressure and carbon balance for the same experiment (bottom) with time on stream. 50 mg 

catalyst used, GHSV = 36,000 L h
-1

 kgcat, CH4:CO2:He = 1:1:8. 

Notably, the conversion is higher than the calculated equilibrium conversion for a single gas 

phase, which should be impossible for steady state reaction regardless of the catalyst used. 
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The reason for this is indicative of the need for catalyst development in low temperature 

DRM. Figure 4.2 also shows the carbon balance (difference between the flow of carbon in 

and out of the reactor) and the reactor pressure over the reaction period. A huge amount of 

the carbon which enters the reactor does not leave, indicating severe carbon deposition. Since 

the equilibrium calculation does not take into account the removal of material into a second 

phase, it is inadequate for such strongly carbon-forming catalysts. This is analogous to the 

shifting of reaction equilibria towards higher conversions which can be achieved in 

membrane reactors by removing one or more reaction products into a separate phase. In the 

order of 250 mg of carbon (integrated over the reaction period) is deposited – several times 

the catalyst mass. This is accompanied by a large pressure increase inside the reactor as the 

MFCs attempt to maintain a constant flow rate despite extreme reduction of the bed voidage. 

After less than 6 hours on stream, the experiment was forced to halt due to high pressure. The 

reactor after the experiment is shown in Figure 4.3, and the carbon deposited can easily be 

identified visually. 

 

Figure 4.3. Photograph of quartz fixed bed tubular reactor before catalyst loading and 

reaction (top), and after severe coking from DRM reaction (bottom). 

Although the catalyst is definitely active, the catalytic activity is not fully clear from this 

experiment alone. Similarly, whilst the conversion is stable, the catalytic activity may 

decrease with time on stream but remain high enough to be limited by the real, two-phase 

Catalyst bed length 
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(gas + solid) equilibrium restraint. However, although the catalyst remains active despite 

heavy coking, it is unacceptable for such a catalyst to be used in DRM. 

As further demonstration of this, the 65 wt% Ni on silica/alumina catalyst was also exposed 

to dry reforming conditions under thermogravimetric analysis (TGA). This cannot be 

considered as a representative activity test due to poor mass transfer between the gas phase 

and the catalyst, therefore conversion data are not shown, but it allows direct measurement of 

the catalyst mass with TOS as shown in Figure 4.4. After an initial mass decrease (indicating 

stabilisation of physical conditions within the measurement chamber including reduction of 

any oxidised nickel), the catalyst mass steadily increases to over 300% of the original value 

due to carbon deposition. At 180 minutes, the crucible shattered due to the large increase in 

volume of the solid inside, and the data thereafter are due to resultant malfunctioning of the 

TGA equipment. Photographs of the catalyst samples are shown in Figure 4.5. 

 

Figure 4.4. TGA results showing catalyst mass increase with time on stream for commercial 

Ni/(SiO2-Al2O3) under DRM reaction conditions, and indicating damage to the crucible after 

180 minutes. 
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Figure 4.5. Photographs of the TGA crucible loaded with Ni/(SiO2-Al2O3) catalyst before 

reaction (left), and the broken crucible and severely coked catalyst (right). 

 

 

Figure 4.6. Testing results for commercial Ni/(SiO2-Al2O3) showing activity unaffected by 

equilibrium effects. 5 mg catalyst used, GHSV = 360,000 L h
-1

 kgcat, CH4:CO2:He = 1:1:8. 

Figure 4.6 shows a repeated test using less catalyst to operate further away from 

thermodynamic equilibrium and obtain realistic values for the catalytic activity. These are 

summarised in Table 4.1. The methane reaction rate is still significantly higher than that of 
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carbon dioxide for most of the experiment, indicating a higher rate of methane cracking than 

carbon removal by CO2 activation and therefore carbon deposition. After 6 h on stream, the 

catalyst shows deactivation, although the rate of methane reaction decreases at a higher rate 

than that of CO2. This shows that the rate of CH4 decomposition is essentially independent of 

the rate of CO2 activation. 112 mg of carbon (22.4 mgC mgcat
-1

) was deposited in the reactor 

as a result, as revealed by post-reaction TPO (Figure 4.7). The single TPO peak occurred at 

589°C indicating that the carbon formed during reaction can be classified as graphite-like 

(Cγ), as opposed to polymeric coke.[90] 

Table 4.1. Average reaction rates of Ni/(SiO2-Al2O3). The lower 

methane rate at 600°C is due to catalyst deactivation. 

Reaction 

Temperature, °C: 

Rate of Reaction, mmol min
-1

 gcat
-1

 

CH4: CO2: 

500 7.1 6.8 

525 10.0 8.7 

550 12.3 10.8 

575 13.0 12.7 

600 11.6 13.5 

 

 

Figure 4.7. TPO data to quantify the carbon deposits on the catalyst tested in Figure 4.6. 60 

ml min
-1

 total flow, 10% O2 in He, heating rate 2 K min
-1

. 

The 65 wt% Ni on silica/alumina catalyst gives a good benchmark activity expected of 

commercial reforming catalysts, and illustrates the problems of catalyst coking – not only as 

an issue for catalyst stability, but also reactor integrity. 
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Pure nickel nanoparticles 

One of the suggestions for stable catalysis is the application of small nickel nanoparticles, 

which favour reforming over carbon deposition because of a low active site ensemble size. In 

its simplest form, this could be a powder of unsupported nickel particles. 

 

Figure 4.8. TEM image of as-supplied NiO nanopowder. 

50 nm particle diameter (approximate, Figure 4.8) nickel oxide powder (99.8% trace metals 

basis, Sigma Aldrich) was reduced in-situ before reaction to form the catalytically active Ni
0
 

surface. As shown in Figure 4.9, this material shows almost no activity in the first 30 minutes 

on stream and very rapidly deactivates within this time, and the conversion cannot be 

immediately improved even by subsequent reaction at higher temperature. However, when 

the reaction is started by directly heating to 800°C (after reduction at 500°C), the activity 

gradually increases to obtain reasonably (semi-)stable operation, as shown in Figure 4.10. 

This could indicate the deactivating effect of carbon deposition at lower temperatures, which 

is thermodynamically suppressed at higher temperatures. The increasing activity is probably 

caused either by slow reduction of residual NiO in the catalyst or gradual removal of carbon 

which was rapidly deposited in the heating-up phase. It is unlikely to be related to physical 

change in the catalyst surface, since higher temperatures are associated with particle 

agglomeration and a decrease in active surface area (indeed this is expected even during 
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reduction at 500°C). However, a fairly low GHSV was used for the test shown in Figure 4.10 

and the unsupported nanoparticle catalyst was therefore not particularly active even at 800°C. 

 

Figure 4.9. Conversion with TOS for 20 mg Ni nanopowder after reduction (30 ml min
-1

 

total gas flow, CH4:CO2:He = 1:1:8, GHSV: 90,000 L h
-1 

kgcat
-1

) 

 

Figure 4.10.  Conversion with TOS for 100 mg Ni nanopowder after reduction and direct 

heating to 800°C (30 ml min
-1

 total gas flow, CH4:CO2:He = 1:1:8, GHSV: 18,000 L h
-1 

kgcat
-1

) 

 



4 Novel Catalysts – Testing and Comparison  

 

 

38 
 

4.2 SBA-15 Supported Ni4 Cluster Catalysts 

Considering that maintaining a small nickel particle size is a major determining factor for the 

activity and stability of a catalyst, a good strategy for synthesis is therefore to disperse small 

amounts of nickel over a high surface area support to produce nanoparticles which are stable 

against sintering. An interesting alternative to wet impregnation using aqueous metal salts is 

the use of single source precursors (SSPs), i.e. small molecular metal oxide clusters 

preorganised in metal organic compounds, a route in which a small defined number of metal 

atoms are deposited on the support in close proximity. This can give better control over the 

metal nanoparticles as they form on the support surface. 

 

 

Figure 4.11. LEFT: TEM images of Ni4/SBA-15. RIGHT: TEM images of Ni/SBA-15. 

Lettering corresponds to: 1- (a, b); 2- (c, d); 5- (e, f). All catalysts characterized after 

calcination (before reduction/reaction). 
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An ordered, mesoporous silica support (SBA-15) was impregnated with Ni4O4 cubane SSP as 

described in the experimental section, to form a series of SSP catalysts with various nickel 

contents. A second set of catalysts was prepared by impregnating SBA-15 with an aqueous 

nickel salt solution using a standard procedure. These were all dried at room temperature, 

calcined for 4 h at 550°C and finally reduced in-situ for 1 h at 500°C in pure H2 before 

catalytic testing for the DRM reaction at low temperatures (500-600°C). SBA-15 was chosen 

as support due to its high surface area, well-defined synthetic procedure, robust properties as 

a catalyst support and the well-understood chemistry of amorphous silica. 

Catalysts were characterized by TEM, shown in Figure 4.11. The mesoporous SBA-15 

structure can be seen intact after calcination, as confirmed by low angle XRD which show 

characteristic [1 0 0], [1 1 0] and [2 0 0] peaks from the hexagonal pore structure. All 

catalysts prepared by the SSP route had formed visible nickel nanoparticles on the silica 

support before reaction, although for the lowest loading these were few and isolated. 

However, nickel nanoparticles were highly dispersed for all Ni4 materials. Nickel 

nanoparticles could only be seen for 5-Ni/SBA-15, which had the highest loading. 

The metal contents of all catalysts as determined by ICP are shown in Table 4.2. The 

discrepancies between the actual metal contents and the nominal ones (1-, 2- and 5-Ni…) are 

probably due to the washing step after preparation. 

Table 4.2. ICP and testing results of Ni4/SBA-15 and Ni/SBA-15 catalysts. 

Sample Nickel content 

from ICP (wt%) 

Activity
 
(molsCH4 molNi

-1
 min

-1
) 

500 
o
C 550 

o
C 600 

o
C 

1-Ni4/SBA-15 0.52 3.2 6.0 13.9 

2-Ni4/SBA-15 0.81 3.5 5.5 9.7 

5-Ni4/SBA-15 1.67 3.1 3.8 5.3 

1-Ni/SBA-15 0.51 3.9 3.9 - 

2-Ni/SBA-15 0.97 3.0 5.0 8.3 

5-Ni/SBA-15 2.53 1.4 2.6 3.4 

Wide angle XRD patterns of the calcined catalysts (shown in Figure 4.12) have observable 

characteristic NiO peaks for 5-Ni4/SBA-15 only (2θ = 37.2, 43.1 and 62.8° corresponding to 

[1 1 1], [2 0 0] and [2 2 0] planes of the face centered cubic structure) and the peaks are small 



4 Novel Catalysts – Testing and Comparison  

 

 

40 
 

broad, indicating very small NiO nanoparticles. For all other catalysts, no peaks can be seen, 

indicating very small and disperse nanoparticles or other Ni species. 

 

Figure 4.12. Wide angle XRD patterns of calcined Ni4/SBA-15 (left), Ni/SBA-15 (right), and 

SBA-15, with NiO reference peaks. 

The catalytic behaviour of all catalysts for DRM is shown in Figure 4.13 and Figure 4.14, as 

methane conversion. Due to the difficulties in obtaining standard and SSP catalysts with 

identical nickel loading, activities were also compared on a per nickel content basis, shown in 

Table 4.2. All catalysts exhibited high activity at low temperatures. All catalysts showed 

increasing activity with increasing nickel content, as expected, and the initial activities of Ni4 

catalysts (500°C, Table 4.2) were proportional to the nickel contents. However, the general 

trend of reaction rates per mole of nickel for both series indicates higher rates for catalysts 

with lower loadings. This is clearly a result of the nickel particle size; larger nickel particles 

formed on catalysts with higher loadings result in lower rates per mole of nickel, since only 

the surface nickel atoms can be expected to take an active catalytic role in the DRM reaction. 

There is also a clear benefit to using the SSP route, as all catalysts showed higher activity per 

mole of nickel, or even per gram of catalyst such as 5-Ni4/SBA-15, which was more active 

(despite having a lower nickel content) than 5-Ni/SBA-15. With the exclusion of 1% 

catalysts, the SSP rout catalysts (Ni4) also produced higher H2/CO ratios, and the most 

selective catalyst was 5-Ni4/SBA-15, although there was a general trend between activity and 

H2/CO ratio (Table 4.3). 
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Figure 4.13. Methane conversion with time on stream for Ni4/SBA-15 SSP route catalysts. 

GHSV = 36000 L h
-1

 kgcat
-1

, 30 Nml min
-1

 total gas flow, CH4:CO2:He = 1:1:8. 

 

Figure 4.14. Methane conversion with time on stream for Ni/SBA-15 standard catalysts. 

GHSV = 36000 L h
-1

 kgcat
-1

, 30 Nml min
-1

 total gas flow, CH4:CO2:He = 1:1:8. 
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Catalysts with higher nickel loadings were stable at all temperatures, although it is important 

to note the interference of equilibrium effects which can signify lower stability than is 

apparent, regarding in particular 5-Ni4/SBA-15. However, 1-Ni/SBA-15 deactivated 

constantly, and fell to complete inactivity after 17 h on stream. At higher temperatures, the 

activities of Ni4 catalysts gradually increased, especially the catalyst with lowest loading. 

This leads to the conclusion that a certain nickel cluster size is necessary for a sufficient dry 

reforming catalytic performance. Catalysts which start out as highly dispersed nickel particles 

or clusters must first sinter to form this critical nickel particle size. 

Table 4.3. Average H2/CO ratios of catalysts 

in 500-550°C period of reaction. 

 

H2/CO ratio 

 

Ni4/SBA-15 Ni/SBA-15 

1- 0.70 0.76 

2- 0.83 0.77 

5- 0.88 0.86 

 

The SSP catalysts were also tested for carbon deposition after reaction, shown in Table 4.4. 

Small carbon deposits were found on all catalysts, although catalysts with higher nickel 

contents (and therefore higher activities) had larger deposits. Comparison of 1-Ni4 and 5-Ni4 

catalysts showed that, whilst 5-Ni4 contained approximately 4 times the nickel of 1-Ni4, and 

exhibited catalytic activity proportional to that, it developed almost 20 times the amount of 

carbon during DRM. This is indicative of the concept that carbon deposition can be 

suppressed even on pure nickel active sites if the nickel particles are sufficiently small. 

Table 4.4. Amount of carbon deposited on SSP 

catalysts during reaction as determined by post-

reaction elemental analysis. 

Sample Carbon Content (wt%) 

1-Ni4/SBA-15 0.30 

2-Ni4/SBA-15 1.05 

5-Ni4/SBA-15 5.56 
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4.3 Alumina Coated Nickel Catalysts 

Particle sintering is known to occur at higher temperatures, which is in turn followed by 

stabilisation of surface carbon due to larger nickel particle size and therefore higher active 

site ensemble size. If it is possible to maintain small nickel nanoparticles under high 

temperature reaction conditions, carbon deposition can theoretically be avoided. As shown in 

section 4.1, pure nickel nanoparticles are not stable alone, and a temperature-stable support is 

required. However, various studies have highlighted the problem of nickel particle sintering 

even over stable supports. 

Alumina-coated 50 nm NiO nanoparticles were prepared by atomic layer deposition (ALD) 

as described in section 3.1, with 5, 10, 15 and 20 ALD cycles. ICP results show increasing 

aluminium content with number of ALD cycles, indicating increasing numbers of Al2O3 

layers. Catalysts showed decreasing surface areas with increasing number of alumina layers, 

most likely due to filling of the voids within the 50 nm nickel nanoparticles with the alumina 

support during deposition (Table 4.5). 

Table 4.5. BET surface areas and ICP results of the alumina coated NiO nanoparticles. 

Name Number of cycles SBET m
2
 g

-1
 Al% (from ICP) 

NiO 0 99.2 0 

NiO-5 5 51.0 9.30 

NiO-10 10 31.9 14.85 

NiO-15 15 23.6 17.25 

NiO-20 20 16.2 20.40 

 

The alumina coating can be seen by TEM images of the catalyst, shown in Figure 4.15. Note 

that even after the initial reduction step, the uncoated nickel particles have agglomerated into 

a bulk mass or nickel, which is not the case for the ALD coated nanoparticles. Separate HR-

TEM images of NiO-20 showed the alumina coating (after 20 ALD cycles) to be 

approximately 8 nm thick. 
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Figure 4.15. TEM images of uncoated NiO nanopowder (top), and after 5 ALD cycles (NiO-

5). Images on the left are before reduction, images on the right are after reduction at 500°C 

for 1 h under H2. 

