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ABSTRACT 

 

 

 

Development of Coke-tolerant Transition Metal Catalysts for Dry Reforming of 

Methane 

 

Bedour Essam Abdullah Al-Sabban 

 

 

Dry reforming of methane (DRM) is an attractive and promising process for the 

conversion of methane and carbon dioxide which are the most abundant carbon sources 

into valuable syngas. The produced syngas, which is a mixture of hydrogen and carbon 

monoxide, can be used as intermediates in the manufacture of numerous chemicals. To 

achieve high conversion, DRM reaction is operated at high temperatures (700-900 °C) that 

can cause major drawbacks of catalyst deactivation by carbon deposition, metal sintering 

or metal oxidation. Therefore, the primary goal is to develop a metal based catalyst for 

DRM that can completely suppress carbon formation by designing the catalyst composition.  

The strategy of this work was to synthesize Ni-based catalysts all of which prepared by 

homogeneous deposition precipitation method (HDP) to produce nanoparticles with 

narrow size distribution. In addition, control the reactivity of the metal by finely tuning the 

bimetallic composition and the reaction conditions in terms of reaction temperature and 

pressure.  

The highly endothermic dry reforming of methane proceeds via CH4 decomposition 

to leave surface carbon species, followed by removal of C with CO2-derived species to give 

CO. Tuning the reactivity of the active metal towards these reactions during DRM allows 
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in principle the catalyst surface to remain active and clean without carbon deposition for a 

long-term. The initial attempt was to improve the resistance of Ni catalyst towards carbon 

deposition, therefore, a series of 5 wt.% bimetallic Ni9Pt1 were supported on various metal 

oxides (Al2O3, CeO2, and ZrO2). The addition of small amount of noble metal improved 

the stability of the catalyst compared to their monometallic Ni and Pt catalysts, but still 

high amount of carbon (> 0.1 wt.%) was formed after 24 h of the reaction. The obtained 

results showed that the catalytic performance, particle size and amount of deposited carbon 

depends on the nature of support.  Among the tested catalysts, Ni9Pt1/ZrO2 showed high 

stability with the least carbon amount (0.55 wt.%).  

 On the other hand, mono- and bimetallic Co-Ni/ZrO2 were then prepared following 

the same synthesis protocol. The ZrO2 support was chosen because of its high thermal 

stability and absence of mixed oxide formation with the active metals. It was demonstrated 

that on monometallic Co catalyst, the kinetic analysis showed first-order in CH4 and 

negative-order in CO2 on the DRM rate. The Co catalyst deactivated without forming 

carbon deposits. On contrary, on monometallic Ni catalyst, the DRM rate was proportional 

to CH4 pressure but insensitive to CO2 pressure. The Ni surface provides comparatively 

higher rates of CH4 decomposition and the resultant DRM than the Co catalyst but leaves 

some deposited carbon on the catalyst surface. In contrast, the bimetallic CoNi catalyst 

showed kinetics resembling the Co catalyst, i.e., the first-order with respect to CH4 pressure 

and the negative-order with respect to CO2 pressure on the DRM rate. Noticeably, the 

stability of CoNi catalyst was drastically improved over the monometallic counterparts and 

no deposited carbon was detected after the DRM reaction. The results suggest that for an 

appropriate Co/Ni ratio, the bimetallic CoNi/ZrO2 catalyst exhibits intermediate reactivity 
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towards CH4 and CO2 between Co and Ni producing negligible carbon deposition by 

balancing CH4 and CO2 activation.  
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CHAPTER 1 

 

General Introduction    

 
 

1.1. Natural gas and greenhouse gas 

Crude oil is considered as the main and most important source of energy with a great 

impact on the economy of every country, providing >90% of the raw materials.1 However 

the continuous increase in energy demand and limited reserves have led to the requirement 

of alternative resources. Different ways have been investigated to utilize other available 

resources to substitute crude oil. Natural gas is an abundant alternative resource of energy 

and carbon-based material, predominantly composed of methane, which can produce 

chemicals that are fossil fuel derivatives. Since the mid-1970s, an increase of the world’s 

energy demand for natural gas is observed and according to the International Energy 

Agency (IEA),2 it is expected to reach 30-40% more. In many aspects, natural gas is the 

cleanest burning among other fossil fuels because of its ease of purification and the fact 

that it has the largest heat of combustion compared to the amount of CO2 formed among 

all hydrocarbons. Therefore it is currently used for industrial heating, at home and for the 

generation of electrical power.  

Large deposits of natural gas are located in remote areas far from prospective markets 

and consequently has to be liquefied under pressure to useful and easily transportable 

chemicals. However, transportation is expensive and dangerous. It is, therefore, desirable 

to develop new technology to convert and utilize efficiently the main component of natural 

gas, methane, at low cost in the industrial process. Different routes have been developed to 

convert methane into synthesis gas since ever was discovered by Sabatier and Senderens.3,4  
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On the other hand, the rise of carbon dioxide emission into the atmosphere has been of 

global concern in the past decade. Recently, the estimated concentration of CO2 is about 

400 parts per million (ppm) of the atmosphere.5 Further increase of CO2 levels are expected 

in the future, due to ongoing use of fossil fuels but may be ultimately limited by their 

availability. Therefore, the utilization of CO2 as a feedstock for chemical production can 

curb the global climate change issue, and provide an avenue for new concepts and 

opportunities for catalytic and industrial development.6 Moreover, the transformation of 

two greenhouse gasses (carbon dioxide and methane) can not only reduce their 

concentrations in the atmosphere but also produces synthesis gas. This synthesis gas can 

be further converted into long-chain hydrocarbons through the Fischer-Tropsch process.7  

 

1.2.Synthesis gas 

 Synthesis gas (syngas) is a mixture of carbon monoxide and hydrogen (CO + H2), 

which is considered as the building block for the production of diverse basic chemicals, 

such as methanol8 and aldehydes. Syngas production from methane reforming is a major 

concern for oil/gas industry as it is a continuously growing market, due to a large amount 

of reserves and its applicability as an energetic resource. Three reactions are known for the 

preparation of syngas using methane, i.e., steam reforming9 (Equation 1), CO2 reforming 

(Equation 2), also called dry reforming,10  and partial oxidation11  (Equation 3). 

4 2 2CH H O CO 3H                   ΔH = 206 kJ mol-1    (Equation 1) 

4 2 2CH CO  2 CO 2H               ΔH = 247 kJ mol-1    (Equation 2) 

4 2 2

1
CH O  CO 2H

2
                 ΔH = -38 kJ mol-1    (Equation 3) 
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These reactions involve the reverse water-gas shift (RWG) reaction (Equation 4):  

2 2 2CO H  CO H O                 ΔH = 41 kJ mol-1    (Equation 4) 

 

The thermodynamic equilibrium composition of all compounds as a function of reaction 

temperature and reaction pressure is shown in Fig. 1.1.  

Among the different possible technologies, the endothermic steam reforming of 

methane (SRM) is the well-developed and dominant industrial process used for the 

production of syngas.12 Many steam reforming plants have been built since the 30’s and 

more than 90% syngas is produced at high temperatures (700-800°C) and pressures (15-40 

bar) over heterogeneous Ni-based catalysts. Several metals including nickel, cobalt, iron 

and platinum have been found to catalyze this reaction. However, the produced syngas is 

equal to ~3 and to have ideal H2/CO ratio for downstream processes it requires the removal 

of valuable hydrogen. Alternatively, a reaction such as DRM which produces a ratio close 

to unity can be considered.  

Partial oxidation of methane (POM) was first studied in the middle of the 20th 

century and was reported as a mild exothermic reaction.11 Thus, it is industrially highly 

attractive, because of low energy consumption compared to the endothermic steam and dry 

reforming. In addition, it produces suitable H2/CO ratio of 2 beneficial for kerosene and 

diesel fuel.8 In contrast to synthesis gas produced via CO2- or steam- reforming, which 

requires being adjusted to a suitable ratio before using in the downstream processes. It was 

concluded by Schmidt et al.13 that direct catalytic oxidation is the process of choice for 

future utilization of natural gas to liquid fuels since it is an interesting route. However, pure 

oxygen is necessary to convert CH4 in this process and economics of PO is restricted by 



19 

 

the cost of pure oxygen supply. Most researchers suggested a combustion-reforming 

mechanism (CRR),14 starting by total combustion of CH4 to carbon dioxide and water, 

followed by reforming reactions to syngas. The former reaction step is a mildly exothermic 

process that causes temperature gradient and formation of hot spots on the catalyst surface, 

especially at high space velocity. Controlling this process is difficult and poses a great risk 

from the safety point of view which should overcome. Although a direct conversion to 

syngas without combustion has been investigated, it seems to be far from practical use due 

to low catalytic activity. Modification of the operating conditions are under investigation 

to apply auto-thermal reforming (ATR) with optimum H2/CO ratio, mainly by the 

utilization of the exothermic partial oxidation and combine it with other endothermic 

reforming reactions.15 This process was designed to save energy because the required 

thermal energy can be generated in situ by the partial oxidation of methane, which is then 

consumed afterward.16 The ATR has been identified as a preferred option for large-scale, 

economic synthesis gas production. 

In recent years the dry reforming of methane (DRM) has received increasing 

interest in both academia and industry. From the environmental point of view, the DRM 

consumes about ~ 4 - 9% and ~ 9 - 26% of CH4 and CO2 respectively as raw materials to 

produce syngas. These two main components of greenhouse gas and believed to be related 

to the global warming issues. Construction of the DRM system close to the concentrated 

CO2 sources, e.g., power plant, and use of the flue gas as a feedstock are considered to be 

an effective way to reduce the emission of CO2. Additionally, the syngas produced is of 

low H2/CO ratio close to unity, which is suitable for Fischer-Tropsch synthesis7 and 

synthesis of oxygenates.17 The DRM itself or combination with other reforming techniques 
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such as SRM and POM is able to produce the syngas with tunable H2/CO molar ratio, 

which can meet different demands are also widely investigated.  