XRD analysis (Figure 4.16) of as-prepared catalysts showed only NiO phase, whereas 

reduced catalysts showed predominantly metallic Ni and some residual NiO. It is also 

possible that the nickel was completely reduced but partly reoxidised upon contact with air 

during removal from the reactor and transfer to the analysis chamber, the proportion of 

reoxidised material being more significant due to the small particles. Note that the catalysts 

will here be referred to simply as NiO-5 to 20 for simplicity. 
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Figure 4.16. XRD patterns of nickel (oxide) nanoparticles after 20 cycles of ALD, before and 

after 1 h reduction in H2 at 500°C. 

TPR study of the as-prepared catalysts, shown in Figure 4.17, showed peak shift to higher 

temperatures for higher numbers of ALD cycles, indicating metal-support interaction 

between NiO and Al2O3. No clear correlation between the amount of catalyst reduced and the 

choice of support was observed (Table 4.6), although all supported catalysts were reduced to 

a greater extent than the unsupported powder possibly by maintaining smaller particles at 

higher temperatures. 

 

Table 4.6. Quantified TPR results for NiO catalysts. 

  Amount of NiO reduced to Ni 

Unsupported 66.1% 

NiO-5 88.7% 

NiO-10 81.8% 

NiO-15 84.4% 

NiO-20 73.6% 
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Figure 4.17. TPR of as-prepared NiO ALD materials. 30 ml min
-1

 total flow, 10% H2 in N2, 

10 K min
-1

 heating rate. Catalyst masses 11-17 mg (approx. 10 mg NiO). All tests conformed 

to Monti-Baiker and Malet-Caballero criteria. 

Catalysts were tested for DRM, shown in Figure 4.18. Increasing number of alumina layers 

correlates to decreasing activity, as expected from ICP results. However, reaction rates per 

mole of nickel also decrease with increasing alumina content, due to coverage of the nickel 

surface by alumina and decreasing total surface area (Table 4.5). Notably, the catalyst was 

significantly more active and stable than the uncoated nickel nanoparticles (Figure 4.19 and 

see section 4.1). Whilst 20 mg of NiO nanoparticles was used in this experiment, only 1 mg 

of NiO-5 had to be used in order to achieve much higher conversions. This is because 

agglomeration of the particles to larger particles is inhibited by the alumina coating. At 

800°C, the more active catalysts (NiO-5 and NiO-10) reached equilibrium conversions, 

therefore despite seeming to exhibit the same activity at this temperature the NiO-5 catalyst is 

almost certainly more active. 
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Figure 4.18. Testing results of nickel nanoparticles with 5, 10, 15 and 20 cycles of alumina 

ALD. CH4:CO2:He = 1:1:8. 1 mg catalyst used, gas flow = 60 ml min
-1

, GHSV = 3,600,000 L 

h
-1 

kgcat
-1

. 

 

Figure 4.19. Testing results for uncoated nickel nanoparticles (NiO) and after 5-cycles of 

alumina ALD (NiO-5). CH4:CO2:He = 1:1:8. 1 mg NiO-5, Gas flow = 60 ml min
-1

, (GHSV = 

3,600,000 L h
-1

 kgcat
-1

). 20 mg NiO, Gas flow = 30 ml min
-1

 (GHSV = 90,000 L h
-1

 kgcat
-1

). 
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Two long-term DRM reactions, one at 525 °C and the other at 800 °C, were carried out for 

the most active catalyst (NiO-5) to reveal the main cause of deactivation at lower 

temperatures, shown in Figure 4.20. At 525 °C, the methane conversion is well below 

equilibrium and decreases by a factor of almost 2 over 12 h. Post-reaction TPO indicated that 

19.9 mg of solid carbon per mg of catalyst had been deposited during the reaction period 

(1.65 mgc mgcat
-1

 h
-1

). At 800°C it was not possible to separate catalytic activity from 

equilibrium constraints to obtain comparable conversions and gas phase compositions, even 

with a very low catalyst mass (0.55 mg) and high space velocity of 6,545,000 L h
-1

 kgcat
-1

. 

However, very little carbon was detected on the surface after reaction by TPO (0.023 mg 

solid carbon per mg catalyst, 0.0019 mgc mgcat
-1

 h
-1

). The main cause of deactivation at lower 

temperature was therefore found to be carbon deposition, which can be suppressed by 

operating at higher temperature. This also indicates that the Boudouard reaction (2CO ↔ C + 

CO2, ΔH = -171 kJ mol
-1

) is indeed the main carbon forming reaction, as this is exothermic 

and therefore favoured at lower temperature. Furthermore, enhanced stability and higher 

activity at such high temperatures indicates that only 5 cycles of ALD treatment strongly 

protects the nanoparticles from sintering even at 800°C. These conclusions are clearly 

demonstrated in Figure 4.21 which shows the results of a repeated fast test, for which the 

catalyst shows deactivation after a single run, but completely regains its original activity after 

oxidising the deactivating carbon deposits. 

Further analysis of the TPO curves yielded information regarding the nature of the carbon 

deposits (Figure 4.22). Single peaks, all within the range 565-575°C, were observed by TPO 

for all three catalysts with detectable coke deposits. Comparison with literature data 

(considering peak shift with different heating rates) indicates that the carbon formed during 

reaction can be classified as graphite-like (Cγ) and not polymeric coke, and the amount 

deposited significantly decreases at higher temperature as expected.[33] [90] This indicates 

that little to no active coke remains on the catalysts for all reaction temperatures, and catalyst 

deactivation can be attributed to formation of graphite-like carbon. 

 



4 Novel Catalysts – Testing and Comparison 

 

 

49 
 

 

Figure 4.20. Long term testing of NiO-5 (5 cycle ALD 50 nm NiO nanoparticles), at 800°C 

(red, top) and 525°C (blue, bottom). Solid lines indicate calculated equilibrium conversions at 

respective temperatures. At 525°C: 1.94 mg catalyst used, GHSV = 928,000 L h
-1

 kgcat
-1

; at 

800°C: 0.55 mg catalyst used, GHSV = 6,545,000 L h
-1

 kgcat
-1

. 

 

Figure 4.21. Repeated activity testing, without oxidising carbon deposits (run 2) and after 

oxidising carbon deposits (run 3). Reaction conditions: 1 mg catalyst, 60 ml/min flow, 

CH4:CO2:He = 1:1:8. 
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Figure 4.22. TPO analysis of ALD catalysts after DRM reaction. 

Due to the extremely high activity of NiO-5, it was not possible to test the catalytic stability 

and activity at 800°C due to equilibrium limitations. Therefore an additional long-term test 

was performed with abnormally high GHSV by using a very low amount of catalyst (0.35 

mg) and 30 ml min
-1

 undiluted flow of feed gas to avoid equilibrium. This is shown in Figure 

4.23. 

It seems that a number of competing processes occur during the initial periods of reaction (A 

and B), increasing and decreasing catalytic activity. It is likely that expansion of the alumina 

pores occurs in the first period of high temperature reaction (A), increasing the accessible Ni 

surface area.[91] The subsequent gradual increase in activity after oxidation-reduction cycles 

(C and D) could possibly be attributed to deeper reduction of NiO under reaction conditions 

than re-reduction (1 h at 500°C in H2), as this repeats with, and does not occur without, 

calcination. A general trend of permanent deactivation can be seen in section B, accompanied 

by a measured increase in H2O production and therefore caused by a change in the active 

surface structure. Reasonable stability is achieved after one oxidation-reduction cycle (C and 

D), indicating a change in the number of active sites as opposed to blocking of active sites by 
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carbon deposition. Post-reaction characterisation was not possible due to the very low 

catalyst amount and this explanation cannot be confirmed. It should also be noted that for 

such an active catalyst, it is possibly difficult to neglect the role of intraparticle mass and heat 

transfer limitations. Given the assumption that the alumina layer contains fissures through 

which the reacting species transfer, it is possible that the catalytic activity is therefore limited 

by this rate of diffusion through the alumina layer. 

 

Figure 4.23. Long term, high temperature (800°C) test for NiO-5. 

After a lengthy period of activation and deactivation, the catalyst achieved notably high 

stable activity for 50 h. This indicates that the catalyst reaches a stable form and indeed does 

not strongly sinter despite operating at such high temperature. After the first 80 h, the activity 

and stability are unaffected by oxidation and reduction and catalysis is therefore not 

accompanied by long-term carbon deposition. 

4.4 NixMnyOz Catalysts 

A series of nickel-manganese oxide solid solution and composite catalysts were prepared by 

various methods to determine the effects of preparation procedure, manganese content and 

addition of a simple support on catalytic activity. Because all catalysts were reduced in-situ, 

the “as prepared” materials after calcination can be considered as catalyst precursors, with the 
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active centres formed during reduction of NiO to metallic nickel and formation of a final 

system of Ni(x)Mn(1-x)O, NiOx (0 ≤ x ≤ 1) and MnO. 

Ni : Mn ratio higher than 1 

Nickel-rich catalysts were also prepared, as Ni2MnOx and Ni6MnOx oxalate precursors which 

were reduced in situ, using a single source precursor route to ensure maximum dispersion of 

the elements at the atomic level. After preparation, all materials were reduced at 500°C for 1 

h (as for all catalysts) to form the active catalysts. The catalysts were numbered 1-4, catalysts 

1 and 2 formed from Ni0.66Mn0.34C2O4 precursor and catalysts 3 and 4 formed from 

Ni0.85Mn0.15C2O4  precursor. Oddly numbered catalysts were calcined in air and subsequently 

reduced; evenly numbered catalysts only underwent the reduction step. A fifth catalyst 

(catalyst 5) was prepared by calcining and reducing NiC2O4 to form pure nickel, and a 

coprecipitated Ni6MnOx catalyst was also prepared. 

 

Figure 4.24. XRD and Miller indices (hkl) of catalysts 1-5. The dotted lines represents the 

crystal phases of MnO (green, JCPDS 71-1177), Ni (red, JCPDS 4-850) and NiO (blue, 

JCPDS 47-1049), respectively. 
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XRD analysis of the catalysts 1-4 (Figure 4.24) showed two clear crystalline phases, Ni and 

MnO, with little or no NiO. Any NiO detection is probably the result of reoxidation of the 

metallic nickel surface upon contact with air. No shift occurs for the MnO peaks, indicating 

that the phase is almost pure with little substituted Ni
2+

 ions in the oxide lattice. 

All catalysts were also characterised by TEM-EDX. Images of Ni2MnO catalysts showed 

self-supported, platelet type catalyst particles (Figure 4.25), and although it is difficult to 

obtain phase-related information from the images, due to low mass contrast between nickel 

and manganese phases, electron diffraction patterns showed pure crystal phases of Ni and 

MnO with some contribution from nickel-rich NixMn1-xO solid solution. TEM-EDX analysis 

of Ni6MnO catalysts (Figure 4.26) showed spherical and plate-like particles, which were rich 

in nickel (Ni, NiO) and manganese (MnO), respectively (see EDX in Figure 4.27). 

Conclusions about catalyst morphology were confirmed by SEM, shown in Figure 4.28. 

 

Figure 4.25. TEM image (top, scale bar 50 nm) and the electron diffraction pattern (bottom) 

of Ni2MnO. Note that Ni0.75Mn0.25O is not an exact ratio, but does indicate NixMn1-xO. 
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Figure 4.26. TEM image (top) and EDX (bottom) of Ni6MnO that mainly consisted of 

nickel-rich spherical particles and manganese-rich plate-like particles. 

 
Figure 4.27. EDX image of Ni6MnO taken from the spherical (top) and plate-like (bottom) 

particle region (Figure 4.26). It can be seen that spherical particles consisted of Ni-rich phase 

whereas the plate-like comprised of Mn-rich phase and is in accordance with the obtained 

diffraction pattern. Cu, Si, C signals from TEM grid. 
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Figure 4.28. SEM micrographs of (a) Ni2MnO (after calcination-reduction) (b) Ni2MnO 

(only reduced) (c) Ni6MnO (after calcination-reduction) (d) Ni6MnO (only reduced) and (e) 

bulk nickel catalyst (after reduction). 

 



4 Novel Catalysts – Testing and Comparison  

 

 

56 
 

These results indicate that, whilst distinct crystalline phases exist, they are intimately situated 

and cannot therefore be considered as simply active phase and support, but rather a self-

supported system of what may be catalytically significant phases. 

As shown in Figure 4.29, oxide materials after calcination had the highest surface areas, 

although these were dramatically lowered by reduction to the active catalyst. Those which 

were directly reduced without the calcination step had higher surface areas than calcined 

counterparts. This is to be expected as calcination-reduction is typically done to obtain lower 

surface area materials which have already reached temperature-stable forms. 

 

Figure 4.29. BET surface areas of the various oxalate precursors, calcined NiMn oxides, and 

reduced catalysts before reaction. 

All catalysts were tested for dry reforming of methane. Figure 4.30 shows that all manganese-

containing catalysts were significantly more active than the pure nickel particles (catalyst 5). 

Indeed, a GHSV 2.5 times higher (by using less catalyst) was required to obtain similar non-

equilibrium conversions to the nickel standard. Most significantly, the most active catalysts 

were found to be Ni2MnO, and not Ni6MnO as expected. This is interesting because the same 

overall catalyst mass was used, meaning that less nickel was present in the more active 

catalyst despite this being reported as the active phase. Pure MnO does not operate 

catalytically in DRM at such low temperatures (Figure 4.30), and even at higher temperatures 
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exhibits little to no catalytic activity. Ni2MnO was also the most selective catalyst (Figure 

4.31). 

 

Figure 4.30. Testing results for catalysts 1-5. CH4:CO2:He = 1:1:8, GHSV = 90,000 Lh
-

1
kgcat

-1
 (36,000 Lh

-1
kgcat

-1
 for catalyst 5, 18,000 Lh

-1
kgcat

-1
 for MnO), atmospheric pressure. 

Equilibrium conversions for 500, 525 and 550°C are 0.28, 0.36 and 0.45, respectively. 

In the screening experiments, no catalyst showed steady activity with time on stream, 

although the stability was significantly improved by addition of manganese (Figure 4.30). 

Catalysts which were formed from reduced precursors were initially more active than their 

calcined and reduced counterparts, but deactivated faster and were ultimately less active than 

catalysts which had been previously calcined. This is an indication of the stabilising effect of 

calcination-reduction, which is well documented, and is reflected in the initially much higher 

surface areas of catalysts 2 and 4 (Figure 4.29). Performing an oxidation-reduction cycle 

before reaction dramatically lowers the surface area but creates a more temperature stable 
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catalyst on the DRM timescale, because deactivating processes such as sintering or pore 

collapse have already occurred. 

Post reaction TPO of catalysts 1 and 3 was performed to determine the amount of carbon 

formed during reaction. The most active catalyst (catalyst 1) formed carbon at a rate of 0.25 

mgC mgcat
-1

 h
-1

, which was much higher than that of catalyst 3 (0.028 mgC mgcat
-1

 h
-1

). This 

correlation between activity and coking can indicate that: 

1) Both catalysts decompose methane at a faster rate than carbon can be removed from 

the surface, and the more active catalyst thus forms more carbon. 

2) The more active catalyst is also more active for the Boudouard reaction. 

Either or both of these explanations are possible, but due to the low temperature of the 

reaction, it is likely that most carbon formation occurs via CO disproportionation. It is clear 

by comparing the very different rates of coking to the similar and low rates of deactivation of 

both catalysts that carbon formation is not the main form of deactivation. 

The most selective catalyst was also Ni2MnO. This can be explained by increased metal-

support interactions between nickel and manganese oxide, which are known to promote 

hydrogen forming reactions by suppressing hydrogen chemisorption (relative to carbon 

monoxide adsorption), [28] by inhibiting the catalytic RWGS side reaction to water. The 

possibility that the increase in selectivity could be caused by the higher rate of coke 

formation (as discussed above), producing of H2 and/or consuming CO at a higher rate, can 

be rejected by a comparison of the relative molar rate of coke to CO formation (<2%), which 

reveals that this would have a negligible effect on the observable selectivity. 