 

1.3. Dry reforming of methane 

1.3.1. State of the art    

The first report of a dry reforming reaction was done by Fischer-Tropsch in 1928 

over base metal catalysts.18 Then, the formation of carbon and loss of activity for different 

metal catalysts were identified as major obstacles, which seriously hinder DRM as a 

successful industrial application. Actually, the same issues exist in the SRM, but it can be 

overcome efficiently by increasing the H2O/CH4 molar ratio in the feedstock.19 Compared 

to the SRM, due to increased C/H molar ratio in the feedstock, the DRM causes more 

significant coking. Moreover, sintering of the metal occurs at high temperatures, which 

causes deactivation by a decrease of the metallic surface area.20 In addition, metal oxidation 

and poisoning were later reported to cause catalyst deactivation.21,22   

Different catalyst systems associate different deactivation mechanism, and 

understanding these mechanisms was essential to overcome such drawbacks. Work by 

Bodrov et al.23,24 outlined the kinetic principal of the DRM process over nickel surface at 

800-900°C and reported that the rate can be described by the same kinetic equation as that 

for SRM. In the 1980s two industrial applications have been commercialized that involve 

CH4 and CO2: the SPARG25 and the CALCOR26,27 processes (briefly introduced later). 

Both processes address the problem of coke formation and the catalyst is stabilized by its 

modification and operating at high temperatures (> 900°C). At these high temperatures, 

carbon formation is thermodynamically less favorable.28   
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SPARG process     

 The process was first commercialized in Sterling’s Texas City Plant, USA in 1987 

and was designed to decrease the syngas H2/CO ratios for the synthesis of acetic acid, 

dimethyl ether, and oxo-alcohols. This was done by replacing part of the steam by CO2 

without changing the steam reforming facility.  In the SPARG25 process, the natural gas is 

desulfurized then mixed with steam to undergo pre-reforming. In the reformer, nickel 

catalyst is passivated by sulfur to block sites where carbon formation is favorable. Carbon-

free operation with partially sulfur-passivated nickel catalysts was demonstrated for syngas 

production. Figure. 1.3 shows a general flow sheet of SPARG process.   

 

CALCOR process 

 This process was designed to produce high purity of CO from natural gas or 

liquefies petroleum gas (LPG), 24,25 to overcome problems involved in the transportation of 

the toxic CO and need for high product quality. It is favorable that the production of CO is 

operated on-site at high temperature and low pressure. The feed has to be hydro-

desulfurized before it is mixed with CO2. The feed mixture passes over catalysts with 

different activities and shapes throughout the reformer tubes. It was claimed that carbon 

formation was prevented by the specific arrangement of these catalysts. The feed is 

converted into a syngas consisting of CO, H2, CO2, H2O and less than 0.1% CH4. Then the 

CO2 is removed, recovered and recycled to the reforming process after the synthesis gas is 

cooled to ambient temperature. Finally, CO is purified while H2, CH4, and CO2 are 

removed. Figure. 1.4 shows a general flow sheet of CALCOR process.   
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1.3.2. Carbon deposition  

Carbon deposition is considered as the main and common drawback of the dry 

reforming reaction,29,30 thus developing an effective catalyst that can overcome such issue 

is of great importance. Carbon whiskers may grow on the surface of some non-noble metals 

such as nickel, cobalt and iron from a hydrocarbon and/or carbon monoxide dissociation 

process. Generally, the generated carbon atoms on the catalyst surface can nucleate then 

migrate into the bulk of the crystal to form carbon fibers that results in activity loss.31-33 

The growth of whiskers is known to be favored on a specific plane of the metal crystal with 

the same diameter of that crystal. Although the growth of carbon whiskers does not cause 

complete deactivation of the active sites, it may result in the disintegration of catalyst 

pellets destroying the particle34 and sometimes physical plugging of the reactor voids.35 

Complete deactivation of the catalyst may occur if the metal particles are encapsulated by 

carbonaceous deposits. The graphitic type diffuses across the metal particle surface and 

starts to form ordered graphite layers or C-C chains, which is then transformed into the 

least reactive polynuclear aromatics, hence requiring high temperature for oxidation.36,37 

Detailed mechanism of carbon deposition on metal catalysts have been reported in several 

reviews.30,38-40 The formation of solid carbon, C(s), during CO2 reforming of CH4 may 

occur either by methane decomposition or CO disproportionation (Boudouard reaction) 

according to the following equations:10  

Methane decomposition: 4 2CH  C 2H    ΔH = 75 kJ mol-1   

CO disproportionation: 22CO  C CO     ΔH = -171 kJ mol-1  

The mechanism of carbon formation has been studied for a long time till a 

consensus was reached.38 It was explained by i) hydrocarbon decomposes rapidly on the 



23 

 

edge or corner of the active metal, ii) adsorbed carbons migrate in the metal lattice due to 

its high solubility in the nanoparticles of Ni, iii) nucleation of carbon occurs, which is a 

function of the particle size. It has suggested that small metal particles tend to resist carbon 

deposition; carbon filaments generate on Ni particles of 10 nm or more.41 Carbon 

deposition has been studied over unsupported and supported transition metals and was 

found that Ni had the highest carbon deposition rate followed by Pd > Rh > Ru > Pt, Ir.42   

Thermodynamic equilibrium of these two reactions is shown in Fig. 1.2. From the 

thermodynamic point of view, carbon is generated more from CH4 decomposition at high 

reaction temperature and less from CO disproportionation, vice versa at high reaction 

pressure. 

If the rate of carbon formation and its oxidation by oxygen species generated from 

CO2 dissociation are under kinetic balance, no carbon deposition would occur.43 This 

depends on the metal identity and the oxide support properties.44  

 

1.3.3. Sintering  

Sintering is the agglomeration of small metal crystallites into larger ones which 

leads to the loss of catalyst’s active surface.45 This process is activated thermally where the 

crystal growth of either the bulk material or the active phase happen. The decrease of 

supported metal active surface area can be described by two models i.e., the atomic 

migration and the crystallite migration. In the atomic migration, sintering occurs by 

dissociation of the metal atoms that migrates from one crystallite to another over the 

support surface or gas phase. On the other hand, sintering by crystallite migration can occur 

via migration of the crystallites along the surface, followed by collision of two crystallites 
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and fusion of metal particles. The most important factors affecting sintering of supported 

metal catalyst are temperature and atmosphere. The nature of metal and support, as well as 

the degree of loading, come next. The temperature at which solid phase becomes mobile 

depends on several factors such as atomic composition, crystal morphology, and particle 

size. The so-called Hüttig and Tamman temperatures indicate the temperature at which 

sintering starts.22,46,47 Solid-solid phase transitions, can be viewed as an extreme form of 

sintering occurring at very high temperatures and leading to the transformation of a porous 

support crystalline phase to a non-porous phase. In that case, incorporation of the metal 

into the oxide support can be observed, leading to a loss of activity as well. 

1.3.4. Development of dry reforming of methane catalysts 

A number of studies on DRM have been reported as well as several reviews were 

published.10,48,49 The development of highly active and durable catalyst can be achieved by 

the overcoming of coke formation and catalyst deactivation problem. The catalyst is 

deactivated by encapsulating carbon, sintering if the particles, oxidation of metals and 

poisoning of the active sites by impurities. The catalyst systems that have been developed 

for methane reforming with carbon dioxide will be addressed in this section.  

Main attempts were focused on developing a coke resistant catalyst.50 Most of the 

noble and transition metals are active towards this reaction especially supported noble 

metals, such as Rh, Ru, Pt, Pd, and Ir, are known to provide the reaction with lower carbon 

deposition and longer life.51-55 Bitter et al.56-58 compared the catalytic properties of Pt 

catalysts supported on γ-Al2O3, TiO2 and ZrO2 and found that Pt supported on ZrO2 have 

the highest stability with little coke formation. Moreover, fine-tuning the particle size of 
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metal can provide high stability toward dry reforming reaction. Nagaoka reported that the 

high reactivity of coke towards CO2 on Pt/ZrO2 was attributed not to the reactivity of coke 

itself, but to the high ability for CO2 activation.59,60 Then, the effect of promoters addition 

to zirconia was studied. It was found that the surface area and thermal stability of the 

support was enhanced by yittria and lanthanum via increasing the density of CO2 

adsorption sites near the metal particle and reduce particle growth under reaction 

conditions.61,62 Also, the redox properties of zirconia was improved when ceria was added 

through continuous reduction/oxidation cycle to produce mobile oxygen on the surface.63,64 

Ozkara-Aydinoglu reported that co-impregnation of Ce on Pt/ZrO2 improved its resistance 

to carbon deposition by increasing the oxygen storage properties caused by closer 

interaction between Pt and Ce.65 The formation of Sn-Pt alloy by surface reductive 

deposition showed greater activity and less amount of carbon than the monometallic and 

co-impregnated bimetallic catalyst.66 This observation suggests that the catalyst activity 

can be affected by the synthesis method in which the promoter is added.     