MnO-supported catalysts show a definite suppression of carbon formation when compared to 

other supported nickel DRM catalysts (e.g. Ni/SiO2-Al2O3), implying a change in the surface 

kinetics, therefore it is unlikely that the activity and stability gain when contrasted with 

unsupported nickel (catalyst 5) is only caused by improvement of the nickel dispersion with 

lower nickel content. However, manganese could promote the catalytic activity in a number 

of other ways: 

- Improvement of CO2 chemisorption, possibly via direct activation of CO2 on the MnO 

surface 
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- Ni-MnO SMSI effects, promoting H2 desorption and shifting the equilibrium towards 

the DRM products 

- Catalysis via a Mars van Krevelen mechanism, wherein MnOx forms a carbonate 

species or directly oxidises surface carbon 

- Increase of the electron density on the metal surface 

Lee et al. have observed these effects for Mn-containing Ni/(MnO)x(Al2O3)1-x catalysts (x = 

0.5-0.15 by mass), although they observed an increase in stability and not activity with 

increasing manganese content – indeed the addition of manganese for stability was described 

as “sacrificing activity”. [76] However, they only presented results for one pure Ni/MnO 

catalyst, and drew no conclusions about the Ni:Mn ratio for such systems. Krylov et al. 

proposed a methane reforming mechanism involving an intermediate carbonate with 

managanate containing catalysts: 

       
              
           ( 4.1 ) 

In this function, manganese (II) oxide provides oxygen transport and aids the reaction by 

directly activating CO2. Whilst there is no evidence for a Mars van Krevelen mechanism for 

the catalytic system in question, the likelihood of CO2 activation on the MnO surface is high 

considering similar results in the literature (see Section 2.3: State of the Art Nickel Catalysts). 

 

Figure 4.31. Activity tests of catalysts 1 and 3 for the DRM reaction. 10 mg catalyst used, 

CH4:CO2:He = 1:1:8, GHSV = 180,000 Lh
-1

kgcat
-1

, atmospheric pressure. 
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A catalyst prepared by the oxalate precursor preparation method was also compared with a 

catalyst prepared via a standard coprecipitation method, as shown in Figure 4.32. The 

coprecipitated catalyst was initially more active, but deactivated at a higher rate and formed 

significantly more carbon. The difference in deactivation rates was more pronounced when 

tested under less aggressive conditions for coking (Figure 4.33), and it is therefore highly 

likely that particle sintering and not coking is the main cause of deactivation for the 

coprecipitated catalyst. However, it was not possible to compare both catalysts with 

coprecipitated samples, due to problems with controlling an exact nickel to manganese ratio 

of 2:1 via coprecipitation for comparison with catalyst 1. 

These results clearly indicate that there is a synergistic effect between Ni and MnO which 

promotes the DRM reaction in terms of both activity and stability. Furthermore, the optimum 

nickel to manganese ratio for such a catalyst is lower than 6:1 in terms of activity and 

selectivity. However, deactivation and carbon formation are still issues which need resolving, 

and although the two are not immediately related, coking is not acceptable for a dry 

reforming catalyst. 

 

Figure 4.32. Activity test for catalyst 3 and a coprecipitated catalyst of the same 

composition, CH4:CO2:He = 1:1:8, GHSV = 90,000 L h
-1 

kgcat
-1

, atmospheric pressure. 

Equilibrium conversions for 500, 525 and 550°C are: 0.28, 0.36 & 0.45, respectively. 

 



4 Novel Catalysts – Testing and Comparison 

 

 

61 
 

 

Figure 4.33. Results of stability testing for catalyst 3 and a coprecipitated catalyst of the 

same composition, T = 525°C, CH4:CO2:He = 1:1:3, GHSV = 90,000 L h
-1

 kgcat
-1

, 

atmospheric pressure. The overall rate of carbon formation for both catalysts is also shown 

(inlay). 

Ni : Mn ratio equal to or lower than 1 

A simple, repeatable, one-pot preparation method was developed to prepare Ni0.2Mn0.8O 

catalyst, which was characterised and tested for DRM (the testing work for this publication 

was mostly carried out by Dr. Torsten Otremba and the results are therefore only summarised 

in this paragraph and not shown in this thesis). [79] It was found that the as-prepared catalyst 

was highly resistant to carbon deposition, but deactivated from nickel particle sintering, 

which subsequently led to coking. At 500°C the formation of large Ni
0
 particles was not 

observed and it was possible to maintain stable activity for 40 h. Supporting this on non-

ordered amorphous silica improved the activity but not the stability. These findings form the 

basis of the following work. 

In order to investigate the effect of changing the nickel content, several bulk NixMn1-xO 

solid-solution catalysts were prepared by the same coprecipitation method with varied Ni : 

Mn ratios (x = 0.5, 0.2, 0.1). They were tested between 500 and 800°C to obtain basic activity 
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information. The mass of each catalyst was chosen in order to compare activities at similar 

(non-equilibrium) conversions. 

Figure 4.34 shows that all catalysts exhibited good activity. The specific activities decreased 

with decreasing nickel content as expected (Table 4.7). However, whilst the specific reaction 

rate for Ni0.5Mn0.5O was significantly higher, there was little difference between the activities 

of the two minority-Ni catalysts at lower temperatures. Furthermore, comparison on a “per 

amount of nickel in the reactor” basis (Table 4.8) reveals the opposite trend, and catalysts 

with lower x are more active per mole of Ni. This can be very simply explained without 

further assumptions, by considering the role of MnO as a support, which (unlike nickel) is not 

reduced before the reaction and is therefore in a separate phase (see the previous section). 

Lower nickel content implies higher dispersion of nickel on the support (after it has left the 

mixed phase), smaller nickel particles and therefore a higher specific surface area for nickel. 

Table 4.7. Specific activities of coprecipitated NixMn1-xO catalysts. 

Temperature, 

°C 

Methane Reaction Rate, mmol gcat
-1

 min
-1

 

x = 0.5 x = 0.2 x = 0.1 

500 6.6 2.9 3.5 

525 7.9 3.9 4.2 

550 9.5 4.9 4.8 

600 13.2 6.8 5.8 

650 16.4 7.7 6.7 

700 19.9 8.6 7.9 

750 20.8 7.5 8.6 

800 18.7 5.8 9.5 

 

Table 4.8. Activity per gram Ni of coprecipitated NixMn1-xO catalysts. 

Temperature, 

°C 

Methane Reaction Rate, mmol gNi
-1

 min
-1

 

x = 0.5 x = 0.2 x = 0.1 

500 13.2 14.7 34.7 

525 15.8 19.7 41.9 

550 19.1 24.6 47.6 

600 26.4 34.1 58.0 

650 32.9 38.6 66.6 

700 39.8 42.8 79.1 

750 41.6 37.3 85.8 

800 37.5 29.2 94.9 
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Figure 4.34. Basic testing results for unsupported NixMn1-xO catalysts prepared by 

coprecipitation. CH4:CO2:He = 1:1:8, 30 Nml min
-1

 total gas flow. In order to test each 

catalyst at similar conversions, the GHSV (catalyst mass) was changed for each experiment. 

GHSV (x) = 180,000 L h
-1

 kgcat
-1

 (0.1); 180,000 L h
-1

 kgcat
-1

 (0.2); 450,000 L h
-1

 kgcat
-1

 (0.5). 

All catalysts deactivated to varying extents. Catalysts with x = 0.5, 0.2, deactivated the most, 

especially at higher temperatures, indicating particle sintering.[79] The slightly greater 

stability of Ni0.5Mn0.5O than Ni0.2Mn0.2O can be attributed to the much larger amount of 

nickel in this catalyst, as the nickel particles will have already become large during 

calcination and reduction. However, the catalyst which maintained the highest activity as a 

percentage of original activity (last three data points / first three data points) was that with the 

lowest nickel content, which seems to undergo a certain amount of sintering before 

deactivation slows. This could indicate a stable (or metastable) nickel particle size beyond 

which sintering does not occur.[92] 
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4.5 Conclusions 

Commercially available nickel catalysts were tested for the DRM reaction and found to be 

inadequate. Bulk nickel catalysts are not stable due to agglomeration, sintering and carbon 

deposition. Even in nanoparticle form, when the as-bought specific surface area is high, rapid 

deactivation occurs due to both sintering and carbon deposition and the activity is relatively 

low. Traditional supported catalysts such as Ni/SiO2-Al2O3 are much more temperature stable 

and have higher activity at all temperatures, but rapidly develop large carbon deposits, which 

ultimately deactivate the catalyst or damage the reactor. Therefore application of a traditional 

inert/acidic support can clearly improve the activity by maintaining smaller nickel particles, 

but does not solve the problem of coking, which must be addressed. Coking can be 

suppressed by operating at higher temperatures, but this makes the catalyst more susceptible 

to sintering. The ability to maintain a low nickel particle size even at high temperatures 

would be highly beneficial to the catalytic activity and stability, but this is not possible using 

traditional supports or bulk materials under the harsh reaction conditions. 

SBA-15 loaded with low amounts of nickel (0.5 – 2.5 wt%) via an SSP route, to form 

supported Ni4 clusters (and ultimately nickel nanoparticles after calcination-reduction), 

exhibited high catalytic activity and good stability for low temperature DRM. For low 

catalyst loading, the activity was directly proportional to the nickel content, and all catalysts 

were highly active per mole of nickel used, resulting from the small size of the nickel 

particles. In comparison to similar catalysts prepared by wet impregnation by a nickel salt, 

the SSP catalyst with the lowest loading showed better stability and activity, and SSP 

catalysts with higher loadings generally exhibited slightly higher activities per mole of nickel. 

Furthermore, the catalytic activity increased at 600°C for SSP catalysts, indicating a 

minimum nickel cluster size required for DRM and continued particle sintering at higher 

temperatures. Catalysts with higher loading showed lower activity per mole of nickel due to 

larger nickel particles. Whilst rates of carbon deposition were generally low, catalysts with 

higher nickel contents developed larger carbon deposits. Furthermore, although rate of coking 

increased with rate of reaction, the ratios of coking rates between different loadings was an 

order of magnitude higher than either the ratios of reaction rates or the ratios of the nickel 

contents, indicating the enhanced ability of small nickel particles to suppress carbon 

deposition by maintaining a low ensemble size. 
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Commercially available nickel nanoparticles (approx. 50 nm) were treated using atomic layer 

deposition (ALD) to form thin alumina coatings, resulting in nickel nanoparticle catalysts 

with a good thermal stability and extremely high activity at all temperatures (500 – 800°C). 

All catalysts were significantly more stable and active than the uncoated nanoparticles. An 

increasing number of alumina layers, created by multiple ALD treatments, correlated with 

decreasing specific activity, indicating that the alumina support is essentially inert, as 

expected. However, the activity per mole of nickel also decreased with increasing number of 

layers, due to decreasing total surface area and decreasing available nickel surface area due to 

coverage by alumina support. All catalysts deactivated from carbon deposition at lower 

temperatures, forming large coke deposits in the reactor. However, catalytic activity could be 

fully regenerated by oxidation, and both deactivation and coking could be suppressed during 

reaction by operating at temperatures of 800°C since even the lowest number of ALD cycles 

strongly protected the nickel particles from sintering. The catalyst with the lowest number of 

coatings (5 cycles) exhibited the highest activity and was comparable to the most active 

catalysts in the literature at present. 

Although pure MnO was not an active catalyst for DRM, addition of manganese oxide to 

nickel in the ratios Ni : Mn = 6 : 1 and 2 : 1 significantly improved catalytic activity and 

stability in comparison to nickel-pure catalysts prepared by the same route for all catalysts 

tested. Significantly, catalysts with a lower amount of nickel (Ni2MnO) had higher specific 

activities than catalysts with more nickel (Ni6MnO), indicating a synergistic effect between 

Ni and MnO to promote both stability and reaction rates per mole of nickel. A similar catalyst 

prepared by coprecipitation had higher initial activity than that prepared by the single-source 

precursor (SSP) method, but deactivated faster and formed more coke. Catalysts which were 

not calcined before reaction, and instead prepared by a reduction-only route, had higher 

initial activities than calcined catalysts. However, all catalysts deactivated steadily under 

reaction conditions from sintering, and reduction-only catalysts deactivated at a faster rate 

due to lack of thermal stability. Significant carbon deposits were found on all catalysts, and 

occurred to a greater extent on more active catalysts, but coking was not the main cause of 

deactivation. 

Catalysts prepared by coprecipitation as solid solutions with a nickel to manganese oxide 

ratio of Ni / Mn of less than one (Ni0.5Mn0.5O, Ni0.2Mn0.8O and Ni0.1Mn0.9O), which were 

reduced in-situ to form Ni/MnO, had higher specific activities than the similar catalysts 
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discussed previously (prepared by SSP route) which consisted mostly of nickel. A closer 

study of Ni0.2Mn0.8O for low temperature DRM found that the catalyst was remarkably 

resistant to carbon formation. Although the fresh catalyst exhibited reasonable stability at 

500°C, it deactivated above this temperature. Sintering was the main cause of catalyst 

deactivation for Ni0.2Mn0.8O, and carbon subsequently formed on the larger (sintered) nickel 

particles. Addition of an amorphous silica support increased the activity but did not benefit 

the stability. Although Ni0.5Mn0.5O exhibited the highest activity due to having the highest 

nickel content, there was little difference in specific activity between Ni0.2Mn0.8O and 

Ni0.1Mn0.9O, indicating the beneficial effect of MnO as a catalyst support. Catalysts with 

lower nickel content had higher activities per gram of nickel. All catalysts deactivated under 

reaction conditions, especially at higher temperatures, but the catalyst with the lowest nickel 

content exhibited the highest relative residual activity. This could indicate formation of a 

catalyst which has pre-sintered, resulting in stable nickel particles on a MnO support. 

Therefore catalysts consisting of low amounts of nickel on MnO prepared by reducing 

NixMn1-xO not only show enhanced activity, but also excellent resistance to carbon formation 

and promising stability. 

A summary of all catalytic activities can be found in Table 4.9. The most active catalyst is 

nickel nanoparticles coated with 5 ALD cycles of alumina, which would be appropriate for 

conditions in which coke formation is thermodynamically suppressed, i.e. high temperature 

reaction (800°C and upwards) with CO2 overpressure. However, far too much carbon 

deposition occurs at lower temperatures for it to be suitable as a model catalyst for the present 

study. Addition of manganese oxide to nickel catalysts increased the activity and stability, but 

carbon deposition was only suppressed when MnO was used as a support via a solid solution 

route and not as a dopant. The most promising catalyst for low temperature application in 

terms of stability and coking was NixMn1-xO (x ≤ 0.5), which also had reasonably high 

activity, although long term reaction led to nickel particle sintering and subsequent carbon 

deposition. Therefore despite the beneficial anti-coking effects of MnO addition, carbon still 

forms when nickel particles are produced, or sinter to, greater than a certain size, as the 

catalyst behaves like bulk nickel and any metal-support interaction effects disappear. The 

catalyst produced with the lowest nickel content (x = 0.1) showed the highest overall stability 

and appeared to stabilise after extended sintering due to formation of a stable nickel particle 

size. Therefore the combined effects of using MnO as a support via a solid solution route, 
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lowering the nickel content, and stabilisation through pre-sintering, are all tactics employable 

in developing a stable and coke resistant model catalyst. 



Table 4.9. Summary of specific catalytic activities for DRM from this chapter. 

Temperature, 

°C 

Methane Reaction Rate, mmol gcat
-1

 min
-1

 

Commercial 

Ni/(SiO2-Al2O3) 

Commercial 

50 nm Ni 

NPs 

SSP Ni4/SBA-15 

Wet Impregnation 

Ni/SBA-15 

50 nm Nickel Nanoparticles with 

Alumina Coating by ALD (# Cycles) 

1-Ni4 2-Ni4 5-Ni4 1-Ni 2-Ni 5-Ni 5 10 15 20 

500 7.1 Low 0.28 0.48 0.88 0.34 0.5 0.6 38.2 30.8 10.9 10.7 

525 10 - - - - - - - - - - - 

550 12.3 - 0.53 0.76 1.081 0.34 0.83 1.12 - - - - 

600 11.6 Low 1.23 1.34 1.51 - 1.37 1.47 112.5 84.9 37.2 30.7 

650 - - - - - - - - - - - - 

700 - Low - - - - - - 196.3 153.8 51.1 41.9 

750 - - - - - - - - - - - - 

800 - 0.9 - - - - - - 240.2 237.4 132.3 65.6 

 

Temperature, 

°C 

Methane Reaction Rate, mmol gcat
-1

 min
-1 

NixMnyOz from SSP Decomposition NixMn1-xO (Coprecipitation) 

Ni6MnO8-O2-H2 Ni6MnO8-H2 Ni2MnO4-O2-H2 Ni2MnO4-H2 x = 0.5 x = 0.2 x = 0.1 

500 0.45 0.68 0.98 0.98 6.6 2.9 3.5 

525 0.9 1.03 1.49 1.46 7.9 3.9 4.2 

550 1.52 1.11 1.85 1.60 9.5 4.9 4.8 

600 - - - - 13.2 6.8 5.8 

650 - - - - 16.4 7.7 6.7 

700 - - - - 19.9 8.6 7.9 

750 - - - - 20.8 7.5 8.6 

800 - - - - 18.7 5.8 9.5 



 





5 Unsupported and Silica-Supported 

Ni0.05Mn0.95O – development of a stable 

model catalyst for low temperature 

DRM
2
 

In order to investigate the possibility of process integration between dry reforming and 

oxidative coupling of methane, a model catalyst is required. This should not necessarily be 

the best catalyst for industrial application, but should still show reasonable stability and 

activity under a range of reaction conditions. In the project concerned, this means 

atmospheric pressure and temperatures from 500°C to a maximum operating temperature of 

around 650°C as defined by typical OCM operating conditions. Furthermore, the catalyst 

should preferably be single-phase, to facilitate scientific understanding of its behaviour. 