The use of these noble metals in large-scale is limited due to their high cost and 

limited availability.67,68 Therefore, for industrial purpose metal catalysts with lower cost, 

are preferred, such as Ni- or Co- based catalysts. Nevertheless, it has been reported that Ni-

based catalysts are rapidly deactivation by carbon deposition. Sulfur passivated nickel 

catalysts have shown excellent potential by improving the stability of SRM catalysts.69,70 

The rate of carbon deposition decreases on the partially poisoned Ni catalyst by ensemble 

control for the reforming reaction, which allows operation at reactant ratios close to 

stoichiometry. In a similar manner, suppression of carbon deposition during CO2 reforming 

was observed by the addition of alkaline and earth alkaline metal oxides such as Na2O and 
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K2O.71-74 Migration of these promoters to the metal surface may deactivate the active sites 

where methane decomposition take place. On the other hand, promoters can activate CO2 

dissociation to produce active oxygen species which oxidize the carbon deposited on the 

metal surface to form carbon monoxide.75 Bengaard el al. studied the effect of particle size 

and concluded that additives such as potassium, gold and sulfur block the step sites of Ni 

catalysts where nucleation of graphite is initiated.76 Guczi et al. found that in the presence 

of 0.5 wt.% gold on Ni/MgAl2O4 catalyst, neither graphite nor carbon nanotubes were 

produced during CO2 reforming of methane.77   

As discussed earlier, carbon is highly deposited on the Ni-based catalyst to form 

metal-carbide species, which is a key step for carbon whiskers growth. From the metal 

point of view, parameters known to reduce the formation of these metal carbide species are 

the composition of the metal, its morphology and size.78 Many recent researches have 

focused on the synthesis of bimetallic catalysts and alloys between noble and non-noble 

metals to enhance their catalytic activity and coke resistance properties compared to the 

monometallic catalysts. Garcia-Dieguez et al. have demonstrated that NiPt alloys prepared 

by incipient wetness impregnation had higher activity under DRM conditions associated 

with lower production of coke than pure Ni.79 Liu et al. also reported the beneficial effect 

of Pt and Ni interaction on coke suppression over Ni/MCM-41 with no alloy formation.80 

Hydrogen spillover phenomena by the addition of Pt over Ni/Mg(Al)O for SRM was 

reported to enhanced the activity and coke resistance and was confirmed that small amount 

of Pt (0.5%) addition leads to the generation of easily reduced nanosized NiO particles.81,82 

It was suggested that the catalytic properties of PtNi were improved due to the increase of 

metallic dispersion caused by the intimate contact between Ni and Pt. The addition of 
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palladium to Ni with different supporting materials was also studied and was found that 

the activity and stability were improved at a certain amount of Pd and Ni loadings.83 Some 

filamentous carbon species have been observed at higher metal loadings. It was 

demonstrated that the ZrO2-La2O3 and La2O3 are the best supporting materials compared 

to Al2O3 and TiO2 in terms of the activity.84  

Preventing sintering of supported metal NPs was studied as well. Attempts were 

done to increase the interaction between these particles and the oxide support by reducing 

their mobility. Incorporation of metal atoms in the oxide network through spinel structure 

was reported to give very small NPs that has high interaction with the oxide. Such materials 

are more resistant toward sintering and carbon formation. Solid solution materials follow 

the same idea. Recently, researchers are establishing methods to control coating supported 

metal NPs by an oxide (core-shell type structure), simple entrapment in the oxide network 

or over-coating of the oxide surrounding the metal NP.85,86 This would avoid NP mobility 

and therefore reduce sintering. Such approach must take care of keeping accessibility of 

the reactants to the active site of the NP.87-99  

The oxide supports have a strong effect on the catalytic behavior and coke 

formation in the CH4/CO2 reaction depending on its nature and interaction with the active 

metal.100,101 It is important to maintain a stable support surface under high reaction 

temperatures. Therefore, the metals studied for CO2 reforming of methane are supported 

on metal oxides with high melting points. Among the supports, Al2O3 is the most used 

support in the industry from a practical point of view. A strong metal-support integration 

was determined for Ni/Al2O3 catalyst after a thermal pretreatment and result in the 

formation of relatively stable small Ni crystallites.102,103 It is known that the surface acidity-
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basicity of the catalyst support has an influence on carbon deposition/suppression. The 

catalyst is more prone to carbon deposition when supported on a metal oxide with higher 

basicity, which increases the ability of CO2 chemisorbed on the catalyst surface.104,105 The 

utilization of alkaline earth oxide or doping the metal oxide supports was of a big interest 

especially that several commercial reforming catalysts have Mg.106,107 MgO and CaO were 

widely used due to their thermal stability and basic properties to suppress carbon.73,108 The 

formation of solid solution catalyst of Ni-Mg-O shows unique properties, Ni is highly 

dispersed with uniform particle size distribution after reduction at high temperature (>800 

ºC).109-114 The catalyst can resist carbon formation due to a synergetic effect between the 

highly dispersed Ni and the basic support. It is observed that the formation of NiMgO2 or 

NiAl2O4 can lead to catalyst deactivation via metal oxidation, which can be avoided by the 

addition of small amount of noble metal.115,116 A trace amount of noble metal can promote 

the reducibility of base metals, such as Ni and Co, stabilizing their degree of reduction 

during the CH4/CO2 reaction.117 Recent investigations focus on the preparation of confine 

Ni particles with defined structures such in perovskites with enhanced coke resistance. The 

catalyst is prepared using perovskite compounds as precursors by a process referred to as 

the solid-phase crystallization technique.118 Homogeneously dispersed active metal species 

inside the bulk are formed after calcination. Some of the metal atoms migrate to the surface 

after the reduction at high temperature, leading to the dispersion of uniform metal 

nanoparticles.  

Alternatively, strong metal-support interaction (SMSI) has a significant influence 

on the catalytic behavior. Reducible metal oxides such as TiO2 and ZrO2 are considered as 

good catalyst supports because of their contribution to the inhibition of the coking. These 
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supports possess attractive properties owing to their redox behavior, surface acidity, 

reducibility and high thermal stability.64,119-123 In addition, CeO2 is known by its high 

oxygen storage capacity and has the ability to undergo redox cycles providing oxygen 

reservoir under reducing conditions.124 Thus, helps to suppress carbon deposition during 

DRM reaction whether it was used as a promoter or a support itself.125 Doping CeO2 with 

other rare earth metals (La, Gd, and Pr) can increase its oxygen conductivity which helps 

in the oxidation of undesired carbon associated with DRM.126 Combining it with other solid 

materials such as ZrO2 can help to enhance the performance of the catalyst due to an 

increase of oxygen mobility through the lattice.127-131   

It was mentioned previously the beneficial effect of additives in designing the 

selectivity of these catalysts enhancing their catalytic performance and preventing carbon 

deposition. Therefore, supported bimetallic catalysts were widely investigated showing 

better behavior when compared to corresponding monometallic ones. For instance, 

alloying Ni with noble metals like Rh,132-135 Pt,136-140 Pd84  or Ru141 can increase the catalyst 

stability and resistance toward carbon formation. A similar effect was observed when Co 

was promoted with Pt and Ru, which helped to maintain Co in metallic state during the 

catalytic process.117,142-144 The effect of Ni and Co addition has been investigated for 

several applications, revealing a significant elimination of carbon deposition for CO 

methanation,145 partial oxidation of methane to syngas,146,147  and steam or dry reforming 

of methane.148 Superior performance of Ni–Co catalyst for carbon dioxide reforming of 

methane can be exhibited using the proper Ni:Co ratio and support.149-152  
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1.4. Objective of this study and structure of the thesis 

Considering the main drawbacks associated with CO2 reforming of methane, 

innovations and suggestions were established to avoid catalyst deactivation by carbon 

formation, metal oxidation, particle sintering and poisoning, as mentioned previously. The 

research primary objective is to develop a promising catalyst with long-term stability that 

is suitable for industrial scale-up. This study focuses on the development of a metal based 

catalyst for dry reforming of methane with complete suppression of carbon deposition. Our 

emphasis is to control surface kinetics to achieve complete suppression of carbon formation 

by designing the catalyst composition. Since the metal nature, alloys and particle size are 

the main parameters affecting the conversion, coke formation, and sintering. It was 

necessary to find a suitable synthesis protocol to obtain small particles. Therefore, setting 

an inexpensive protocol to obtain very small nanoparticles of the desired metal alloy is the 

key step in designing and efficient DRM catalyst. The strategy was to establish a 

reproducible preparation method using homogeneous deposition precipitation method 

(HDP) to finely tune the composition and thereby control the reactivity of the metal. This 

strategy was based on two strong hypothesis: that are, 

- Metal particle size drastically influences carbon formation/suppression. 

- Reaction conditions alter the appropriate catalyst composition. 

Effect of metal identity and metal loading on carbon formation was studied during 

CO2 reforming on mono-, bi- and trimetallic nanoparticles. Here, Ni was chosen as a 

primary metal for the catalyst because of its high activity towards reforming reactions and 

high availability and low cost.153 However, Ni-based catalyst suffers from deactivation due 

to carbon deposition. Therefore, alloying Ni with a second active metal was necessary to 
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overcome such drawback. Since Co catalysts have shown sufficiently high activity in DRM 

process154 with a negligible amount of carbon, bimetallic NiCo catalysts were investigated 

and compared with monometallic Co and Ni catalysts. These metals were supported on 

ZrO2 because of its high thermal stability and absence of mixed oxide formation with the 

active metals (Co, Ni). Homogeneous deposition precipitation method was applied to 

produce similar and fine nanoparticles (<10 nm). It is considered as a simple and efficient 

approach known to support metal NPs that are homogeneously deposited through a gradual 

increase of pH by in situ hydrolysis of urea.155 Up to now, HDP which has been developed 

for preparing highly loaded, highly dispersed metal/oxide catalysts, has not been used for 

the preparation of catalysts for DRM. It is proposed in this thesis that the identity of a metal 

(Co, Ni, Pt and their alloys) can affect the reactivity towards CH4 and CO2 activation, 

resulting in different extents of steady-state coverage of surface oxygen species, mainly 

originating from CO2, for coke-tolerant DRM operation. 

 

The thesis consists of the following chapters: 

Chapter 1 Introduces the state of the art in natural and greenhouse gas conversion to 

syngas. The background and development of CO2 reforming of methane, including the 

catalysts that have been studied. 

 

Chapter 2 An investigation on NiPt bimetals nanoparticles supported on γ-Al2O3, 

ZrO2, and CeO2 for the reaction under atmospheric pressure. The influence of metal oxide 

support on the catalytic behavior and carbon amount was studied.  
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Chapter 3 The preparation of NixCo10-x/ZrO2 catalysts by homogenous deposition-

precipitation method. Studying the effect of metal content, space velocity and temperature 

on the catalytic performance and carbon formation. In addition, the effect of CH4 and CO2 

partial pressures were investigated. The cause of catalyst deactivation either by carbon 

formation or metal oxidation was elucidated and evidence were provided using several 

characterization techniques, which was supported by density functional theory.   