The NixMn1-xO system exhibited very high resistance to carbon deposition and reasonable 

activity at low temperatures, in addition to having a simple, well-established synthesis 

procedure and simple composition, and was thus chosen for further in-depth study. 

It is clear that the addition of manganese directly or indirectly increases the catalytic activity 

and stability. An optimum Ni:Mn ratio exists, and appears to be lower than 1:1; nickel-

majority catalysts were found to have lower activities and be more susceptible to carbon 

deposition than catalysts with lower nickel contents formed by a solid solution route. It is 

important to avoid carbon formation even when it does not severely deactivate the catalyst, as 

it can block and damage the reactor or be carried downstream by the gas flow to cause 

process issues like fouling. Furthermore, the catalyst active sites can be directly altered by 

solid carbon, for example by blocking of a certain type of active site, and it has been shown 

that carbon nanotubes forming on the catalyst can push nickel particles off the support 

surface without deactivating it. This would alter the catalytic properties and behaviour with 

                                                 

 

 
2
 The findings in this chapter have been published in reference [80] 
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time on stream, which can be problematic for characterisation of a model catalyst. Therefore 

a dilute nickel-in-manganese (ex)-solid solution was chosen for further investigation as 

model catalyst. 

It was found that the Ni0.2Mn0.8O catalyst deactivated through particle sintering accompanied 

by carbon deposition at temperatures above 500°C.[79] Such sintering of nanoparticles is a 

process which occurs until the surface of the catalyst reaches an equilibrium state and is 

therefore hard to control. Carbon deposition is favoured on larger active site ensembles, and 

favourable metal-support interaction effects become negligible, and it was concluded that 

maintaining small nickel particles on the catalyst surface is crucial to avoiding carbon 

deposition on NixMn1-xO catalysts. 

Combining conclusions from the previous chapter, a Ni0.05Mn0.95O catalyst was chosen for 

extensive testing due to the low concentration of nickel, with the concept that by further 

diluting the nickel in MnO, the ability of nickel to sinter into larger particles on the surface is 

reduced. The calcination time and temperature were both increased and the catalyst was also 

held at high temperature in its active, reduced form for 5-100 h to investigate the effects of 

sintering. Furthermore, it was previously found that addition of a silica support could increase 

the catalyst activity by forming smaller metal oxide crystallites, and therefore 

Ni0.05Mn0.95O/SiO2 was also prepared for testing. 

5.1 Characterisation 

As part of the preparation procedure, the catalysts are calcined in air at 750°C, oxidising the 

material to Mn2O3 and NiO. Although nickel peaks cannot be seen well by XRD, due to the 

low content, it is likely to be in the form of NiO or NiMnO3 on the basis of previous results 

for Ni0.2Mn0.8O. [79] All catalysts are reduced before reaction at 500°C for 1 h in pure H2 to 

form the Ni
0
 active particles. Figure 5.1 shows the XRD patterns of the as-prepared catalyst 

and after reduction. Peaks for Mn2O3 are dominant in the as-prepared sample, which is fully 

reduced to MnO after 1 h. However, due to the low nickel content, it is not possible to see 

clear peaks for crystalline NiO or metallic Ni in the two patterns, or peak shift to higher 2θ 

for MnO (which would indicate a NixMn1-xO solid solution). Therefore it is not possible to 

draw conclusions about the oxidation state of nickel from XRD. However, it can be assumed 

that the same process occurs for this catalyst as for solid solutions with higher Ni:Mn ratios, 

as investigated previously. [79] Without the reduction step, catalysts are inactive at low 
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temperature, but by raising the temperature it is possible to activate the catalysts using 

methane or from the H2 produced by methane decomposition, indicating that Ni
0
 is required 

to form the active site. There is almost no effect of length of sintering time on the XRD 

patterns, there is little or no MnO peak shift to indicate a change in the NixMn1-xO solid 

solution composition and even after 100 h almost no Ni
0
 or NiO peak can be observed, 

indicating that the nickel nanoparticles on the catalyst surface remain very small. XRD 

patterns of the as-prepared and reduced silica-supported catalyst were largely identical, but 

with background noise from the amorphous silica (Figure 5.16). 

 

Figure 5.1. XRD patterns of the unsupported Ni0.05Mn0.95O catalyst. Pattern 1 is the as-

prepared (after calcination) catalyst, patterns 2-5 are after reduction at 500°C for 1 h (2) and 

subsequent sintering for 5 h (3), 20 h (4) and 100 h (5). 
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TPR was performed on both the supported and unsupported catalysts, and the profiles are 

shown in Figure 5.2. The peaks indicate a two-step reduction of Mn2O3 to MnO, as a 

shoulder and subsequent peak between 350-500°C, equation ( 5.1 ) representing sections 1 

and 4 and equation ( 5.2 ) representing sections 2 and 5 (Figure 5.2): 

         

              
                ( 5.1 ) 

        

              
              ( 5.2 ) 

It should be noted that this step forms most likely a mixed NixMn1-xO solid solution phase. 

This is followed by reduction of NiO to Ni as indicated by a much smaller and very broad 

peak at around 650°C: 

      

              
            ( 5.3 ) 

This is a combination of the behaviours seen for Mn2O3 and Ni(x)Mn(3-x)O4. H2 consumption 

data for the unsupported (and silica-supported) catalyst (Table 5.1) indicate that 65% (70%) 

of the Mn and only 28% (18%) of the Ni is reduced, although it should be noted that the low 

height and broadness of the peaks for Ni reduction introduce a large amount of error in peak 

integration. This also explains the lower Ni:Mn H2 consumption ratios than stoichiometric 

compositions. Interestingly, the silica supported catalyst did not exhibit a higher proportion of 

metallic phase reduced despite an expected increase in available surface area to the gas phase. 

This probably indicates that, due to the one-pot sol gel coprecipitation synthesis, a small 

amount of the metal within the catalyst is shielded from the gas phase by the silica support. 

This is supported by TEM (Figure 5.14). 

Table 5.1. H2 consumption values for TPR experiments. 

Catalyst: 

Peak 

(Figure 5.2): 

H2 Consumption, 

mmol gcat
-1

: 

% of Total H2 

Consumption: 

% of Catalyst 

Reduced: 

Ni0.05Mn0.95O 
4 & 5 6.45 97.2% 

68.0% 
6 0.188 2.8% 

Ni0.05Mn0.95O/SiO2 
1 & 2 2.10 97.2% 

64.6% 
3 0.0599 2.8% 
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Cyclic TGA reduction-oxidation experiments agree with temperature programmed 

experiments, showing mass losses of 6% and 12% for the supported (50 mol% SiO2) and 

unsupported catalysts, respectively. The catalyst undergoes a two-step reoxidation process 

(Figure 5.3), again displaying interaction between silica and the active phase for the 

supported catalyst. 

 

 

Figure 5.2. TPR of silica supported and unsupported Ni0.05Mn0.95O, using 10% H2 in N2 and 

a heating rate of 5 K min
-1

. 
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Figure 5.3. TGA analysis during H2-TPR (left) and O2-TPO (right) of unsupported and 

silica-supported Ni0.05Mn0.95O. 
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5.2 Unsupported Ni0.05Mn0.95O 

Figure 5.4 shows the initial testing results for the fresh, unsupported catalyst, labelled 

“unsintered”. The catalyst exhibits good activity even at low temperatures and shows 

reasonable stability below 600°C. Deactivation occurs at 600°C and upwards. Despite 

deactivation, the catalyst still reaches conversions of 0.9 at 800°C. Specific reaction rates are 

listed in Table 5.2. 

 

Figure 5.4. Activities of sintered and unsintered Ni0.05Mn0.95O, showing an increase in 

catalyst stability after pre-sintering. CH4:CO2:He = 1:1:8, 50 mg catalyst (GHSV = 36,000 L 

h
-1

 kgcat
-1

), WHSV = 14.1 h
-1

. 

In order to clarify the stability and causes of deactivation, the unsupported catalyst was 

subjected to long term testing, shown in Figure 5.5. At 525°C and with a high carbon content 

in the feed (CH4:CO2:He ratio of 1:1:3) the catalyst showed reasonable stability considering 

the thermodynamically favourable conditions for carbon deposition. However, the conversion 
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decreased from 20% to 10% over 90 h on stream, indicating slow deactivation with a 

decreasing rate with TOS. 

 

Figure 5.5. Stability test at 525°C on fresh unsupported Ni0.05Mn0.95O. 25 mg catalyst used, 

GHSV = 72,000 L h
-1

 kgcat
-1

, CH4:CO2:He = 1:1:3, WHSV = 42.4 h
-1

, atmospheric pressure. 

A small amount of carbon (26.5 mgC gcat
-1

, or 2.4 molsC molNi
-1

) was detected by post-

reaction TPO (Figure 5.6). The CO2 peak appeared at 585°C, agreeing with literature values 

for filamentous (graphitic) carbon on Ni/SiO2 catalysts. Wang et al. [21] reported that small 

Ni nanoparticles (<10 nm) produce only amorphous surface carbon, which oxidises at around 

300°C, whereas carbon filaments were produced by large nickel nanoparticles of 10-60 nm – 

a  TPO temperature shift to higher temperatures indicating larger filament diameters. A direct 

peak position comparison to their data is difficult because a lower heating rate for TPO (of 2 

K min
-1

) was used in their study, which by the nature of the technique causes a peak shift to 

lower temperatures. However, due to the absence of the low temperature peak for 

Ni0.05Mn0.95O, it is likely that only graphitic carbon was present in stable form. 
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Figure 5.6. Post reaction TPO of unsupported Ni0.05Mn0.95O (see Figure 5.5 and Figure 5.7). 

A more dilute feed (1:1:8) and higher temperature (750°C) were used in a separate stability 

test designed to operate under thermodynamically less aggressive conditions for carbon 

formation (Figure 5.7). Under these conditions, the catalyst deactivates at a much higher rate 

than at lower temperature, indicating that carbon formation is not the main cause of 

deactivation. This is supported by post-reaction TPO (Figure 5.6), which showed very little 

carbon formation on the catalyst surface after 50 h (6.69 mgC gcat
-1

, or 0.13 molsC molNi
-1

). 

The peak occurred at 640°C, 55°C higher than for the lower temperature test. This peak shift 

to higher temperatures indicates larger carbon filament diameters (i.e. filament formation on 

larger nickel particles). Deactivation was therefore caused by sintering of the reduced nickel 

particles on the catalyst surface at higher temperatures. Presence of water is also known to 

promote sintering, and more water is produced by RWGS (2) with higher feed conversions at 

higher temperatures. 

It is clear from the above result that calcination of the catalyst in air during preparation does 

not enhance its stability against sintering. It is likely that sintering of metallic Ni
0
 particles is 

the determining process, which does not occur if the catalyst is not in its reduced form. The 

unsupported catalyst was therefore treated at 750°C for times ranging from 5 to 100 h in a 

mixture of helium and steam (ratio 9 : 1), after reduction at 500°C, to sinter the nickel 
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nanoparticles before testing. From the XRD patterns (shown Figure 5.1) it is not clear what 

effect the procedure has on the nickel in the catalyst. No correlation between NixMn1-xO peak 

shift and sintering time can be seen, and there are barely distinguishable, or no nickel particle 

peaks (or growth) for sintered catalysts. It is possible that nickel stays in the solid solution, 

although this is likely to be accompanied by a detectable peak shift and is not supported by 

any other experimental evidence. The XRD result probably indicates that the NiO is reduced 

to undetectably small or amorphous Ni
0
 nanoparticles in all cases, which remain small despite 

the sintering process due to the low Ni content. This is confirmed by TEM-EDX (Figure 5.8), 

and although the oxidation state of nickel cannot be concluded from ex-situ characterisation, 

it is highly likely to be metallic after reduction during pre-treatment and under the reductive 

reaction conditions. 

 

Figure 5.7. Stability test at 750°C on fresh unsupported Ni0.05Mn0.95O. 20 mg catalyst used, 

GHSV = 90,000 L h
-1

 kgcat
-1

, CH4:CO2:He = 1:1:8, WHSV = 67.7 h
-1

, atmospheric pressure. 

TEM images of the reduced, sintered catalysts show an increase in nickel particle size with 

sintering time, although even after 100 h the surface particles remain relatively small 

(approximately 20-50 nm, Figure 5.9). However, after 30 h TOS under DRM reaction 

conditions, the nickel particles of the strongly sintered (100 h) catalyst are no longer visible. 
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Figure 5.8. TEM-EDX of catalyst Ni0.05Mn0.95O particle showing the higher concentration of 

nickel in the surface nanoparticles (top EDX image, EDX 1) than in the bulk which is mainly 

manganese-containing (bottom EDX image, EDX 2). 

The surface change of the strongly sintered (100 h) catalyst was confirmed by SEM, which 

showed no surface particles at all but a slightly changed surface morphology after 30 h DRM 

reaction (Figure 5.10). To rule out the possibility that this was due to carbon covering the 

particle surface, mapped SEM-EDX was performed and showed no discernible difference in 

the surface carbon content between the used and unused samples. Furthermore, the carbon 

EDX signal increased with measurement time, indicating that any carbon measured was 

probably due to trace carbon-based contaminants within the analysis chamber. Typical 

morphologies (graphitic, nanotube, fishbone) of surface carbon cannot be seen in the TEM 

images, and it can be concluded that the surface morphology of the catalyst does indeed 

change under reaction conditions. This could indicate strong interactions between nickel and 

manganese oxide, causing the nickel particles to reintegrate into the catalyst surface or MnO 

to partly cover the particles. However, it is not possible to directly observe the characteristic 

signs of strong metal-support interaction (epitaxy or surface decoration of the Ni particles 

with MnO) from TEM images, due to the low mass contrast between Ni and Mn and 

therefore low TEM resolution. Nickel and MnO are well known to show SMSI behaviour 

after reduction at high temperature, [77][93] and if the reactive conditions are indeed highly 

reductive at this temperature, they would be favourable to inducing this behaviour. 
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Figure 5.9. TEM images of unsupported Ni0.05Mn0.95O: (a) after 1 h reduction; (b) after 1 h 

reduction, 5 h sintering, 1 h re-reduction; (c) after 1 h reduction, 20 h sintering, 1 h re-

reduction; (d) 1 h reduction, 100 h sintering, 1 h re-reduction; (e) 1 h reduction, 100 h 

sintering, 1 h re-reduction, 30 h DRM reaction at 525°C. 

 

Figure 5.10. SEM images of unsupported Ni0.05Mn0.95O after reduction and 100 h sintering 

showing MnO supported Ni nanoparticles (left) and after 30 h DRM reaction showing 

integration of the nickel particles into the support (right). 
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A long term DRM activity test on the sintered catalyst (Figure 5.11) showed completely 

stable performance for 45 h but with lower activity than the fresh catalyst (Figure 5.5). This 

was expected, as deactivation is attributed to sintering and the pre-sintered catalyst should not 

deactivate further under less aggressive conditions. Indeed, comparing Figure 5.11 and Figure 

5.5, we see that the catalytic activity of the fresh catalyst seems to approach the stable activity 

of the sintered catalyst with time on stream. Interestingly, post-reaction TPO detected no 

surface carbon at all for this test. This indicates a remarkable resistance to carbon formation, 

in particular via CO disproportionation due to the low reaction temperature. Thus, the 

conclusion is that the high-temperature sintering treatment stabilises small nickel 

nanoparticles, which possibly develop metal–support (SMSI) interactions with manganese 

under reaction conditions, against both further sintering and carbon formation. 

 

Figure 5.11. Long term stability test at 525°C over pre-sintered unsupported Ni0.05Mn0.95O 

(repeat of test shown in Figure 5.5. 25 mg catalyst used, GHSV = 72,000 L h
-1

 kgcat
-1

, 

CH4:CO2:He = 1:1:3, WHSV = 42.4 h
-1

, atmospheric pressure. 
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Table 5.2. Specific reaction rates of sintered and unsintered unsupported Ni0.05Mn0.95O. 