 

Chapter 4 An application based on the results in Chapter 4, focused on studying the 

promoting effect of Pt on 0.4 wt% Co5Ni5/ZrO2 catalyst.  

 

Chapter 5 A summary of the study and major conclusions.  

  



33 

 

REFERENCES 

1. Rostrup-Nielsen, J. R. Catal. Sci. Technol. 1984, 5, 1. 

 

2. IEA (http://www.iea.org). 

 

3. Sabatier, P.; Senderens, J.B. Compt. Rend. 1902, 134, 514. 

 

4. Sabatier, P.; Senderens, J.B. Compt. Rend. 1902, 134, 689. 

 

5. http://www.esrl.noaa.gov/gmd/ccgg/trends/. 

 

6. Aresta, M.; Dibenedetto, A. Dalton Trans. 2007, 2975. 

 

7. Gadalla, A.M.; Bower, B. Chem. Eng. Sci. 1988, 43, 3049. 

 

8. Tijm, P.J.A.; Waller, F.J.; Brown, D.M. Appl. Catal., A 2001, 221, 275. 

 

9. Mond, L.; Langer, C. Chem. Zentralbl. II 1890, 32. 

 

10. Bradford, M.; Vannice, M. Catal. Rev. 1999, 41, 1. 

 

11. Prettre, M.; Eichner, C.H.; Perrin, M. Trans. Faraday Soc. 1946, 43, 335. 

 

12. Xu, J.; Froment, G. F. AlChE J. 1989, 35, 88. 

 

13. Bharadwaj, S.S.; Schmidt, L.D. Fuel Process. Tech. 1995, 42, 109. 

 

14. Dissanayake, D.; Rosynek, M.P.; Lunsford, J.H. J. Phys. Chem. 1993, 97, 3644. 

 

15. York, A. P. E.; Xiao, T.‐c.; Green, M. L. H.; Claridge, J. B., Cat. Rev. - Sci. Eng. 2007, 

49, 511. 

 

16. Bhavani, A. G.; Kim, W. Y.; Kim, J. Y.; Lee, J. S. Appl. Catal., A 2013, 450, 63. 

 

17. Burch, R.; Petch, M.I.  Appl. Catal., A 1992, 88, 39.  

 

18. Fischer, F.; Tropsch, H.; Brennstoff-Chem., 1928, 9, 39. 

 

19. Reitmeier, R. E.; Atwood, K.; Bennett, H. A.; Baugh, H. M. Ind. Eng. Chem. 1948, 40, 

620. 

 

20. Slagtern, A.; Olsbye, U.; Blom, R.; Dahl, I.M. Stud. Surf. Sci. Catal. 1997, 107, 497. 

 

21. Forzatti, P.; Lietti, L. Catal. Today 1999, 52, 165. 

 

http://www.iea.org/
http://www.esrl.noaa.gov/gmd/ccgg/trends/


34 

 

22. Moulijn, J.A.; van Diepen, A.E.; Kapteijn, F. Appl. Catal., A 2001, 212, 3. 

 

23. Bodrov, I.M.; Apel’baum, L.O., Kinet. Catal. 1964, 5, 696. 

 

24. Bodrov, I.M.; Apel’baum, L.O., Kinet. Catal. 1967, 8, 326. 

 

25. Udengaard, N.R.; Hansen, J.-H. B.; Hanson, D. C.; Stal, J. A., Oil Gas J. 1992, 90, 62. 

 

26. Kurz, G.; Teuner, S. Erdol and Kohle 1990, 43, 171. 

 

27. Teuner, S.C.; Neumann, P.; Linde, F.V., Oil Gas Eur. Mag. 2001, 3, 44. 

  

28. Edwards, J. H.; Maitra, A. M. Fuel Process. Technol. 1995, 42, 269.  

 

29. Foo, S. Y.; Cheng, C. K.; Nguyen, T.-H.; Adesina, A. A. Ind. Eng. Chem. Res., 2010, 

49, 10450. 

 

30. Darujati, A. R. S.; Thomson, W. J. Chem. Eng. Sci., 2006, 61, 4309. 

 

31. Bartholomew, C. H., Catal. Rev. Sci. Eng. 1982, 24, 67.  

 

32. Alstrup, I. J. Catal. 1988, 109, 241. 

 

33. Rodriguez, N. M., J. Mater. Res. 1993, 8, 3233. 

 

34. Rostrup-Nielsen, J. R., in “Catalysis Science and Technology”, (J.R. Anderson and M. 

Boudart, Eds.), Vol. 5, Ch.1, Springer Verlag, Berlin, 1984. 

 

35. Bartholomew, C. H. Appl. Catal., A 2001, 212, 17. 

 

36. Rostrup-Nielsen, J. R.; Hojlund Nielsen, P. E., in “Catalysis Science and Technology”, 

(J.R. Anderson and M. Boudart, Eds.), Vol. 5, Ch.1, Springer Verlag, Berlin, 1984. 

 

37. Ferreira-Aparicio, P.; Fernandez-Garcia, M.; Guerrero-Ruiz, A.; Rodriguez-Ramos, I. 

J. Catal. 2000, 190, 296. 

 

38. Rostrup-Nielsen, J. R.; Trimm, D.L. J. Catal. 1977, 48, 155. 

 

39. Trimm, D.L. Catal. Rev.-Sci. Eng. 1977, 16, 155. 

 

40. Trimm, D.L. Appl. Catal. 1983, 5, 263. 

 

41. Xu, J.; Zhou, W.; Wang, J.; Li, Z.; Ma, J. Chin. J. Catal. 2009, 30, 1076.   

 

42. Claridge, J. B.; Green, M. L. H.; Tsang, S. C.; York, A. P. E.; Ascroft, A. T.; Battle, P. 

D. Catal. Lett. 1993, 22, 299.   



35 

 

 

43. Matsui, N.; Anzai, K.; Akamatsu, N.; Nakagawa, K.; Ikenaga, N.; Suzuki, T. Appl. 

Catal., A 1999, 179, 247. 

 

44. Lercher, J. A.; Bitter, J. H.; Hally, W.; Niessen, W.; Seshan, K. Stud. Surf. Sci. Catal. 

1996, 101, 463. 

 

45. Wanke, S. E.; Flynn, P. C. Catal. Rev. Sci. Eng. 1975, 12, 93. 

 

46. van Dillen, A. J.; Terorde, R.; Lensveld, D. J.; Geus, J. W.; de Jong, K. P. J. Catal. 

2003, 216, 257.  

 

47. Xu, L.; Song, H.; Chou, L. ACS Catal. 2012, 2, 1331. 

 

48. Kawi, S.; Kathiraser, Y.; Ni, J.; Oemar, U.; Li, Z.; Saw, E. T. ChemSusChem 2015, 8 , 

3556.  

 

49. Lavoie, J.-M. Front. Chem. 2014, 2, 81.  

 

50. Hu, Y. H.; Ruckenstein, E. Adv. Catal. 2004, 48, 297. 

  

51. Rostrup-Nielsen, J. R.; Hansen, J. H. B. J. Catal. 1993, 144, 38. 

 

52. Hou, Z. Y.; Yokota, O.; Tanaka, T.; Yashima, T. Catal. Lett. 2003, 87, 37. 

 

53. Mark, M. F.; Maier, W. F. J. Catal. 1996, 164, 122. 

 

54. Munera, J. F.; Irusta, S.; Cornaglia, L. M.; Lombardo, E. A.; Cesar D. V.; Schmal, M.  

J. Catal. 2007, 245, 25. 

 

55. O’Connor, A. M.; Schuurman, Y.; Ross J. R. H.; Mirodatos, C. Catal. Today, 2006, 

115, 191. 

 

56. Bitter, J. H.; Seshan, K.; Lercher, J. A. J. Catal. 1998, 176, 93. 

 

57. Bitter, J. H.; Seshan, K.; Lercher, J. A. J. Catal. 1999, 183, 336. 

 

58. Bitter, J. H.; Seshan, K.; Lercher, J. A. J. Catal. 1997, 171, 279. 

 

59. Nagaoka, K.; Seshan, K.; Lercher, J. A.; Aika, K. Catal. Lett. 2000, 70, 109. 

 

60. Nagaoka, K.; Seshan, K.; Lercher, J. A.; Aika, K. Catal. Lett. 2001, 197, 34. 

 

61. Wang, Y.; Murata, K.; Hayakawa, T.; Hamakawa, S.; Suzuki. K. J. Chem. Technol. 

Biotechnol. 2001, 76, 265. 

 



36 

 

62. Bellido, J. D. A.; Assaf, E. M. Appl. Catal., A 2009, 352, 179. 

 

63. Stagg, S. M.; Resasco, D. E.; Stud. Surf. Sci. Catal. 1998, 119, 813. 

 

64. Stagg-Williams, S. M.; Noronha, F. B.; Fendley, G.; Resasco, D. E. J. Catal. 2000, 

194, 240. 

 

65. Ozkara-Aydinoglu, S.; Ozensoy, E.; Aksoylu, A. E. Int. J. Hydrogen Energy 2009, 34, 

9711. 

 

66. Stagg, S. M.; Romeo, E.; Padro, C.; Resasco, D. E. J. Catal. 1998, 178, 137. 

 

67. Topalidis, A.; Petrakis, D. E.; Ladavos, A.; Loukatzikou, L.; Pomonis, P. J. Catal. 

Today 2007, 127, 238. 

 

68. F. Pompeo, N. N. Nichio, M. M. V. M. Souza, D. V. Cesar, O. A. Ferretti, M. Schmal, 

Appl. Catal. A 2007, 316, 175. 