Reaction 

Temperature, °C 

Unsintered, mmols gcat
-1

 min
-1

 Sintered 100 h, mmols gcat
-1

 min
-1

 

CH4 CO2 CH4 CO2 

500 0.30 0.47 0.11 0.19 

525 0.59 0.78 0.20 0.34 

550 0.86 1.07 0.34 0.51 

600 1.34 1.53 0.74 0.97 

650 1.69 1.84 1.25 1.51 

700 1.91 2.01 1.76 1.89 

750 2.07 2.14 2.10 2.18 

800 2.16 2.21 2.24 2.26 

 

 

Figure 5.12. H2/CO ratio and H2 yield for unsupported Ni0.05Mn0.95O after 100 h sintering 

pre-treatment. 

Figure 5.4 shows the CH4 conversion for identical high temperature screening experiments 

for both catalysts, with specific activities of both catalysts given in Table 5.2. The activity 

increases with higher reaction temperature as expected. The hydrogen yield and H2/CO ratios 

also both increase with conversion (Figure 5.12). This is due to formation of H2O via RWGS 

reaction, which is fast even at low temperatures and methane con-versions, but limited by 
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chemical equilibrium. The resistivity to sintering can also be seen in Figure 5.4, as the pre-

sintered catalyst shows lower initial activity but significantly higher stability. Because such 

an experiment is continuous (the same sample is used), the activity of the sintered catalyst at 

temperatures of 700°C and upwards is actually higher than that of the “fresh” catalyst, which 

has already deactivated by this point in the experiment. 

5.3 Silica Supported Ni0.05Mn0.95O 

Initial screening results between 500 and 600°C for the silica supported catalyst are shown in 

Figure 5.13. The catalyst shows stable activity at 500°C, but then deactivates at temperatures 

between 525 and 575°C, as expected from previous studies. [79] It is clear that, as in the case 

of the unsupported Ni0.05Mn0.95O, high temperature calcination does little to stabilise the 

catalyst against sintering in its reduced form. Interestingly, the activity dramatically increases 

at 600°C and remains high for 30-40 hours before steady, slow deactivation. 

 

Figure 5.13. Screening results for fresh Ni0.05Mn0.95O/SiO2. CH4:CO2:He = 1:1:8, GHSV = 

9,000 L h
−1

 kgcat
−1

 (200 mg catalyst used, WHSV = 3.39 h
−1

). 
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An increase in activity could be caused by a number of factors, including possible physical 

changes (increase in catalyst surface area and number of accessible active sites) and chemical 

changes (change of active site, change of active site type). This includes catalyst re-

activation; for example, many active sites could become covered by encapsulating carbon 

during the initial low temperature reforming period, to be re-activated when the kinetics 

change at higher temperatures and the surface carbon is oxidised. However, the activity 

increase at 600°C is observed even without the initial low temperature reaction period, and 

this effect can therefore be considered as directly related to a change in the catalyst. 

Furthermore, this effect is not observed for the unsupported catalyst, and is therefore strongly 

related to the presence of the silica phase. 

TEM images of the catalyst after reaction at 550 and 600°C are shown in Figure 5.14. Large 

catalyst particles can be seen, with mass contrast between the silica and metal (oxide) phases. 

Little or no carbon deposits can be seen on either catalyst, agreeing with previous 

conclusions. Particles appear to be partially exploded after reaction at 600°C, indicating a 

physical change during reaction at the higher temperature, but the relatively random particle 

morphology and low Ni-Mn mass contrast do not allow much solid information to be drawn 

from TEM. 

 

Figure 5.14.  TEM images of Ni0.05Mn0.95O/SiO2 after reaction at 550°C (left) and 600°C 

(right). Light areas indicate silica-rich phase, dark areas indicate areas rich with Ni, Mn, or 

oxides thereof. 
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Powder XRD was used to characterise samples of catalyst, fresh, after reduction, and after 

reaction at 550°C and 600°C for various times. In confirmation of conclusions drawn from 

TPR, the as-prepared sample is completely reduced from Mn2O3 to MnO after in-situ H2 

treatment at 500°C (Figure 5.15 and Figure 5.16). Reduction at higher temperatures for 

longer times has no further effect on the catalyst. Ni
0
 peaks cannot be seen, indicating small 

particles (as for the unsupported catalyst). These are clear indications that the change in 

catalyst behaviour at 600°C is not related to an increase in the amount of Ni
0
 available caused 

only by nickel redox activity under reaction conditions. The powder XRD pattern of the 

silica-supported catalyst after 90 hours on stream at 550°C shows a small peak for nickel 

zero, a large peak for (Ni(x)Mn(1-x))O (0 ≤ x ≤ 0.05), and possibly peaks for γ-Mn2O3 and 

NiMn2O4 (Figure 5.15). However, after reaction at 600°C all samples showed formation of a 

new highly crystalline phase, Mn2SiO4 (manganese orthosilicate, or tephroite). Partial 

formation of this phase can be seen after just 12 hours on stream and the XRD pattern after 

90 hours shows little or no (Ni(x)Mn(1-x))O but strong manganese silicate peaks (and 

amorphous silica in the background). This can be accelerated by reaction at higher 

temperature (Figure 5.15). The stoichiometry of total phase transition is (Ni5Mn95)/(SiO2)100 

to Ni5/(Mn2SiO4)47.5(SiO2)52.5. 

Considering the removal of manganese from the Ni/MnO metal/support type structure or 

nickel-manganese solid solution, it is clear that the leap in catalyst activity can be explained 

by this phase transition to Mn2SiO4. Any previously unreduced or inaccessible nickel is left 

exposed on the catalyst surface, increasing the bare nickel surface area and therefore number 

of active sites, as indicated by the emergence of characteristic Ni[1, 1, 1] peak on the XRD 

patterns (2θ   44.5) after phase transition (Figure 5.15 and Figure 5.16). This agrees with the 

change in particle morphology observed by TEM. It should also be noted that, after 12 hours 

at 600°C (approaching peak activity), a significant amount of MnO (or Ni(x)Mn(1-x)O) is still 

present in the system; considering previous conclusions about Ni-MnO DRM catalysts, it is 

likely that the continued presence of residual MnO maintains a beneficial effect on the nickel 

catalyst at this point, either through diluting the active sites or directly through promoting the 

DRM reaction. However, approaching total phase transition, any stabilising or rate-promoting 

effects of manganese oxide no longer benefit the reaction, and the catalyst is more susceptible 

to nickel particle sintering and carbon deposition. TEM images show no carbon formation on 

the catalyst surface and long term deactivation is attributable to nickel sintering. 
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Figure 5.15. XRD patterns of Ni0.05Mn0.95O/SiO2 after various treatment steps (all samples 

first reduced 1 h at 500°C in pure H2) from top to bottom: (1) 12 h in pure H2 at 600°C; (2) 

12 h in He with a small amount (approx. 1%) H2 to avoid reoxidation by trace O2 at 600°C; 

(3) 90 h DRM reaction at 550°C, CH4:CO2:He = 1:1:8; (4) 12 h DRM reaction at 650°C, 

CH4:CO2:He = 1:1:8 
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Figure 5.16. XRD patterns for Ni0.05Mn0.95O/SiO2. 1) As-prepared; 2) Reduced 1 h; 3) After 

12 h time on stream at 600°C; 4) After 90 h time on stream at 600°C. 

This behaviour is particularly interesting as such spontaneous phase transition to olivine-type 

structure has only been reported once under DRM conditions, at significantly higher 

temperatures. Yao et al. noted small Mn2SiO4 diffraction peaks for Ni (9.5 %wt) Mn (4.7 

%wt) /SiO2 catalyst, after reaction at 800°C for 80 h.[75] They proposed that manganese 

orthosilicate limits Ni particle migration on the catalyst surface and thus improves catalytic 

stability. Furthermore, natural, mined olivine has been recommended as a catalyst support for 

high temperature or fluidised bed applications, due to excellent thermal stability and strong 

linking with nickel. The work of Courson et al. has demonstrated that Ni/(Mg0.92Fe0.08)2SiO4 

catalysts show superior stability through strong active particle linkage and Ni-MgO solid 

solution behaviour, both of which enhance resistance to sintering. The use of a naturally-

occurring olivine, however, involves small iron and other trace metal contents which catalyse 

DRM side reactions such as RWGS.[94–96] Therefore such a synthetically created 

manganese orthosilicate support could be highly beneficial for heterogeneous reactions such 

as DRM, combining attractive support properties and control over purity and synthesis. 
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Furthermore, if an excess of MnO is used during synthesis of the orthosilicate, it may be 

possible to produce a Mn2SiO4 supported Ni-MnO active phase, combining the attractive 

properties of the unsupported catalyst with the excellent physical attributes of the olivine 

support towards higher activity and stability in a new type of DRM catalyst. 

5.4 Conclusions 

The Ni0.05Mn0.95O catalyst showed good activity and reasonable stability below 600°C but 

deactivated from particle sintering at longer time on stream at 525°C, and at a faster rate at 

higher temperatures. However, very little carbon deposition occurred, even under 

thermodynamically favourable conditions for coking. Therefore calcination in air did not 

make the catalyst resistant to sintering, presumably because nickel remained oxidised and not 

in the metallic state as under reaction conditions. When the catalyst was first reduced and 

then treated at 750°C, this time in a reductive atmosphere, to sinter the nickel particles in the 

metallic (Ni
0
) state, the activity was slightly lowered but the catalyst showed very good 

stability at all temperatures up to 700°C. The catalyst remained stable at 525°C for 40 hours 

and no carbon could be detected on the catalyst surface after reaction. 

When amorphous silica support was added to increase catalytic activity, the manganese 

reacted with SiO2 under reaction conditions to form manganese orthosilicate Mn2SiO4 which 

led to catalyst deactivation. Silica is therefore not an appropriate support for Ni-MnO 

catalytic systems, but the attractive properties of Mn2SiO4 as a catalyst support imply the 

possibility of further catalyst development in future work using NiMnO/Mn2SiO4. Therefore 

unsupported Ni0.05Mn0.95O was chosen as the model catalyst for the remaining work due to its 

very high stability and reasonable activity for low temperature DRM. 

 

 

 



6 DRM Kinetics over Ni0.05Mn0.95O and 

Comparison with Current Kinetic Models 

To obtain experimental kinetic data it is first necessary to create testing conditions which 

ensure that the kinetic rate is measured as accurately as possible. Other rate-determining 

processes can be: 

- Mass transfer limitations within the reactor bed (interparticle) 

- Mass transfer limitations within the catalyst particle (intraparticle) 

- Equilibrium limitation effects 

These can be subdivided into individual processes [87] and can be grouped for practical 

purposes. The latter of the three can be avoided by operating at low conversions far lower 

than equilibrium. 

 

Figure 6.1. Average reaction rate indicators for Ni6MnO catalyst over 10 h TOS, 

CH4:CO2:He of 1:1:3, GHSV = 90,000 L h
-1

 kgcat
-1
. The “low flow” measurement used 10 

mg catalyst with 15 ml min
-1

 total flow; the “high flow” measurement used 20 mg catalyst 

with 30 ml min
-1

 total flow. Error bars indicate error from the mean absolute carbon balance 

(for conversions) and mean point-by-point difference in activity value (for CO production). 

To test for interparticle mass transfer limitations, the catalyst mass should be varied while 

maintaining constant GHSV. Results for such a test using the kinetic experimental setup, as 
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shown in Figure 6.1, indicate that whilst activity differences between flowrates of 15 and 30 

ml min
-1

 are small and within experimental error, interparticle diffusion will become 

significant at lower flows. Note that, because the catalyst deactivated with TOS for this 

experiment, the standard deviation is not a good measure of experimental error, so error bars 

in Figure 6.1 are here shown as the mean discrepancy in the absolute carbon balance, i.e. the 

mean of the absolute percentage differences (between reactor inlet and outlet) of the 

measured amount of carbon flowing. 

 

Figure 6.2. Reaction rates (expressed as methane conversion) for Ni0.05Mn0.95O of different 

particles sizes, at 600°C (left) and 700°C (right). The bars indicate the absolute dimensionless 

(%age) carbon balance for each data point, i.e. the known discrepancy between the total flow 

of carbon programmed to leave the MFCs and the total flow of carbon calculated from the 

GC measurement (carbon-containing molecules and internal standard). The slightly lower 

activity of the smaller particle is therefore within the experimental error. 

To test for intraparticle mass transfer limitations, the particle size of a specific catalyst should 

be varied under constant reaction conditions. This is shown in Figure 6.2. The kinetic rate can 

be measured effectively in a bed volume of 1.25 ml or higher by operating the reactor below 

the calculated thermodynamic equilibrium limit and using a flowrate higher than 15 ml min
-1

 

and an optimal particle size of 100-300 µm. Furthermore, these conditions were appropriate 

regardless of the reactor used (Figure 6.3). 
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Figure 6.3. Reaction rates (expressed as conversion) for two identical tests carried out in two 

reactors constructed to the same specifications. 20 mg Ni0.05Mn0.95O used, T = 600°C, GHSV 

= 90,000 L h
-1

 kgcat
-1

. Error bars indicate standard deviations. 

 

6.1 Summary of Relevant Kinetic Models for DRM 

There are three main types of kinetic model which are used for DRM: 

1) Power law 

2) Formal as (i) Eley Rideal or (ii) Langmuir Hinshelwood-Hougen Watson (LHHW) 

3) Microkinetics 

Power Law 

Power law type models are entirely empirical and concern only lumped reaction parameters, 

such as the overall activation energy and reaction orders. This severely limits applicability to 

a narrow range of conditions but can yield useful insights into catalytic behaviour, especially 

when comparing several catalysts. This is further discussed in section 6.2 for DRM over 

Ni0.05Mn0.95O. 

Formal Kinetics 

The following paragraphs contain a short description of several of the major relevant formal 

kinetic models for DRM over nickel, with discussion, and serves as an introduction to section 

6.3. 
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In 1989, Xu and Froment [97] suggested a three-reaction schematic for methane reforming 

and methanation over transition metals, where each rate is governed by a LHHW expression: 

       
              
           ( 6.1 ) 

      
              
           ( 6.2 ) 

        
              
            ( 6.3 ) 

These are overall (not elementary) reactions, and the DRM reaction results from 

stoichiometric summation of these equations. This scheme successfully describes the reaction 

kinetics for steam reforming, CO2 methanation and water gas shift, but although it has been 

suggested that the overall mechanism remains the same when steam is substituted for carbon 

dioxide, the rate expressions were no longer appropriate.[98][99] Furthermore, the 

mechanism has been challenged by Rostrup-Nielsen et al. [100] because it assumes that 

methane dissociation proceeds via an adsorbed precursor state and does not constitute the rate 

determining step. 

In 1994, Zhang and Verykios published kinetic studies based on a similar mechanism on 

Ni/Al2O3 (including effects of calcium oxide promotion) with adsorbed methane activation 

over nickel as the rate determining step in a LHHW mechanism, leading to the rate law 

equation ( 6.4 ):[33] 

     
         

 

           
        

  ( 6.4 ) 

… where a, b and c are kinetic and equilibrium constants. However, they did not give results 

of optimised parameters from data fitting or evidence that such a model appropriately 

describes the reaction rate in that publication. 

One of the most widely cited formal kinetic models to date is that proposed by Bradford and 

Vannice [28] which is based on the assumptions that CH4 and CHxO decomposition are the 

rate-limiting kinetic steps, CO2 forms surface OH radicals via RWGS which subsequently 

react with CHx to form CH(x+1)O, and that decomposition of this formate-type species yields 

the reaction products, resulting in the following reaction mechanism (with kinetically 

irrelevant steps omitted): 



6 DRM Kinetics over Ni0.05Mn0.95O and Comparison with Current Kinetic Models 

 

 

95 
 

Reaction 1:        
              
       

   
   

 
    

 

Reaction 2:          
              
       

    

Reaction 4:    
    

               
              

Reaction 6:    
     

                
         

      

Reaction 7:     
 
               
          

 

 
    

 

Reaction 8:      
                
              

The following LHHW rate equation can be derived from these elementary steps: 

     
          

     

  
      

            
  
  

         

 
( 6.5 ) 

… with    and     representing the forward and reverse rates of the elementary, rate 

determining reactions (1 and 7), and    as a lumped equilibrium constant: 

   
  

      
 ( 6.6 ) 

The model equation ( 6.5 ) fitted data for nickel-based catalysts well, and was able to predict 

experimental observations of Rostrup-Nielsen and Hansen which could not be predicted by 

the model of Xu and Froment. 

Osaki et al. assumed the rate determining step for silica supported nickel and tungsten- and 

molybdenum-disulphide catalysts to be surface reaction between adsorbed O* and CHx* to 

desorbed DRM products, leading to rate equation ( 6.7 ): 

     
                   

   

             
   

           
   
 
  ( 6.7 ) 

     and       indicate adsorption equilibrium constants, and the rate constant   is that of 

the RDS above. However, they found a negative reaction order for CH4 over the nickel 
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catalyst, in contrast to most other published data, and did not publish values for the kinetic 

constants. 

Ni/La/Al2O3 catalysts were used by Olsbye, Wurzel and Mleczko [101] to obtain 

experimental data between 700 and 900°C across a range of CH4 and CO2 partial pressures 

(16-40 kPa). The rate determining step was taken to be oxidation of surface carbon: 

     
               
            ( 6.8 ) 

A LHHW type rate equation ( 6.9 ) described the data well, and activation energies obtained 

agreed with previous literature values of around 90 kJ mol
-1

 [102]: 

     
         

                          
 ( 6.9 ) 

Here    represent equilibrium constants and    represents the rate constant of the RDS. 

Another model (equation ( 6.10 )) was suggested by Tsipouriari and Verykios in 2001 which 

assumed methane cracking and surface reaction between carbon and oxycarbonate species for 

Ni/La2O3 catalysts and fitted the experimental data well between 650 and 750°C. However, 

very little change in reforming rate is observed for changes in the reactant partial pressures 

above 15-20 kPa at all temperatures.[103] 

     
                

                               
 ( 6.10 ) 

These studies were also used as the basis of work by Gallego et al. who formulated a similar 

model for Ni/La2O3 assuming a dual site mechanism (Ni, La2O3) consistent with published 

kinetic isotope effect studies.[104][45] 

More recently, Wei and Iglesia have published thorough isotopic and kinetic studies 

investigating the mechanisms of dry and steam reforming of methane over both nickel and 

noble metal (ruthenium, rhodium, platinum, iridium) based catalysts.[105–108] In all cases 

(excepting palladium [42]), it was found that methane decomposition was the only kinetically 

relevant step under differential reaction conditions; furthermore, although C-H activation is 

reversible at close to equilibrium conversions,[54] isotopic labelling at low conversions 

indicated that this step is essentially irreversible at the beginning of the reaction. Although 
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Wei and Iglesia do not offer an alternative formal kinetic model for methane dry reforming 

over nickel, presumably as their results confirm assumptions made in previous models, they 

do give a pseudo-steady-state kinetic analysis of surface carbon formation on a 

thermodynamic basis, indicating the linear proportionality of carbon formation rate ac to the 

ratio: 

   
       

    
 ( 6.11 ) 

This is not investigated further in this work, as carbon deposition is insignificant for the 

Ni/MnO catalyst discussed. 

Microkinetics 

Limitations to the formal kinetic models described indicate the likelihood that no one step is 

rate determining across a range of catalysts and conditions, and although such expressions 

can describe reaction rates over a limited range of conditions, it is the behaviour of a catalyst 

which is most of interest when creating a model on the basis of a scientific mechanism, and 

this can often be predicted best by a microkinetic model (although the modelled rate may be 

an order of magnitude away from the experimental one).[109] 

Microkinetic mechanisms are generally based on theoretical calculations, using methods such 

as Density Functional Theory (DFT) to calculate thermodynamic and reaction rate parameters 

for elementary reactions. They are then validated against experimental, macrokinetic 

observations. Microkinetic models can be used in a number of ways. They can be compared 

against experimental data over a wide range of conditions, to fine-tune the parameters to a 

particular system, or to obtain microkinetic rate information about a new catalyst. This 

information can then be used to model kinetic behaviour in large reactors, for example in 

combination with multidimensional flow calculations to obtain accurate reactor behaviour 

information over a wide range of conditions without requiring extensive experimental work. 

In studies such as this one, accurate rate information is not required and the model is used to 

obtain mechanistic insights and as part of a wider discussion of catalyst design and 

performance. 

There are two major microkinetic models for methane reforming over nickel, the “Aparicio” 

model and the “Deutschmann” mechanism.[110][111] Both were originally developed for 



6 DRM Kinetics over Ni0.05Mn0.95O and Comparison with Current Kinetic Models  

 

 

98 
 

methane steam reforming. The Aparicio model is based upon experimental transient isotopic 

kinetic studies for SRM over Ni/MgO-Al2O3, and was extended to incorporate dry reforming, 

as well as carbon formation, in the work of Chen et al. using Ni/CaO-Al2O3.[31] However, 

carbon formation is not of interest in the present work. The Deutschmann reforming 

mechanism was developed using theoretical calculations on Ni surfaces and validated against 

experimental evidence from both the literature and results from within the group. The model 

was designed to be thermodynamically consistent and is chosen here for further study due to 

the implied global nature of the mechanism over a wide range of conditions and catalysts. 

It should be noted that the Deutschmann group has published two general methane reforming 

mechanisms, a modified SRM mechanism to incorporate DRM reactions over rhodium, and a 

SRM-oxidation mechanism over nickel.[86] Simulations with the Rh-catalysed model were 

generally unsuccessful at describing low temperature Ni0.05Mn0.95O-catalysed DRM due to 

high carbon coverage at the beginning of reaction leading to very low reforming activity. 

Whilst carbon deposition in the upper part of the catalyst bed has been experimentally 

observed,[112] which is arguably predicted by this model, deactivation kinetics are not 

included and the behaviour does not match the experimental observations in the present work. 

Furthermore, the problem of high C* coverage was previously noted for the mechanism as 

given by Hartmann et al. [113][114] and although mechanism modifications were carried out 

to account for DRM kinetics in the version used, it is nevertheless clear that a model 

developed for Rh catalysts should be unsuitable for the present work. The nickel-based SRM 

mechanism was therefore chosen for further investigation, and is shown in Table 6.1 (without 

Arrhenius parameters). This model was developed using theoretically predicted data, and 

although thermodynamic data for all individual species may not be available, the overall 

mechanism was developed to be thermodynamically consistent. 
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Table 6.1. Full “Deutschmann mechanism” for SRM on nickel [111] (also available 

from www.detchem.com). Each coupled pair of reactions are shown here as one 

reversible reaction, but are described as two irreversible elementary reactions with 

separate Arrhenius parameters in the published mechanism. 

RXN 1       
                
         RXN 12         

                
            

RXN 2       
                
         RXN 13         
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  RXN 19    
    

                
        

      

RXN 9     
                
           

  RXN 20    
    

                
             

RXN 10      
                
           RXN 21       

                
            

RXN 11       
                
          

    

 

The DRM reaction was simulated using the Deutschmann mechanism listed in Table 6.1 

using the software package CHEMKIN. Thermodynamic data was also obtained from the 

DETCHEM website. 

It is possible to perform a sensitivity analysis for a given mechanism to determine the 

sensitivity of a particular model to a change in that parameter. By altering the forward and 

reverse kinetic constants of a pair of coupled reactions i from set j, whilst maintaining the 

same equilibrium constant Ki, one can measure the change in the overall catalytic reaction 

rate caused by a linear increase (or decrease) in the reaction rate of a single step whilst 

maintaining thermodynamic consistency. This therefore becomes a parameter study to 

determine which surface reactions have the largest effect on the overall rate under a given set 

http://www.detchem.com/
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of conditions. It is possible to express this result as a single dimensionless value, called the 

degree of rate control, Xrc, and when Xrc = 1 for a surface reaction, that step is rate 

determining: [115] 

    
  
 
 
  

   
 
        

 ( 6.12 ) 

This result is shown in Figure 6.4 for two identical sets of simulated reaction conditions at 

different temperatures, using the Deutschmann CH4 on Ni reforming mechanism. The most 

significant result is that, under both sets of conditions, no single step is rate determining. This 

means that the overall reaction cannot be significantly altered by focussing upon a single 

surface reaction. Furthermore, any formal kinetic models which focus upon a single rate 

determining step are very likely to have limited range of applicability. This is also clear when 

comparing Xrc at different temperatures. At 550°C, the dissociation of CHx(s) into H(s) and 

CHx-1(s) has a much larger effect on the overall rate at the beginning of the reaction than at 

800°C. Lumping all four steps into a single decomposition step (CH4(s)  C(s) + 4H(s)), as 

many kinetic studies do, the effect is more obvious: it results in an overall Xrc of 0.92 at 

550°C vs 0.60 at 800°C. This indicates that at lower temperature methane decomposition is a 

slow but important step in the reaction pathway which becomes less rate-limiting as the 

temperature increases. At higher temperatures, adsorbed methane is also more likely to react 

directly with surface oxygen species to produce OH radicals. CO2 activation is less 

temperature dependent and has a fairly low degree of rate control. This work therefore agrees 

with literature conclusions, which generally describe methane activation as the rate 

determining step and report a low overall reaction order for carbon dioxide.[116] It is also 

clear that, at both temperatures, oxidation of surface carbon species plays a larger role in the 

reaction as the conversion approaches equilibrium and a higher amount of CO is present. 
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Figure 6.4. The degree of rate control (Xrc) along the catalyst bed for the most important 

surface reactions at 550°C (top) and 800°C (bottom) using the Deutschmann mechanism and 

identical reaction conditions. 

 

6.2 Kinetic Investigation of DRM at Unsupported Ni0.05Mn0.95O 

The basic kinetic parameters of DRM at the NiMnO catalyst were investigated using a plug 

flow fixed bed reactor operating in a differential mode. All catalysts in this section are pre-

sintered unsupported (ex-solid solution) Ni0.05Mn0.95O, henceforward referred to as NiMnO, 

although different pre-sintering times are denoted by _Szz where “zz” indicates the number 

of hours for which the catalyst was pre-sintered at 750°C (e.g. NiMnO_S50 = Ni0.05Mn0.95O 

reduced and pre-sintered for 50 h). Kinetic behaviour (reaction order, activation energy etc.) 

was independent of sintering time, although the pre-exponential reaction constant was lower 
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for higher sintering times or recycled catalyst, indicating the effect of sintering on the 

number, but not the type, of active sites. Whilst obtaining DRM kinetic data, incidental data 

was obtained for the RWGS reaction which was not the result of a rigorous kinetic 

investigation and cannot be considered as thoroughly reliable due to the potential for 

experimental error or proximity to RWGS thermodynamic equilibrium; however, due to lack 

of knowledge about the H2 pressure within the reactor, the data corresponds to the rate 

dependency on CO2 only. These data are nevertheless included separately here for the 

purpose of discussion.  

The effect of feed partial pressure variation on the catalyst reaction rate was investigated. 

This was achieved by maintaining low conversions (approximately 0.1 ≈ X < 0.2) and a 

constant partial pressure of either CH4 or CO2 whilst varying that of the other (and using He 

as make-up carrier gas to keep the same GHSV). A series of experiments were conducted, 

shown in Figure 6.5 and Figure 6.6. The results can be expressed as a power law type model, 

containing terms for CH4 and CO2 only, due to the differential operation mode and therefore 

low concentrations of product gases: 

        
      
  

     
         

      ( 6.13 ) 

This type of rate equation is clearly only valid over a very limited range of conditions but 

gives much information about the kinetic behaviour of the catalyst with respect to individual 

reaction components. Therefore the kinetic model employed can be depicted as a three 

(overall) reaction system, where the rates (for stable performance) of reaction ( 6.14 ) and 

reaction ( 6.15 ) are equal and are described by rate equation ( 6.13 ), and the rate of CO2 

reaction is equal to the sum of reaction ( 6.15 ) and reaction ( 6.16 ): 

    

              
           ( 6.14 ) 

       
              
        ( 6.15 ) 

       

              
           ( 6.16 ) 

These rates combined give the following reaction mass balance for the rate of consumption 

and formation of each species, shown in Table 6.2. 
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Table 6.2. Mass balance describing the rates of reaction for each component. 

    

  
           

      
  

     
         

      

    
  

                        
      
  

     
         

      

   

  
                     

      
  

     
         

      

   

  
                     

      
  

     
         

      

    

  
           

      
  

     
         

      

Only DRM kinetics are extensively discussed and evaluated in this section. The CO2 

conversions are dependent upon the RWGS reaction behaviour and are thus not entirely 

modelled by the DRM kinetics. In order to avoid extensive modelling of the RWGS reaction, 

the selectivity was determined for each laboratory experiment and taken as a constant ratio 

across all conversions as an approximation. Therefore the modelled concentrations of CO2 

and side reaction products were close to those of the experimental concentrations without any 

further assumptions. This is represented by a selectivity factor,  , in Table 6.2, and can be 

expressed mathematically as the mean ratio of the RWGS reaction rate to the DRM reaction 

rate for all   experimentally determined points in a single experiment (i.e.   contact times 

under the same conditions): 

  

 
       

      

 
   

 
 

( 6.17 ) 

The available experimental data for the RWGS reaction is analysed in this section for 

completeness, although it is not used in the modelling section except in the average 

selectivity factors  . 
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Figure 6.5. Reaction orders of DRM reaction over Ni0.05Mn0.95O_S100 with respect to the 

methane pressure. Experimental data were obtained by varying the partial pressure of 

methane (using He as makeup gas). The reaction order with respect to methane is 

approximately 1. Error bars represent 95% confidence interval, shown as relative error. 

The complexity of the surface reaction mechanism usually makes it impossible to define such 

a reaction as entirely “first order” or “second order”, but the overall reaction order can tell us 

much about the catalyst. A CH4 order of near unity for DRM is obtained from Figure 6.5 with 

a good fit, indicating the proportionality between the amount of methane supplied and the 

overall rate. However, there is a large difference between this and the reaction order of CO2, 

which is shown in Figure 6.6. Two separate experiments indicate opposite reaction orders of 

+/- 0.08: considering experimental error, this tells us that the order is essentially zero with 

respect to CO2. Therefore the DRM initial rate is only sensitive to the amount of methane and 

is not altered by altering the CO2 pressure. It is clear that sufficient surface oxidant species 

exist under a wide range of reactant pressures to allow the DRM reaction to proceed via the 

same mechanism, that is, the same rate determining step or steps. Macrokinetically, reaction 

2 (above) is in steady state with reaction 1, which is rate controlling. 
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Figure 6.6. Reaction orders of DRM reaction over Ni0.05Mn0.95O_S100 with respect to the 

carbon dioxide pressure in two separate experiments. The slightly negative and slightly 

positive reaction orders obtained from the two experiments indicate an order of zero for CO2. 

Experimental data were obtained by varying the partial pressure of carbon dioxide (using He 

as makeup gas). Error bars represent 95% confidence interval, shown as relative error. 

The results show in Figure 6.5 and Figure 6.6 are also consistent with the degree of rate 

control as determined by the Deutschmann model under similar conditions: the Xrc for 

methane decomposition or immediate surface reaction (i.e. C-H bond activation) are the 

largest of the entire mechanism. Therefore it is likely that methane activation occurs in a 

similar manner to other bulk nickel catalysts and is (overall) the rate-limiting step or steps. 

Indeed, these data are also consistent with the findings of Wei and Iglesia for Ni/MgO 

catalysts, for which CH4 decomposition was the only kinetically relevant step over a wide 

range of conditions.[105] They argue that this holds for all nickel catalysts, as well as many 

noble metal ones. The results for Ni0.05Mn0.95O shown here prove that the activation of CO2 is 

essentially a fast step, and exclude it from being kinetically relevant, as suggested by Wei and 

Iglesia. This is mirrored in the expression cultivated by Bradford and Vannice, which 

contains terms for CO2 rate dependency but reduces to a linear first order equation dependent 
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only on the CH4 pressure in the absence of CO and H2 (the initial reaction order with respect 

to CH4 is essentially 1 for low pressures in their description): 

   
   

     
      

  
  
  

    

 
( 6.18 ) 

Under steady-state conditions, the very low CO2 reaction order with respect to methane 

indicates such an abundance of surface oxygen species to allow surface reactions without 

blocking of the active sites by CHx (incl. x = 0). Although this is not necessarily true for all 

nickel-based catalysts, which can sometimes remain active despite heavy coking, it is 

certainly the case for stable, coke-free long term reaction as shown for this catalyst and may 

explain its high stability against deactivating forms of carbon deposition. This description 

agrees with spectroscopic and surface science studies indicating promotional effect of MnO 

on CO2 adsorption,[76] and it is plausible that CO2 is activated on the MnO surface and 

subsequently reacts with methane moieties at the Ni-MnO interface. Interestingly, for large 

CO2 overpressures, the catalyst became inactive towards both educts, which was reversible 

under a CO2-lean atmosphere. This could indicate surface saturation with CO2 (or other Ox 

species, such as carbonate) which could block active sites for CH4 activation, or full 

oxidation of the nickel surface by such species. 

The data obtained for the RWGS reaction order is shown in Figure 6.7. Care was not taken to 

ensure that the RWGS reaction rate was catalytically controlled, although the quality of the 

fitting (indicated by R
2
) and error bars indicate that the data are at least relatively precise. The 

rate can be approximated as first order in carbon dioxide, in agreement with various models 

in the literature.[116][117] 
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Figure 6.7. Reaction order data for the RWGS reaction over Ni0.05Mn0.95O_S100, obtained 

when testing for DRM, for carbon dioxide. Data shown here is incidental to DRM kinetic 

measurements. Error bars represent 95% confidence interval, shown as relative error. 