 

69. Rostrup-Nielsen, J. R. J. Catal. 1984, 85, 31. 

 

70. Nagase, S.; Takami, S.; Hirayama, A.; Hirai, Y. Catal. Today 1998, 45, 393. 

 

71. Gadalla, A. M.; Sommer, M. E. Chem. Eng. Sci. 1989, 44, 2825. 

 

72. Gadalla, A. M.; Sommer, M. E. J. Am. Ceram. Soc. 1989, 72, 683. 

 

73. Horiuchi, T.; Sakuma, K.; Fukui, T.; Kubo, Y.; Osaki, T.; Mori, T. Appl. Catal., A 

1996, 144, 111. 

 

74. Osaki, T.; Mori, T. J. Catal. 2001, 204, 89. 

 

75. Besenbacher, F.; Chorkendorff, I.; Clausen, B. S.; Hammer, B.; Molenbroek, A. M.; 

Nørskov, J. K.; Stensgaarc, I. Science 1998, 279, 1913. 

 

76. Bengaard, H. S.; Norskov, J. K.; Sehested, J.; Clausen, B. S.; Nielsen, L. P.; 

Molenbroek, A. M.; Rostrup-Nielsen, J. R. J. Catal. 2002, 209, 365. 

 

77. Guczi, L.; Stefler, G.; Geszti, O.; Sajo, I.; Paszti, Z.; Tompos, A.; Schay, Z. Appl. 

Catal., A 2010, 375, 236. 

 

78. Liu, C-J; Ye, J.; Jiang, J.; Pan, Y. ChemCatChem 2011, 3, 529. 

 

79. Garca-Dieguez, M.; Pieta, I. S.; Herrera, M. C.; Larrubia, M. A.; Alemany, L. J. J. 

Catal. 2010, 270, 136. 

 



37 

 

80. Liu, D.; Cheo, W. N. E.; Lim, Y. W. Y.; Borgna, A.; Lau, R.; Yang, Y. Catal. Today 

2010, 154, 229. 

 

81. Zhan, Y.; Li, D.; Nishida, K.; Shishido, T.; Oumi, Y. Appl. Clay Sci. 2009, 45, 147. 

 

82. Pawelec, B.; Damyanova, S.; Arishtirova, K.; Fierro, J. L. G.; Petrov, L. Appl. Catal. 

A 2007, 323, 188. 

 

83. Damyanova, S.; Pawelec, B.; Arishtirova, K.; Fierro, J. L. G.; Sener, C.; Dogu, T. Appl. 

Catal., B 2009, 92, 250. 

 

84. Steinhauer, B.; Kasireddy, M. R.; Radnik, J.; Martin, A. Appl. Catal. A 2009, 366, 333. 

 

85. Cargnello, M.; Delgado Jaén, J. J.; Hernández Garrido, J. C.; Bakhmutsky, K.; Montini, 

T.; Calvino Gámez, J. J.; Gorte, R. J.; Fornasiero, P. Science 2012, 337, 713. 

 

86. Montini, T.; Condò, A. M.; Hickey, N.; Lovey, F. C.; De Rogatis, L.; Fornasiero, P.; 

Graziani, M. Appl. Catal., B 2007, 73, 84. 
 

87. Yin, Y.; Rioux, R. M.; Erdonmez, C. K.; Hughes, S.; Somorjai, G. A.; Alivisatos, A. 

P. Science 2004, 304, 711. 

 

88. Kim, S.; Yin, Y.; Alivisatos, A. P.; Somorjai, G. A.; Yates, J. T.; Jr.  J. Am. Chem. Soc. 

2007, 129, 9510. 

 

89. Park, J. C.; Bang, J. U.; Lee, J.; Ko, C. H.; Song, H. J. Mater. Chem. 2010, 20, 1239. 

 

90.  Liu, S; Bai, S. Q.; Zheng, Y.; Shah, K. W.; Han, M. Y. ChemCatChem 2012, 4, 1462.  

 

91. Hench, L. L.; West, J. K.; Chem. Rev. 1990, 90, 33. 

 

92. Li, Z.; Mo, L.; Kathiraser, Y.; Kawi, S. ACS Catal. 2014, 4, 1526.  

 

93. Li, Z.; Mo, L.; Kathiraser, Y.; Kawi, S. ChemCatChem 2015, 7, 160. 

 

94. Alexeev, O. S.; Graham, G. W.; Shelef, M.; Gates, B. C. J. Catal. 2000, 190, 157. 

 

95. Wu, T.; Cai, W.; Zhang, P.; Song, X.; Gao, L. RSC Adv. 2013, 3, 23976. 

 

96. Li, Z.; Kathiraser, Y.; Ashok, J.; Oemar, U.; Kawi, S. Langmuir 2014, 30, 14694. 

 

97. Du, X.; Zhang, D.; Gao, R.; Huang, L.; Shi, L.; Zhang, J. Chem. Commun. 2013, 49, 

6770. 

 

98. Ashok, J.; Kathiraser, Y.; Ang, M. L.; Kawi, S. Appl. Catal., B 2015, 172, 116. 

 

99. Han, J. W.; Kim, C.; Park, J. S.; Lee, H. ChemSusChem 2014, 7, 451. 



38 

 

100. Ferreira-Aparicio, P.; Rodriguez-Ramos, I.; Anderson, J.; Guerrero-Ruiz, A. Appl. 

Catal., A 2000, 202, 183. 

101. Nagaoka, K.; Seshan, K.; Lercher, J. A.; Aika, K. Stud. Surf. Sci. Catal. 2001, 136, 

129. 

102. Chen, Y.-G.; Ren, J. Catal. Lett. 1994, 29, 39. 

 

103. Bhattachharyya, A.; Chang, V. W. Stud. Surf. Sci. Catal. 1994, 88, 207. 

 

104. Kim, G.J.; Cho, D.S.; Kim, K.H.; Kim, J.H. Catal. Lett. 1994, 28, 41. 

 

105. Zhang, Z.; Verykios, X. E. Catal. Today 1994, 21, 589. 

 

106. Zhang, Z.; Verykios, X. E. Catal. Lett. 1996, 38, 175. 

 

107. Zhang, Z.; Verykios, X. E.; MacDonald, S. M.; Affrossman, S. J. Phys. Chem. 1996, 

100, 744. 

 

108. Yamazaki, O., Nozaki, T., Omata, K., Fujimoto, K. Chem. Lett. 1992, 21, 1953. 

 

109. Ruckenstein, E.; Hu, Y. H. Appl. Catal. 1995, 133, 149. 

 

110. Hu, Y. H.; Ruckenstein, E. Catal. Lett. 1996, 35, 145.  

 

111. Bradford, M. C. J.; Vannice, M. A. Appl. Catal., A 1996, 142, 97. 

 

112. Bradford, M. C. J.; Vannice, M.A. Appl. Catal., A 1996, 142, 73. 

 

113. Chen, Y. G.; Tomishige, K.; Yokoyama, K.; Fujimoto, K. J. Catal. 1999, 184, 479. 

 

114. Tomishige, K.; Himeno, Y.; Matsuo, Y.; Yoshinaga, Y.; Fujimoto, K. Ind. Eng. Chem. 

Res. 2000, 39,1891. 

 

115. Chen, Y. G.; Tomishige, K.; Yokoyama, K.; Fujimoto, K. Appl. Catal., A 1997, 165, 

335. 

 

116. Chen, Y. G.; Tomishige, K.; Yokoyama, K.; Fujimoto, K. Catal. Lett. 1996, 39, 91. 

 

117. Wagstaff, N.; Prins, R. J. Catal. 1979, 59, 434. 

 

118. Shishido, T.; Sukenobu, M.; Morioka, H.; Furukawa, R.; Shirahase, H.; Takehira, K. 

Catal. Lett. 2001, 73, 21. 

 

119. Ozkara-Aydinoglu, S.; Ozensoy, E.; Aksoylu, A. E. Int. J. Hydrogen Energy 2009, 

34, 9711. 



39 

 

120. Mattos, L. V.; Rodino, E.; Resasco, D. E.; Passos, F. B.; Noronha, F. B. Fuel Process. 

Technol. 2003, 83, 147. 

 

121. Su, Y. J.; Pan, K. L.; Chang, M. B. Int. J. Hydrogen Energy 2014, 39, 4917. 

 

122. Huang, T. J.; Wang, C. H. Catal. Lett. 2007, 118, 103. 

 

123. Sun, N.; Wen, X.; Wang, F.; Peng, W.; Zhao, N.; Xiao, F.; Wei, W.; Sun, Y.; Kang, 

J. Appl. Surf. Sci. 2011, 257, 9169. 

 

124. Djinovic, P.; Batista, J.; Pintar, A. Int. J. Hydrogen Energy 2012, 37, 2699. 

 

125. Ocsachoque, M.; Bengoa, J.; Gazzoli, D.; Gonzalez, M. G. Catal. Lett. 2011, 141, 

1643. 

 

126. Sadykov, V.; Muzykantov, V.; Bobin, A.; Mezentseva, N.; Alikina, G.; Sazonova, N.; 

Sadovskaya, E.; Gubanova, L.; Lukashevich, A.; Mirodatos, C. Catal. Today 2010, 157, 

55. 

 

127. Yao, M. H.; Bairc, R. J.; Kunz, F. W.; Hoost, T. E. J. Catal. 1997, 166, 67. 

128. Horváth, A.; Stefler, G.; Geszti, O.; Kienneman, A.; Pietraszek, A.; Guczi, L. Catal. 

Today 2011, 169, 102. 

129. Črnivec, I. O.; Djinović, P.; Erjavec, B.; Pintar, A. Chem. Eng. J. 2012, 207, 299. 