To obtain the apparent activation energy, the reaction rate was measured at different 

temperatures between 500 and 600°C. The total flow rate was varied to maintain roughly the 

same conversion (approx. 0.1 < X < 0.2) and the experiment was repeated under the same 

(Figure 6.8) and different (Figure 6.9, Figure 6.10) reactant partial pressures to ensure 

validity of the result over a range of conditions. Inert gas was mostly He, with 1 ml min
-1

 Ar 

flow as internal standard. A good linear fit was obtained with high R
2
 values for all 

conditions. Roughly the same activation energy was obtained under methane-rich conditions, 

but the calculated activation energy was significantly lower for methane lean conditions, 

indicating the influence of mass transfer effects on the overall reaction rate. That the DRM 

rate should be affected when mass transfer effects reduce the amount of CH4 available at the 

catalyst surface, but is not affected when the same happens for CO2, is consistent with the 

mechanistic and reaction order conclusions drawn above. Repeating the original experiment 

gave very good agreement with the original data (Figure 6.8), resulting in average apparent 

activation energies of 109 kJ mol
-1

 for the DRM reaction. Similar treatment of data including 

the RWGS reaction gave an apparent activation energy of 110 kJ mol
-1

. 

Calculation of the overall apparent activation energy without separation of the DRM and 

RWGS reaction rates for all data resulted in a value of 108 kJ mol
-1 

for CO2. Activation 

energies obtained here are slightly higher than the values obtained by Bradford and Vannice 

(92 and 88 kJ mol
-1

 for CH4 and CO2) for Ni/MgO catalysts.[56] Considering accuracy 
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limitations from experimental error (typical and observed), the closeness of the overall 

activation energy values for methane and carbon dioxide both presented here and in the 

literature indicate that both reactants probably share a single overall activation energy, i.e. 

they react via the same route, with the same rate limiting step(s) in a shared mechanism. It 

should be noted that a slight curve can still be seen against the linear fit, which clearly limits 

the model to this temperature range (Figure 6.8). This is consistent with the mechanistic 

understanding of DRM, as various competing elementary reactions become more or less 

important to the overall reaction rate in the temperature range of 600-700°C (for example, 

CH4 decomposition and the reactions of methyl, methylene and methylidyne species). 

Furthermore, the effect is less noticeable under methane rich conditions (Figure 6.10) and 

accentuated when there is CO2 overpressure (Figure 6.9) showing that the mechanism of 

methane activation is more temperature sensitive than that of CO2, agreeing with conclusions 

drawn from the Deutschmann mechanism for nickel catalysts in the previous section. 

However, it should also be noted that conversions were not low enough to completely rule 

out error caused by mass transfer effects (concentration gradients etc.) and the results must be 

considered in light of this. These results are summarised in Table 6.3. 
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Figure 6.8. Apparent activation energy measurements for the DRM reaction over catalyst 

NiMnO_S50 over the temperature range 500-600°C for two identical experiments (repeated), 

50 mg of catalyst used, CH4:CO2:Inert = 1:1:3. Rate data are in units of mols s
-1

 gcat
-1

. Error 

bars represent 95% confidence interval, shown as relative error. 

 

Table 6.3. Apparent activation energy 

of NiMnO_S50 under varied feed ratios 

 

ΔE, kJ mol
-1

 

DRM RWGS 

Equimolar Feed 109 110 

CH4:CO2 = 1:2 88 81 

CH4:CO2 = 2:1 103 108 
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Figure 6.9. Apparent activation energy measurements for the DRM reaction over catalyst 

NiMnO_S50 over the temperature range 500-600°C, 25 mg of catalyst used. Different 

reactant overpressures were used in the two experiments: CH4 O.P.: CH4:CO2:Inert = 2:1:7; 

CO2 O.P.: CH4:CO2:Inert = 1:2:7. Rate data are in units of mols s
-1

 gcat
-1

. 

 

Figure 6.10. Apparent activation energy measurements for the RWGS reaction over catalyst 

NiMnO_S50 over the temperature range 500-600°C, 25 mg of catalyst used. Different 

reactant overpressures were used in the two experiments: CH4 O.P.: CH4:CO2:Inert = 2:1:7; 

CO2 O.P.: CH4:CO2:Inert = 1:2:7. Rate data are in units of mols s
-1

 gcat
-1

. 
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Analysis of the intercept of Figure 6.8 allowed calculation of the pre-exponential factors for 

DRM, shown in Table 6.4. This information tells us about the number of active sites on the 

catalyst surface and the adsorption behaviour of the reactants, although the high temperature 

and catalytic nature of the reaction prevents deeper analysis of the meaning of the pre-

exponential constant, since it pertains to not a single elementary reaction but a set of many. 

Note that the same process was not carried out for the RWGS reaction, as intercept of Figure 

6.11 is meaningless without a reaction order for H2 and thus no pre-exponential factor can be 

determined. 

 

 

Figure 6.11. Apparent activation energy measurements for the RWGS reaction over catalyst 

NiMnO_S50 over the temperature range 500-600°C for two identical experiments (repeated), 

50 mg of catalyst used, CH4:CO2:Inert = 1:1:3. Both data sets are very close in value and may 

be hard to discern visually. Rate data are in units of mols s
-1

 gcat
-1

. Error bars represent 95% 

confidence interval, shown as relative error. 
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Table 6.4. Power rate law for DRM over Ni0.05Mn0.95O,  

        
      
  

  
   

      
   

      

 

DRM Units 

nCH4 1 - 

nCO2 0 - 

ΔEact 109 kJ mol
-1

 

A 8.64E-3 mol s
-1

 gcat
-1

 Pa
-1

 

 

Table 6.5. Kinetic data obtained for the RWGS reaction over 

Ni0.05Mn0.95O. 

 

RWGS Units 

nCO2 1 - 

ΔEact 110 kJ mol
-1

 

 

An initial rates method tells us much about reactant activation but it is generally not enough 

for practical use without addition of reaction products in the feed. An integral reactor mode 

can be used to learn more about the dynamic behaviour of the catalyst under higher reactant 

conversions. This was performed by holding the catalyst amount and bed size constant, but 

altering the flow rate to alter the contact time. This is equivalent to altering the bed length 

(with constant catalyst concentration in the bed, i.e. altering total catalyst mass) for a 

situation with no mass transfer limitations. The experimental conditions are given in Table 

6.6.  

Table 6.6. Conditions used for kinetic experiments (power law). Data set D1 (labeled as 

“550°C” on parity plots) was obtained at 550°C over a wide range of reactant partial 

pressures. Data set D2 (labeled as 500-600°C) is the shown in Figure 6.8. 

 

Initial CH4 partial 

pressure (kPa) 

Initial CO2 partial 

pressure (kPa) 

Mass of catalyst 

used (g) 

Range of GHSVs 

(L h-
1
 kgcat

-1
) 

A 20.3 20.3 0.05 17,000 - 88,000 

B 23.3 15.2 0.05 17,000 - 88,000 

C 15.2 23.3 0.05 17,000 - 88,000 

D 
1) 5.8 - 47.4 5.8 - 47.4 0.025 55,700 - 200,000 

2) PCH4 = PCO2 = 20.3 kPa; T = 500-600°C 0.05 20,000 - 90,000 
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Figure 6.12. Experimental kinetic data over the Ni0.05Mn0.95O catalyst plotted against that 

modelled by the power law(s). Plots A, B and C show experimental data obtained from the 

reactor in integral mode (data points) and the integrated power law model (lines) for the 

combined DRM and RWGS models, including a repeated experiment to demonstrate 

experimental precision (shown in A as Exp.1 and Exp. 2). Chart D is a parity plot, showing 

modelled rates against experimental ones for a range of temperatures (500-600°C) and for a 

range of partial pressures at 550°C. Experimental conditions are shown in Table 6.6. 

Comparison of the experimental data with that from the power law here derived is shown in 

Figure 6.12. The behaviour of the DRM model fits the data well at the beginning of the 

reaction but does not account for phenomena such as product inhibition at higher 

conversions, as can be seen from the greater curvature of the experimental data. However it 

should be considered that to achieve higher contact times a relatively low GHSV was used 

and the influence of mass transfer effects may be significant for the highest conversion 

points, which could also add greater curvature to the experimental data. In particular, the 

DRM power law predicted rates well for the data obtained from activation energy 
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experiments over a range of temperatures (section D, data set “500-600°C”). However, the 

experimental rates for other data sets are not predicted well by the model. 

Use of a selectivity factor to determine the approximate RWGS rate gives reasonable 

agreement with the experimental data and is sufficient in modelling the RWGS reaction over 

the low conversions used. It should be noted that a reasonable fit was also obtained by 

developing a similar power rate law for the RWGS reaction considering the CO2 partial 

pressure as a first order parameter and the methane partial pressure (in place of that of 

hydrogen) as a first order parameter in the power law rate equation, as performed by Maier, 

Mark et al., [117] and evaluation of the effect of methane partial pressure on the separated 

RWGS reaction rate (similar to Figure 6.11) appeared to show first order rate dependency. 

An attempt to explain this could be by claiming that the RWGS reaction rate depends on the 

amount of H2 which is the product of CH4 decomposition, i.e. lumping reaction ( 6.14 ) and 

reaction ( 6.16 ) together, to obtain an indirect dependency on CH4. However, such a rate 

expression does not make much scientific sense when discussing such overall reactions as it 

does not fit the reaction mechanism; as a result of the way it is derived, it essentially 

represents a “line of best fit” on the basis of the variables available, and it is therefore likely 

to break down under different circumstances, limiting its practical use and scientific value. 

Furthermore, the purpose of this work is not to successfully model the RWGS reaction, and 

any change in the DRM rate from the additional loss of CO2 pressure via RWGS is 

approximated well enough by the selectivity factor. 

Although the modelled catalytic activities fitted the experimental activities well for the data 

from which the pre-exponential constants were derived, the data from experiments performed 

using pre-used catalyst samples or those pre-sintered for different time lengths were 

proportionally different to the modelled data by a uniform factor depending on the catalyst 

batch. Time and resource constraints meant that several batches of model catalyst were 

prepared for kinetic testing, as it was found that 100 h of pre-sintering was unnecessary to 

stabilise the catalyst, and catalysts were re-used to different extents. Thus the changing pre-

exponential constant indicates a different number of active sites between different catalyst 

batches. For example, the initial rate data shown in the parity plot in Figure 6.12 (section D) 

is split into two sets: the first was obtained using Ni0.05Mn0.95O_S50 over a range of 

temperatures (data set “500-600°C”) to obtain activation energy and pre-exponential constant 

data, and fits the y=x line well; the second (data set “550°C”) was obtained using 
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Ni0.05Mn0.95O_S100, which was sintered for twice as long during preparation, and the 

modelled rates are uniformly higher than the experimental ones due to fewer active sites. This 

highlights a problem with catalyst preparation: although the reaction behaviour of the catalyst 

remained the same between batches, a more established and standardised pre-sintering 

procedure should be used in future work if maintaining the same number of active sites 

across several batches is required. 

In order to compare kinetic data in a uniform manner in the following section, the 

experimental activities were normalised to the power law model to allow comparison of 

catalytic behaviour over the same number of active sites. Thus the activities of specific 

batches of experimental data were multiplied by a factor to bring the pre-exponential 

constants into agreement, representing the changing numbers of active sites between different 

catalyst batches. The same factor was used for both DRM and side reaction rates, for all data 

in the entire experimental set. Thus normalisation factors of 1.64 for Ni0.05Mn0.95O_S100 and 

0.85 for the integral experiments using fresh Ni0.05Mn0.95O_S50 have been applied to the 

catalytic data to account for the numbers of active sites of each catalyst. This is shown in 

Figure 6.13 with the corresponding modelled rates. 

The behaviour described by the power law model fitted the data well for all initial results 

obtained for differential reactor operation, and the model adequately describes the catalytic 

behaviour over a range of temperatures and pressures at low conversion. 

The power law model predicts initial rate data well, but does not take into account other 

mechanistic effects, including rate suppression by reaction products at higher conversions as 

observed widely for nickel catalysts, and variation of the RDS with different surface 

coverages. This limits the applicability to a very narrow range of conditions and allows no 

scientific conclusions to be drawn about the nature of the catalyst from its behaviour. 

Therefore it is insufficient and a kinetic model from the literature should be considered, to 

learn more about the RDS and to predict over a wider range of conditions. This also allows 

better comparison of the catalyst with other nickel catalysts. A microkinetic model will first 

be investigated, followed by formal kinetic models. 
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Figure 6.13. Normalised experimental kinetic data over the Ni0.05Mn0.95O catalyst plotted 

against that modelled by the power law(s) (see Figure 6.12). Data for plots A, B and C were 

normalised by a factor of 0.85 and isothermal partial pressure data for the parity plot (D, 

550°C) were normalised by a factor of 1.64. Experimental conditions are shown in Table 6.6. 
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6.3 Comparison with Published Kinetic Models for DRM 

The nickel catalysed Deutschmann mechanism has been more extensively investigated here 

with respect to DRM behaviour over the Ni0.05Mn0.95O catalyst. As commented on in the 

original publication,[111] further development work is required to widen application of the 

microkinetic model to DRM, especially when describing deactivation kinetics from carbon 

deposition. The current model does not include build-up of inactive or deactivating carbon, 

although high surface coverage of C* (that is, adsorbed carbon as a reaction intermediate) 

does give some indication of the likelihood of coking. However, this is irrelevant within the 

current work, for which a stable catalyst has been obtained and the question of carbon 

deposition kinetics is not of interest. 

Other issues evident with the mechanism include reaction rates and consequent product 

distributions along the catalyst bed, shown in Figure 6.14. Comparison of the initial reaction 

rates at low contact times of t < 0.002 min with those at longer contact times reveals much 

higher simulated initial rates than determined experimentally. This appears to result from 

overstatement of the effects of product inhibition on the catalytic activity in comparison to 

Ni0.05Mn0.95O. Furthermore, the RWGS rate is significantly higher at the beginning of the 

reaction than observed experimentally, which skews the selectivity. This is clear for all three 

sets of data shown in Figure 6.14, which show higher experimental selectivity at lower 

contact times. However, it is clear that the general features of the behaviour of the catalytic 

reaction can be roughly described by the mechanism, in particular the approximate ratio of 

the RWGS to DRM reaction rates, and it seems reasonable that further work could extend the 

model to accurately predict the DRM reaction over the Ni0.05Mn0.95O catalyst. 

The process of model reduction to obtain a simplified set of elementary and grouped (overall) 

reactions should generally be carried out if a kinetic model is to be of wide practical use. 

After various assumptions have been made on the basis of experimental evidence, a formal 

kinetic model is derived which contains parameters for all the kinetically relevant steps under 

a more confined set of experimental conditions, and can be used to model a specific type of 

catalyst, i.e. a catalyst with a specific RDS. Thus comparison of the behaviour of a catalyst 

with that of various formal kinetic models for similar catalysts with different rate determining 

steps allows conclusions to be drawn about the RDS of the catalyst in question. 
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Figure 6.14. CHEMKIN simulation results (solid lines) and catalytic testing results using 

Ni0.05Mn0.95O (data points) for the same conditions in a fixed bed reactor. Conditions used: 30 

Nml min
-1

 total flow, 550°C, atmospheric pressure, isothermal operation. 50 mg catalyst used 

(specific surface area: 1E6 cm
2
 g

-1
), bed diameter 0.8 cm, length 3.0 cm. Top left: 

CH4:CO2:He = 23:15:62, top right CH4:CO2:He = 15:23:62, bottom CH4:CO2:He = 1:1:3. No 

gas phase reactions were allowed for the CHEMKIN simulation, and an empirical surface 

reaction rate multiplier of 0.03 was used to adjust the number of active sites to account for the 

activity difference between the real catalyst and the ideal (simulated, 100% dispersion) one. 

Several previously published kinetic models were compared with the kinetic data obtained 

from the integral mode kinetics experiments. Parameters were fitted as described in the 

theory section, by minimising the residual sum of squares. Fitted parameters (shown 

alongside literature values (if given) in Table 6.8) were then applied to initial rates 

calculations to allow for discrimination between models. All models were optimised to data 

at 550°C and 1 atm (abs) total pressure; only the pre-exponential factors were fitted for 

models consisting of Arrhenius equations. Therefore temperature dependencies were not 
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investigated. Equilibrium behaviour of the models due to reversibility of the DRM reaction 

was taken into account using the function: 

                
   

    
 

            
  ( 6.19 ) 

... where      represents the equilibrium constant as calculated from simulation data 

obtained by the CHEMKIN equilibrium model calculator: 

     
   

    
 

        
 ( 6.20 ) 

CHEMKIN equilibrium data (including influence of RWGS) was chosen rather than the 

DRM-specific kinetic equilibrium constant to facilitate simulation of experimentally 

observed equilibrium behaviour, as described in the theory section, without also fitting 

parameters for the RWGS reaction. 

Table 6.7. Conditions used for kinetic experiments over Ni0.05Mn0.95O at 550°C. 

 

Initial CH4 partial 

pressure (kPa) 

Initial CO2 partial 

pressure (kPa) 

Mass of catalyst 

used (g) 

Range of GHSVs 

(L h-
1
 kgcat

-1
) 

A 20.3 20.3 0.05 17,000 - 88,000 

B 23.3 15.2 0.05 17,000 - 88,000 

C 15.2 23.3 0.05 17,000 - 88,000 

D 5.8 - 47.4 5.8 - 47.4 0.025 55,700 - 200,000 

 

Four sets of experimental data were considered, as described in Table 6.7. Experiments A, B 

and C are results of integral mode kinetic experiments, indicating the variation of methane 

conversion with contact time (i.e. distance along the catalyst bed). Data set D shows a parity 

plot of the initial rates data obtained from simulation (y-axis) against the experimentally 

determined initial rates (x-axis) for a wide range of reactant partial pressures at 550°C. High 

proximity to the solid lines (A, B and C show modelled conversion, D shows the y = x line) 

indicates that the model describes the experimental data well. The dimensionless sensitivity 

      of the model parameters is also given, as calculated by the change in the initial methane 

conversion (     ≈ 0.001) caused by small changes in the parameter   : 
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 ( 6.21 ) 

Note that whilst this is analogous to the degree of rate control     described above for 

microkinetic analysis, it differs significantly in that it is not thermodynamically consistent, it 

does not involve simultaneous alteration of the forwards and reverse reaction parameters, and 

should only be considered as an indication of the most and least significant parameters in 

each model for the initial rate. 

 

Figure 6.15. Tsipouriari and Verykios model (equation ( 6.10 )) with parameters optimised to 

the integral reactor mode data. A, B & C: lines indicate modelled data; D: parity plot line 

indicates y = x (i.e. best fit). See Table 6.7 for experimental conditions. Final RSS = 0.0166 

(integral, A-C); 2.87E-09 (initial rates, D). 

As can be seen from Figure 6.15, the optimised Tsipouriari and Verykios model is insensitive 

to changes in the reactant partial pressures within the experimental range investigated. This 

could result from the reaction temperature, which was significantly higher (650-750°C) in the 
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literature, although the kinetic data obtained in the original study indicated low reaction 

orders at partial pressures higher than around 15 kPa. The differences are also reflected in the 

apparent activation energy, which was found to be significantly lower in their study.[103] 

The rate determining steps assumed in the model are methane cracking (with adsorption at 

equilibrium) and reaction of carbon deposits with surface metal carbonates, i.e.: 

           
               
                   ( 6.22 ) 

Clearly the assumption that, at higher surface methane coverage, the rate determining step 

shifts to that stated above is invalid for the Ni/MnO catalyst studied here, as the initial rates 

are not predicted well by the model. 

 

Figure 6.16. Bradford and Vannice model (equation ( 6.5 )) assuming methane and CHxO 

decomposition to be rate determining. A, B & C: lines indicate modelled data; D: parity plot 

line indicates y = x (i.e. best fit). See Table 6.7 for experimental conditions. Final RSS = 

0.00759 (integral, A-C); 2.09E-10 (initial rates, D). 
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The Bradford and Vannice model fitted the data reasonably well, although the modelled rate 

was higher than the experimental at higher conversions for varied inlet partial pressures (B 

and C), indicating that the effect of CO2 and reaction products on the net rate was not 

significant enough in the model. This can also be seen indirectly in the initial rate of the 

equimolar experiment (A), as the modelled rate is lower than the experimental one. Although 

the lower experimental rates at high contact times are more likely to be reduced by 

diffusional limitations (as discussed above), the model is insensitive to small changes in the 

reactant pressures, as can also be seen in the top right section of Figure 6.16, section D. 

However, the assumption that methane decomposition is the rate determining step appears to 

be appropriate and agrees with the experimentally obtained reaction orders. 

 

Figure 6.17. Olsbye Wurzel Mleczko model (equation ( 6.9 ))[101] assuming oxidation of 

surface carbon to be rate determining. A, B & C: lines indicate modelled data; D: parity plot 

line indicates y = x (i.e. best fit). See Table 6.7 for experimental conditions. Final RSS = 

0.00534 (integral, A-C); 1.13E-09 (initial rates, D). 
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The Olsbye model, fitted rate data shown in Figure 6.17, assumes the RDS to be: 

     
               
            ( 6.23 ) 

This is based on conclusions in previous literature considering the lower overall rate of DRM 

in comparison to steam reforming, and considers the role of higher CO pressures which 

inhibit the DRM reaction rate.[99] Furthermore, it was assumed that CO2 is activated on the 

support, with competitive adsorption on the active nickel site between CO and CH4. This 

model appears to fit the integral Ni/MnO data reasonably well, but only approximately 

describes the initial rate behaviour, and the fit is not as good as the above Bradford and 

Vannice model. This could be related to similarity between the assumptions that the rate 

determining steps are inhibited by higher surface CO concentration, with competitive CH4 

adsorption on the same site. 

The data shown in Figure 6.18 was based on fitting parameters for the form given by Osaki et 

al. assuming that CHx* oxidation with O* to gaseous CO and H2 is the RDS in a LHHW 

mechanism. However, no parameters were given for comparison in the literature and the 

physical significance of the fitted parameters is therefore questionable. That said, values for 

adsorption equilibrium constants      and      meet the requirements stated in the authors’ 

assumptions that      >> 1 and      >>      for reduction of the rate law (equation ( 6.7 )) 

to that which applied to disulphide catalysts in their investigation (equation ( 6.24 )), which 

also exhibited high resistance to carbon deposition: 

       
        
        

 

   

 ( 6.24 ) 

This result could indicate similar high surface coverage of CO2 on the Ni/MnO catalyst. The 

disulphide catalyst in their investigation also exhibited suppressed ability to dehydrogenise 

methane; however, their experimental results indicated a negative reaction order with respect 

to CH4 which is certainly not true for the catalyst in consideration. This is reflected in the 

poor description of initial rates (section D). 
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Figure 6.18. Kinetic data for Ni0.05Mn0.95O catalyst with parameter fitted model for Ni/SiO2 

(equation ( 6.7 )). [118] A, B & C: lines indicate modelled data; D: parity plot line indicates y 

= x (i.e. best fit). See Table 6.7 for experimental conditions. Final RSS = 0.0135 (integral, A-

C); 1.18E-09 (initial rates, D). 

The model with the best fit is that proposed by Bradford and Vannice for Ni/MgO, and both 

catalysts have the same kinetic behaviour. The change in the values of parameters by fitting is 

the result of higher activity of the catalyst in this work due to a higher number of active sites, 

which agrees with predictions made from the original literature review that Ni/MnO and 

Ni/MgO should behave similarly although it is harder to reduce Ni out of the NixMg1-xO solid 

solution leading to fewer active sites. This information, and data for the other models tested, 

is summarised in Table 6.8. 
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Table 6.8. List of DRM model parameters: literature values, optimised values (for Ni/MnO at 

550°C) and sensitivity analysis for reaction conditions A (Table 4.1). 

Model 

 

Literature Fitted 

 

Sensitivity, 

      

Bradford and Vannice, 

Ni/MgO, 550°C 

   6.37E-10 8.51E-08 m gcat
-1

 s
-1

 Pa
-1 5.2 

   3.36E-05 4.01E-03 mol gcat s
-1 2.5 

     1.23E-09 2.93E-06 mol gcat
-1

 s
-1

 Pa
-1 1.6 

Olsbye Wurzel 

Mleczko, Ni/La/Al2O3, 

700-900°C 

     2.60E-11 1.56E-09 mol min
-1

 gcat
-1

 Pa
-2 4.8 

   5.13E-06 5.81E-06 Pa
-1 2.1 

   9.87E-05 9.05E-05 Pa
-1 1.3 

   2.66E-04 2.53E-04 Pa
-1 0.9 

Tsipouriari and 

Verykios, Ni/La2O3, 

750°C 

     1.40E-08 2.53E-07 mols gcat
-1

 s
-1

 Pa
-1 4.9 

   2.02E-03 3.15E-02 Pa
-1 2.4 

   5.90E-05 1.08E-03 mol gcat
-1

 s
-1

 Pa
-1 1.8 

Osaki, Horiuchi, Suzuki 

and Mori, Ni/SiO2, 

700°C 

     - 0.336 mol g cat
-1

 s
-1 5.5 

     - 27.4 - 2.7 

     - 265 - 1.7 

 

6.4 Conclusions 

The kinetics of dry reforming over the model catalyst (Ni0.05Mn0.95O) were investigated using 

an initial rates method to obtain the overall activation energy and reaction orders. The 

apparent activation energy of DRM was found to be 109 kJ mol
-1

 and the reaction order with 

respect to methane was approximately 1. The carbon dioxide partial pressure essentially had 

no effect on the catalytic activity and the reaction order was accordingly zero. These values 

are in agreement with most of the literature on nickel catalysts. 

Considering the fact that the catalyst does not develop significant carbon deposits as for the 

commercial catalysts tested, this indicates that CH4 activation is rate determining, as over 

many nickel catalysts, with the difference that CO2 activation is fast and an abundance of 
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surface oxidant species exist to remove adsorbed carbon before stable coke is formed. This 

implies that the kinetically-relevant steps proceed via the same elementary reaction 

mechanism as other nickel catalysts in the literature, with the difference that CO2 adsorption 

and activation occur faster than over bulk nickel. 

The behaviour of the Ni/MnO catalyst can be adequately described by LHHW kinetics and 

appears to be similar to previously published catalysts, with the assumption that the rate 

determining steps are methane activation through decomposition of CHx* or CHxO*, or 

oxidation of a surface C* or CHx* with O* from adsorbed CO2 (which is at equilibrium). The 

Bradford and Vannice formal kinetic model described the kinetics particularly well with 

fitted parameters. 

 

 

 

 



7 Conclusions 

Traditional type catalysts are not sufficient for the DRM reaction at low temperature due to 

low activity, low stability and formation of solid carbon deposits. The ability to maintain 

small nickel nanoparticles under the harsh reaction conditions greatly increases the catalyst’s 

activity and resistance to carbon deposition. 

Materials consisting of small nickel nanoparticles formed from Ni4 cluster precursors 

supported on a high surface area support, Ni4/SBA-15 catalyst (prepared by SSP route), were 

found to have high activity for the DRM reaction without severe deactivation problems or 

development of significant carbon deposits at lower temperatures of 500-600°C. 

Coating nickel oxide nanoparticles in a temperature stable oxide material via ALD, to form 

50 nm Ni particles in a thin porous Al2O3 shell, created catalysts which have very high 

activities and are extremely resistant to deactivation through sintering, but the issue of carbon 

deposition could not be solved without operating at high enough temperatures (800°C) to 

thermodynamically suppress it. The catalytic activity of the catalyst with the thinnest alumina 

coating, NiO-5, is at time of writing one of the very highest in the literature (Table 7.1). 

Addition of MnO to bulk nickel catalysts improved both the activity and stability, although 

carbon deposition still occurs. Use of MnO as a support by synthesis through a NixMn1-xO 

solid solution route resulted in very high resistance to carbon deposition and improved 

activity. However, the first Ni/MnO catalysts tested were susceptible to deactivation from 

sintering even at lower temperatures of 500-600°C, although lower nickel contents (x = 0.1) 

seemed to form stable catalysts after a prolonged period of sintering at higher temperature. 

Sintering is accompanied by carbon deposition as the nickel particle behaviour becomes that 

of bulk nickel. Initial application of amorphous silica support through a sol-gel synthesis 

improved catalyst activity but not stability. 
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Table 7.1. Comparison of recently published Ni catalyst activities in DRM. Upper half of 

the table represents low temperature DRM for comparison with the model catalyst; lower 

half of the table represents higher temperature DRM (for which more literature data is 

available) for comparison with the catalyst prepared by ALD. 

Catalyst 

 

CH4 RXN 

Rate (mmol 

min
-1

 gcat
-1

) 

CH4 

conv., X 

(%) 
GHSV  

(Lg
-1

 h
-1

) 
Temp. 

(°C) 
CH4/CO2 

Ratio 
yCH4 

in feed 

Ref. 

 

Ni/Al2O3 0.2 17 20 500 1 to 1 0.1 [119] 
Ni/Olivine 0.3 20 19 500 1 to 1 0.1 [95] 
Ni0.1Mg0.9O 1.9 40 14 600 1 to 1 0.5 [66] 

Ni0.05Mn0.95O 

(stable rate, 40 h) 1.0 10 72 525 1 to 1 0.4 
This 

Work 

7% Ni/M-Ce50Zr50 4.1 80 15 700 1 to 1 0.5 [120] 
9% Y2O3-

NiO/SBA-15 7.3 89 24 700 1 to 1 0.5 [121] 

Ni/8MgO-SBA-15 8.2 67 36 700 1 to 1 0.5 [68] 

LaNiO3/SBA-15 9.2 75 36 700 1 to 1 0.5 [59] 

La-Mg(Ni,Al)O 14.8 29 150 700 1 to 1 0.5 

[122] 

[123] 

(2%Yb-)Ni/γ-Al2O3 7.1 80 52 700 1 to 1 0.25 [69] 

LaNiO4/KIT-6 8.6 79 33.6 700 1 to 1.1 0.48 [124] 

La2NiOx/MAS-9 8.2 75 32 750 1 to 1 0.5 [125] 

Ni(10)-M-Al 7.2 42 100 700 1 to 1 0.25 [50] 

0.8 wt% Ni/Al2O3 4.8 - 7.1 700 1 to 1 - [91] 

55 wt% Ni/MgAlOx 194.7 62 1440 800 4 to 5 0.32 

[126] 

[127] 

55 wt% Ni/MgAlOx 232.4 74 1440 900 4 to 5 0.32 

[126] 

[127] 
NiO-5 (stable rate 

50h) 725.7 41 5143 800 1 to 1 0.5 
This 

Work 

 

Catalysts formed via the solid solution route Ni0.05Mn0.95O, to form 5% Ni/MnO, exhibited 

excellent resistance to carbon deposition but were unstable even after calcination at high 

temperature to pre-sinter the catalyst. Pre-sintering the catalyst under a reductive atmosphere 

allowed formation of small, stable Ni
0
 nanoparticles on the MnO surface, resulting in a 

catalyst which is highly stable at temperatures of 500-700°C and for which no carbon could 

be detected even after 40 h time on stream under thermodynamically favourable conditions 

(low temperature and high reactant partial pressure). Such high resistance to carbon 

deposition under DRM conditions is exceptional for a nickel catalyst at such low 

temperatures, and the activity measured was comparable to catalysts in the literature      



7 Conclusions 

 

 

129 
 

(Table 7.1). Use of an amorphous silica support led to reaction of MnO with SiO2 under 

DRM reaction conditions to form Mn2SiO4, which led to catalyst deactivation. 

The pre-sintered 5% Ni/MnO catalyst was chosen as the model catalyst because it meets the 

requirements stated in the project objectives: 

- Extremely good resistance to carbon deposition; 

- High stability over a range of conditions for low temperature DRM (500-650°C); 

- Reasonable activity. 

Furthermore, the synthesis is simple, established and upscalable, and the starting materials 

are relatively inexpensive and readily available. 

Methane activation seems to be the sole kinetically relevant step over Ni0.05Mn0.95O (5% 

Ni/MnO), in agreement with most literature on nickel catalysts. Activation energies and 

reaction orders are also in accordance with similar catalysts in the literature. The kinetic 

behaviour could be described by LHHW type kinetic models with the assumption that 

methane activation through decomposition of CHx* or CHxO*, or oxidation of surface C* or 

CHx* species as the rate determining step. Activation of CO2 is at equilibrium. Specifically, 

the model of Bradford and Vannice [56] with fitted parameters predicts the kinetics well. 

The active phase is nickel, with CO2 seemingly activated over the MnO surface. This is 

supported by the kinetic behaviour of the catalyst, which is similar to that of nickel on 

standard, inert supports, and can be described by established formal kinetic models for other 

nickel catalysts in the literature. Therefore the Ni/MnO catalyst should provide a good model 

to describe the behaviour of a standard nickel catalyst, without issues such as carbon 

deposition or sintering, in future work. 
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