130. Djinović, P.; Črnivec, I. G. O.; Erjavec, B.; Pintar, A. Appl. Catal., B 2012, 125, 259. 

131. Aw, M. S.; Zorko, M.; Djinović, P.; Pintar, A. Appl. Catal., B 2015, 164, 100. 

132. Jozwiak, W. K.; Nowosielska, M.; Rynkowski, J. Appl. Catal., A 2005, 280, 233. 

 

133. Wu, J. C. S.; Chou, H. C. Chem. Eng. J. 2009, 148, 539. 

 

134. Garcia-Dieguez, M.; Pieta, I. S.; Herrera, M. C.; Larrubia, M. A.; Alemany, L. J. 

Catal. Today 2011, 172, 136. 

 

135. Lucredio, A. F.; Assaf, J. M.; Assaf, E. M. Appl. Catal., A 2011, 400, 156. 

 

136. de Miguel, S. R.; Vilella, I. M. J.; Maina, S. P.; Jose-Alonso, D. S.; Roman-Martinez, 

M. C.; Illan-Gomez, M. J. Appl. Catal., A 2012, 435, 10. 

 

137. Menegazzo, F.; Signoretto, M.; Pinna, F.; Canton, P.; Pernicone, N. Appl. Catal., A 

2012, 439, 80. 

 



40 

 

138. Garcia-Dieguez, M.; Pieta, I. S.; Herrera, M. C.; Larrubia, M. A.; Alemany, L. J. J. 

Catal. 2010, 270, 136. 

 

139. Li, L.; Zhou, L.; Ould-Chikh, S.; Anjum, D. H.; Kanoun, M. B.; Scaranto, J.; Hedhili, 

M. N.; Khalid, S.; Laveille, P. V.; D’Souza, L.; Clo, A.; Basset, J. M. ChemCatChem 2015, 

7, 819. 

 

140. Ozkara-Aydinoglu, S.; Aksoylu, A. E. Int. J. Hydrogen Energy 2011, 36, 2950. 

 

141. Crisafulli, C.; Scire, S.; Maggiore, R.; Minico, S.; Galvagno, S. Catal. Lett. 1999, 59, 

21. 

 

142. Raab, C.; Lercher, J. A. Goodwin, J. G. Shyu, J. Z. J. Catal. 2005, 109, 23517. 

 

143. Nagaoka, K.; Takanabe, K.; Aika, K.-i. Appl. Catal., A 2004, 268, 151. 

 

144. Nagaoka, K.; Takanabe, K.; Aika, K.-i. Appl. Catal., A 2003, 255, 13. 

 

145. Bartholomew, C. H.; Weatherbee, G. C.; Jarvi, G. A. Chem. Eng. Commun. 1980, 5, 

125. 

 

146. Choudhary, V. R.; Rane, V. H.; Rajput, A. M. Appl. Catal. A 1997, 162, 235. 

 

147. Choudhary, V. R.; Mondal, K. C.; Choudhary, T. V. Ind. Eng. Chem. Rev. 2006, 45, 

4597. 

 

148. Choudhary, V. R.; Rajput, A. M.; Prabhakar, B.; Mamman, A. S. Fuel 1998, 77, 1803. 

 

149. San-Jose-Alonso, C.; Juan-Juan, J.; Illan-Gomez, M. J.; Roman- Martinez, M. C. 

Appl. Catal., A 2009, 371, 54.  

 

150. Ponec, V.; Bonc, G. C., in “Catalysis by metals alloys”, Elsevier Inc., Amsterdam, 

1995. 

 

151. Sinfelt, J. H., in “Bimetallic catalysts: discovery concepts applications”, Wiley, New 

York, 1983. 

 

152. Zhang, J.; Wang, H.; Dalai, A. K. Ind. Eng. Chem. Res. 2009, 48, 677. 

 

153. Rostrup-Nielsen, J. R. Catal. Today 1997, 37, 225. 

 

154. Wang, H. J.; Ruckenstein, E. Appl. Catal., A 2001, 209, 207. 

 

155. van der Lee, M. K.; van Dillen, A. J.; Bitter, J. H.; de Jong, K. P. J. Am. Chem. Soc. 

2005, 127, 13573. 

  



41 

 

 

Figure 1.1 The dependence of conversion and yields calculated from thermodynamics on 

(left) the temperature at 1 bar and (right) pressure at 750 °C for CH4/CO2 reforming 

(CH4/CO2 = 1/1) CH4 (■), CO2 (●) CO (♦) and H2 (▼). 

 

 

Figure 1.2 The dependence of carbon composition calculated from thermodynamics on the 

temperature at 1 bar.   
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Figure 1.3 Scheme of the SPARG process 

 

 

 

Figure 1.4 Scheme of the CALCOR process 
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CHAPTER 2 

 

 

Supported Bimetallic Ni
9
Pt

1
 Nanoparticles on γ-Al2O3, ZrO2 and CeO2 for DRM  

 
The effect of metal oxide supports on the catalytic performance for carbon dioxide 

reforming of methane has been studied for bimetallic NiPt catalysts, prepared by the 

homogeneous deposition-precipitation method. This method is considered as a 

reproducible aqueous route technique to control the size and dispersion of the metal 

particles. The catalytic performance of the various catalysts was investigated under 

atmospheric pressure at 750°C and a CH4:CO2 feed ratio of 1. Prepared catalysts were 

characterized by N2 adsorption for BET surface area determination, ICP, TPR, and TEM. 

The catalytic activity, particle size, and morphology of the catalysts depend on the nature 

of support. Bimetallic NiPt/γ-Al2O3 catalyst showed higher activity and stability than the 

monometallic Ni and Pt catalysts. NiPt supported on γ-Al2O3 was the most active with 

higher deposited carbon amount, whereas NiPt/ZrO2 showed a lower amount of carbon, 

indicating that ZrO2 is a promising support for carbon suppression during dry reforming of 

methane process. 

 

2.1. Introduction  

 

Catalytic dry reforming of methane (DRM) has shown great interest in the 

conversion of natural gas to produce H2/CO ratio close to unity and considered as a 

promising alternative to methane steam reforming.1 High methane conversion can be 

achieved over a number of supported metals such as Rh, Pt, Ru, Ir, Co and Ni.2 Catalysts 

based on noble metals are reported to be more active and less sensitive to coking than base 

metals.3 However, noble metals are costly and have limited availability, thus, Ni-based 
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catalysts are the usual choice of catalytic material for commercialized reforming reactions 

at an industrial scale. As discussed earlier, one of the main crucial issues of DRM process 

is the formation of undesirable carbon, which causes catalyst deactivation and 

consequently reactor blockage.4,5 Dissolution of carbon in the metal forms metal-carbide 

species, which is a key step for the growth of carbon whiskers.  

The active metal nature, its particle size, dispersion, size distribution, and type of 

support are the main parameters that can affect the catalytic activity and stability in DRM 

process.6,7 Carbon deposition can be reduced or suppressed by using adequate promoters. 

The addition of small amount of noble metals to Ni catalysts has been reported to improve 

the catalyst reducibility and stability.8,9  Pawelec found that supporting bimetallic NiPt on 

ZSM-5 increased Ni dispersion due to intimate contact between Ni and Pt, which improved 

the catalytic activity.4 Many experimental and theoretical studies confirmed that the size 

of Ni particle has a significant effect on the carbon formation.10 Bengaard et al. reported a 

good comparison between nickel catalysts that have different mean particle sizes but 

similar surface areas and activities.11 The thermogravimetric results clearly showed that the 

majority of carbon was deposited on large particles rather than on small particles. One 

explanation for the different behaviors of carbon deposition is that the diffusion process of 

carbon, essential for carbon formation, is facilitated by the larger particles. Moreover, the 

steps and kinks on the exposed nickel surfaces determine the wall thickness of carbon 

growth.12 Therefore, setting an inexpensive protocol to obtain very small nanoparticles of 

the desired metal alloy is the key step in designing and efficient DRM catalyst. Synthesis 

of highly dispersed Ni-based catalysts with uniform nanoparticle size still remains a 

challenge. There are many physical and chemical methods known to produce supported 
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metal nanoparticles.13 To date, most CH4/CO2 reaction studies have been using incipient 

wetness impregnation method to prepare supported mono- or/and bimetallic catalysts.1 

Although this technique has practical simplicity, general drawbacks are the poor control 

over the particle size and low dispersion of the catalysts active phase. Therefore, 

homogeneous deposition-precipitation (HDP) method was developed for the preparation 

of highly loaded and highly dispersed supported metal catalysts.14-16 With HDP, the metal 

precursor is slowly and homogenously deposited onto the suspended support by in situ 

gradual and homogenous generation of hydroxide ions throughout the whole solution 

through the hydrolysis of urea at 90 °C, which can avoid local supersaturation and 

precipitation.15  The preparation of Pt nanoparticles in the range of 3.3-2.2 nm on carbon 

black was described by Fang et al.17 The method combine homogeneous deposition of Pt 

complex through a gradual increase of pH by in situ hydrolysis of urea and a subsequent 

uniform reduction step by ethylene glycol (EG) in a polyol process. Compared with the 

impregnation-NaBH4 reduction method, the polyol process has demonstrated an enhanced 

ability for partial control over the particle size and dispersion of the supported metal NPs 

due to its rapid and homogeneous in situ generation of reducing species, resulting in a more 

uniform metal deposition on the support.18 EG can also act as a stabilizing agent for metal 

synthesis, which can occur through OH- directly or the formation of acetate 

intermediate.19,20 The urea-assisted homogeneous deposition-precipitation method permits 

the in-situ gradual and homogeneous generation of hydroxide ions throughout the whole 

solution.21 The active phase or its precursor is slowly and homogeneously deposited onto 

an existing support by the precipitating hydroxide ions in such a way that nucleation in the 
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solution itself is avoided. Precipitation takes place only onto the support because of the 

chemical interaction between the metal species and the support. 

In this chapter, nano-size NiPt bimetallic supported on γ-Al2O3, ZrO2, and CeO2 

were prepared by HDP method, which is considered as a reproducible aqueous route 

technique to control the size and dispersion of the metal particles. The catalytic activity for 

DRM process, stability, morphology, particle size and amount of carbon for these catalysts 

were investigated.  

 

2.2. Experimental methods 

 

 

2.2.1. Chemicals  

 

All reagents were purchased from Sigma-Aldrich and used as received unless 

otherwise stated. The metal precursors were nickel (II) chloride hexahydrate (NiCl2.6H2O, 

99.999%) and chloroplatinic acid hexahydrate (H2PtCl6.6H2O, ≥37.50% Pt basis). Urea 

(≥99.5%) and ethylene glycol (EG) (99%) as a precursor of reducing agent. ZrO2 and CeO2 

(specific surface area 70 and 162 m2g-1, respectively) were purchased from DAIICHI 

KIGENSO KAGAKU KOGYO CO., LTD. γ-Al2O3 pellets (bimodal, Alfa Aesar) were 

crushed to fine powder, prior using all supports were pre-heated at 850°C for 12 h. The 

CO2 (99.9999%), methane (99.999%) and hydrogen (99.9995%) gases were purchased 

from Abdullah Hashim Industrial Gases & Equipment Co. Ltd. (Jeddah) and used as 

received.  

 

2.2.2. Catalyst preparation 

 

The bimetallic NiPt catalysts were prepared by HDP method and deposited on three 

different metal oxide supports, i.e. ZrO2, CeO2, and Al2O3. Total metal loading was set to 
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5 wt.%. Typically, 2.5 g of urea was dissolved in 100 mL ultra-pure water under controlled 

atmosphere in a 3-neck flask. Required amounts of an aqueous solution of the metal salts 

were added followed by the addition of 1 g of the support under rapid stirring (600 rpm). 

The mixture was heated to 90 °C and refluxed for 1 h. After cooling down to room 

temperature; 100 mL ethylene glycol was added then heated again to 150 °C and kept for 

3 h. The catalyst was filtered, washed with 300 mL pure water and 100 mL ethanol, and 

then dried overnight at 100 °C.  

 

2.2.3. Catalyst characterization  

  

 The synthesized samples were characterized by elemental analysis using 

inductively coupled plasma-optical emission spectrometry (ICP-OES) Varian 72 ES. 

Before analysis, 15 mg of the sample was digested by an acid mixture of nitric acid and 

hydrochloric acid in an ETHOS1 microwave digestion milestone.  

 

N2-physisorption was measured using a Micromeritics ASAP2420 apparatus at -

196 °C. The surface area and pore size obtained by the Brunauer- Emmett-Teller (BET). 

Before the measurement, the samples were degassed at 200 °C for 2 h. 

  

Temperature-programmed reduction (TPR) measurements were operated over 0.1 

g of prepared catalysts by increasing the temperature up to 800 °C, at a rate of 10°C min-1 

in flowing H2/Ar gas (5/95 vol/vol mixture with a total flow of 30 mL min-1). The 

consumption of hydrogen was monitored using a thermal conductivity detector (TCD).  
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The size and dispersion of supported catalysts were investigated by transmission 

electron microscopy (TEM) and scanning TEM (STEM) before and after the CH4/CO2 

reaction. A Titan G 60-300 ST electron microscope at an accelerating voltage of 300 kV. 

The specimen was prepared by dispersing it in ethanol then place it on a copper grid. The 

dispersion was confirmed by hydrogen chemisorption using a Micromeritics ASAP2020C.  

 

The amount of deposited carbon on the catalysts after the reaction was quantified 

by temperature-programmed oxidation (TPO) with O2/He. The catalyst was transferred to 

a tubular quartz reactor and the experiment was conducted in down-flow mode. O2/He 

mixture (5/95 vol/vol mixture with a total flow of 30 mL min-1) was fed to the reactor at 

room temperature and then heated up to 800 °C at a rate of 10 °C min-1. During the 

experiment, deposited carbon was oxidized to CO and CO2, which was converted to CH4 

by a methanizer, and this CH4 was analyzed using GC (Shimadzu GC-8A) equipped with 

a flame ionization detector (FID). 

 

2.2.4. Catalyst testing 

 

Carbon dioxide reforming of methane was conducted in a fixed bed reactor at 

atmospheric pressure. 50 mg of the catalyst pellets were loaded into a quartz reactor with 

an internal diameter of 4 mm and supported on a small amount of quartz wool (prevent it 

from moving). A Type-K thermocouple was placed on top of the catalytic bed. The catalyst 

was in-situ pretreated by flowing 20% H2-80% N2 with 100 mL min-1 flow at 750 °C for 1 

h with a ramping rate of 10 °C min-1. The DRM reaction was performed at 750 °C for 20 

h. The reactant gases of CH4/CO2/N2= 1/1/8 were passed over the catalyst with a flow of 

100 mL min-1. Reactants and products were continuously monitored using an on-line micro 
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GC (Varian 490-GC). Subsequently, the catalysts were cooled to room temperature and 

used for characterization.   

 

2.3. Results and discussion 

The ICP results for determining the actual metal loading are compiled in Table 1. The 

same loading ranges of 4.7-5.0 wt.% were identified for bimetallic Ni9Pt1 samples 

supported on different metal oxides. BET measurement results are presented in Table 1, 

showing a large disparity in surface area between the samples. The bimetallic NiPt catalyst 

supported on γ-Al2O3 has the highest BET surface area at 151 m2g-1, followed by the 

sample supported on CeO2 at 24 m2g-1. While Ni9Pt1/ZrO2 had much smaller surface area 

compared to the other two samples at 6 m2g-1. TPR profiles obtained for the NiPt catalysts 

shows two main peaks: one at a lower temperature, corresponding to the reduction of Pt 

species, and another is attributed to the reduction of NiO in intimate contact with the 

support as shown in Fig. 2.1. A reduction peak is indicated at high temperature (800 °C) 

for the catalyst supported on CeO2 most probably is corresponded to the reduction of 

cerium.  

STEM images for the reduced samples are shown in Fig. 2.2 to identify the particle size 

and morphology. In addition, EDX analyses on different metal particles for all the samples 

detected coexistence of both Ni and Pt, consistent with the NiPt alloy formation. The 

bimetallic NiPt particles were homogenously dispersed on all metal oxide supports and 

nearly spherical in shape. The average diameter of ~ 2.5 nm for NiPt was obtained when 

supported on γ-Al2O3 and CeO2. On the other hand, two size distributions for the metal 

were obtained when supported on ZrO2 with an average particle size of 2.5 and 10 nm. 
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These observations indicate that the metal particle size and morphology is strongly 

influenced by the metal oxide support, which was prepared by HDP method.   

The catalytic performance of supported Ni9Pt1 catalysts for DRM process was 

carried out at 750 °C, under atmospheric pressure and SV= 120 l h-1 g-1. Fig. 2.3 shows the 

conversion of CH4 vs. time on stream for 24 h of reaction. The high CH4 conversion was 

detected for Ni9Pt1 supported on both γ-Al2O3 and CeO2, however, the catalysts deactivated 

gradually losing 5% and 10% from their activity, respectively. In the case of Ni9Pt1/ZrO2 

sample, the catalyst showed low CH4 conversion from the beginning of the reaction but 

had better stability throw 24 h with only ~ 2% activity loss as shown in Fig. 2.3. The amount 

of carbon formed was measured after the reaction by TPO and is summarized in Table 1. 

By comparing these three catalysts, it was detected that the bimetallic Ni9Pt1/γ-Al2O3 poses 

high amount of carbon (> 1 wt.%), while Ni9Pt1 supported on ZrO2 exhibited the least 

amount of carbon deposition with only ~ 0.55 wt.%. The catalysts were characterized by 

TEM and STEM after 20 h DRM reaction to investigate the structure and morphology 

changes of the surface. There is a considerable difference in carbon type and amount 

formed on the catalyst. Fig. 2.4 shows the TEM and STEM images for the catalysts, we 

clearly noticed an increase in the particle size by metal sintering of NiPt alloys regardless 

on the type of metal oxide support. Carbon encapsulated of some Ni9Pt1 particles was 

determined for the catalyst supported on γ-Al2O3. On the other hand, a number of carbon 

nanotubes (CNT) were formed on the surface of Ni9Pt1/CeO2 catalyst after an increase in 

the particle size and wall thickness of ≥ 10 nm, while much less amount of these CNT were 

formed on Ni9Pt1/ZrO2.  
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It is known that in the reforming of methane, the high metal dispersion may lead to 

increase the number of active sites on the metal surface.22 The synthesized Ni9Pt1/γ-Al2O3 

of 2.5 nm particle size had a high degree of dispersion (20%) may be the reason for the 

enhanced activity compared to the other catalysts. Most of the NiPt particles were still kept 

intact with the alumina support after the reaction and deactivation were due to block the 

active sites on the metal surface by graphitic carbon formation. For NiPt/CeO2 catalyst, the 

growth of filamentous carbon caused detaching of the active metal particles from the 

support and was located on the top of fiber/tube, as seen in the TEM image. The wall 

thickness of the carbon nanotube was > 10 nm, thus sintering of NiPt NPs happened during 

the reaction due to weak metal-support interaction. The detected carbon amount on 

NiPt/CeO2 was less than that on γ-Al2O3. It is believed that the redox properties of CeO2 

helped to reduce the amount of deposited carbon by the release of oxygen species from its 

lattice. The contribution of lattice oxygen to remove carbon species deposited on the metal 

has been reported as a beneficial effect of the redox properties between Ce3+/Ce4+.23 

However, the reduction of Ce4+ to Ce3+ has shown a negative effect on the DRM reaction 

by the inhibition of CH4 conversion.   

 

2.4. Conclusion  

Homogenous deposition precipitation method was explored for the synthesis of 

bimetallic NiPt catalysts supported on different metal oxides. Highly dispersed metal NPs 

with an average size of 2.5 nm were obtained, revealing that it has a great potential for 

catalyst preparation. A correlation between catalytic properties and the nature of oxide 

support was detected. NiPt/ZrO2 was the most stable and had the higher tendency towards 

coke resistance resulted from oxygen mobility.  
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Figure 2.1 TPR profile of 5 wt.% Ni9Pt1 supported on γ-Al2O3, CeO2, and ZrO2. 

 

 
 

Figure 2.2 TEM images of the Ni9Pt1 catalyst after reduction at 800 °C supported on 

different metal oxides. 
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Figure 2.3 CH4 conversion vs. time on stream during CH4/CO2 reaction for 5 wt.%: 

Ni9Pt1/Al2O3 (■),Ni9Pt1/CeO2 (▲) and Ni9Pt1/ZrO2 (●)  (Reaction conditions: 

CH4/CO2/N2= 1/1/8; 750°C; 1 atm; SV= 120 l h-1 g-1). 
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Figure 2.4 STEM and TEM images of Ni9Pt1 catalysts after 24 h of the reaction.  
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Figure 2.5 CH4 conversion vs. time on stream during CH4/CO2 reaction for 5 wt.% 

Ni9Pt1/γ-Al2O3 (■), 5 wt.% Ni/γ-Al2O3 (●) and 1.3 wt.% Pt/γ-Al2O3 (▲). (Reaction 

conditions: CH4/CO2/N2= 1/1/8; 750°C; 1 atm; SV= 120 l h-1 g-1). 

 

 

Table 2.1 Textural properties, ICP results, and metal particle size for NiPt alloys supported 

on γ-Al2O3, CeO2 and ZrO2, and the amount of deposited carbon after 24 h of DRM 

reaction.  

 

Samples Surface 
area  

(m2g-1) 

Pore Size 

(A°) 

Pore Volume 

(cm3g-1) 

Ni 

(wt.%) 

Pt 

(wt.%) 

dTEM 

(nm) 

 

D 

(%) 

Coke Amount 

(wt.%) 

NiPt/γ-Al2O3 151 186 0.70 3.5 1.2 2.5±1.8 20.5 1.04 

NiPt/CeO2 24 - 0.15 3.6 1.4 1.6±2.1 15.0 0.75 

NiPt/ZrO2 6 174 0.03 3.4 1.6 10±0.3 15.5 0.55 
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CHAPTER 3 

 

 

Supported Bimetallic NixCo10-x Catalysts on ZrO2 for DRM 

A series of Co-Ni/ZrO2 mono- and bi-metallic catalysts with different total metal 

loadings of (4 and 0.4 wt.%) were prepared by homogeneous deposition-precipitation 

(HDP) method. This method was particularly used to produce similar fine particle size with 

a narrow distribution, in the case of low metal loading. These catalysts were investigated 

for CO2 reforming of methane to synthesis gas under atmospheric pressure with a particular 

attention to suppressing carbon deposition. Dry reforming of methane (DRM) proceeds via 

CH4 decomposition to leave surface carbon species, followed by removal of C with CO2-

derived species to give CO. Tuning the reactivity of the active metal towards these 

reactions during DRM allows in principle the catalyst surface to remain active and clean 

without long-term carbon deposition. The reactivity tuning for stoichiometric CH4/CO2 

reactants was attempted by alloying non-noble metal Co and Ni, which have high affinity 

with CO2 and high activity with CH4 decomposition, respectively. The bimetallic CoNi 

catalysts were compared with monometallic Co and Ni catalysts. The ZrO2 support was 

chosen because of its high thermal stability and absence of mixed oxide formation with the 

active metals (Co, Ni). The catalysts were characterized by XRD, TPR, TPO and (S)TEM. 

Additionally, in-operando X-ray absorption spectroscopy (XAS) and density functional 

theory (DFT) calculation focused on providing evidence of the capturing surface coverage 

of the reactive intermediates and the associated structural changes of the metals during 

DRM at high temperature. The data indicated high coverage of oxygen species at steady-

state DRM on Co, suggesting that Co exhibits a high affinity for the oxygen species derived 
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from CO2. On the Co catalysts, the first-order effects with respect to CH4 pressure and 

negative-order effects with respect to CO2 pressure on the DRM rate are consistent with 

competitive adsorption of the surface oxygen species on the same sites as the CH4 

decomposition reaction. The Ni surface provides comparatively higher rates of CH4 

decomposition and the resultant DRM than the Co catalyst but leaves some deposited 

carbon on the catalyst surface. In contrast, bimetallic CoNi catalyst exhibits intermediate 

reactivity towards DRM between Co and Ni with kinetic order resembling Co catalyst, 

producing negligible carbon deposition by balancing CH4 and CO2 activation. The in-

operando X-ray absorption near edge structure (XANES) and extended X-ray absorption 

fine structure (EXAFS) measurements confirmed that Co catalyst was progressively 

oxidized at the surface to the bulk with reaction time, whereas CoNi and Ni remained 

relatively reduced during DRM condition. DFT calculation considering the high reaction 

temperature for DRM confirmed the unselective site arrangement between Co and Ni 

atoms in both the surface and bulk of the alloy nanoparticle (NP). The calculated heat of 

oxygen chemisorption increases in the order Ni, CoNi, Co, which is consistent with the 

catalytic behavior. This comprehensive experimental and theoretical evidence provided 

clearly suggests an improvement to the catalyst design protocol by selecting the appropriate 

compositions of the metal that in turn tune their surface reactivity for DRM.  

 

 3.1. Introduction  

 

 

The conversion of methane to syngas is a continuous growing market for natural gas or 

even hydrogen industry.1-4 The highly attractive dry reforming of methane (DRM) process 

utilizes a large amount of CO2 into a mixture of higher value compounds, with the tunable 
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H2/CO ratio ~1 ( 4 2 2CH CO 2CO 2H  ) associated with concurrent reverse water gas 

shift (RWGS) reaction ( 2 2 2H CO CO H O  ).5-11 To achieve high conversion, DRM 

reaction has to be operated at high temperatures (700-900°C) because of its high 

endothermicity (ΔH° = +247 kJ mol−1). Such high temperature leads to metal sintering and 

carbon formation (coking), which cause catalyst deactivation.5-11 Supported noble metals, 

such as Rh, Ru, Pt and Pd, and non-noble metals, as Ni, Co and Fe have been tested for 

DRM reaction.6,7 It is known that noble metals are much more coke tolerant but they are 

undesirable for industrial purpose because of their high cost. Therefore, inexpensive Ni-

based catalysts are of common choice for commercial steam reforming of methane (SRM).1 

Use of commercial Ni catalyst for SRM, however, leads to a large amount of carbon 

formation on the catalyst surface (whisker and encapsulating morphologies), causing not 

only catalyst deactivation but also reactor plugging (increase in back pressure).5 It is, 

therefore, a serious challenge to suppress carbon completely for the commercialization of 

DRM.4  

A number of studies have been reported on Ni catalysts for DRM.12-20 Wei and Iglesia 

conducted a careful kinetic assessment on forward conversion rate by taking the approach 

to equilibrium without introducing heat and mass transfer artifacts.16 They reported that C-

H bond activation of CH4 is the sole kinetically relevant step for overall DRM on Ni/MgO 

catalyst at 600-700 °C (first-order in CH4 pressure).16 The reaction proceeds on clean Ni 

surface, which is confirmed by kinetic independent of co-reactant (CO2) or product (CO, 

H2, H2O) pressures. The concurrent RWGS is quasi-equilibrated under the investigated 

conditions. This kinetics, however, could not reflect the information of the undesired 

carbon formation, which was considered to happen at different time scale.16 An excellent 
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DFT-based suggestion was reported by Bengaard and Nørskov et al. based on the 

experimental experiences mainly done by Rostrup-Nielsen and co-workers. They claim 

that the nucleation of unwanted graphite is initiated by step sites of Ni surface, which can 

be occupied by potassium, sulfur, and gold and other elements.13,14 Indeed, continuous 

addition of sulfur is used industrially to suppress carbon formation for steam reforming. 

They also mentioned the critical role of particle size to form whisker carbon (growth of 

carbon fiber/nanotube catalyzed by metal). It was suggested that the significantly small 

size of nanoparticle gives tolerance to carbon formation, which is consistent with DFT 

calculations, where surface graphite cannot form on small particles.14 It is critical to 

consider metal particle size and coordination number of surface metal sites to suppress 

carbon formation. 

Alternatively, Co has gained an attention as an active metal for DRM,21-24 despite its 

lower DRM rate than Ni.25 The catalytic behavior of the Co catalyst is relatively distinctive 

among the other group 8 metals. Depending on the metal loading, there is a clear trend 

where the metallic Co is deactivated by carbon deposition (high loading), or metal 

oxidation (low loading).21-23 Such trend by varying the metal loading was clearly observed 

on both Co/Al2O3 and Co/TiO2 investigated at various reaction conditions.21,22 The metal 

oxidation was only evidenced by the mixed oxide formation, such as CoAl2O4 or CoTiO3 

phase,22,24 depending on the used supports. However, these findings suggest that there is 

the kinetic competition between reduction of metal by hydrogen species generated by CH4 

activation and its oxidation by oxygen species generated by CO2 activation at the same 

surface. Although the Co-based catalyst has the potential to show high stability without 

causing carbon deposition for DRM, it still lacks accurate control of kinetics through the 
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design of the Co metal particle size because of the reaction conditions, such as the reaction 

pressure,21,23 alters the appropriate catalyst to be used.  

 To further tune the reactivity of the metal, attempts have been made to produce 

stable catalysts by combining Co and Ni.25-45 Because Ni is more reactive towards CH4 

decomposition, providing a reductive surface relative to monometallic Co, the resultant 

bimetallic CoNi alloy catalyst was proposed to tune the reactivity towards CH4 and CO2 

activation, according to its metal composition.25-27 Generally, high Co content caused the 

deactivation due to irreversible metal oxidation, while high Ni content caused the 

deactivation by carbon deposition, as reported for TiO2 supported catalyst at 750 °C.25-27 

For example, Nagaoka et al. suggested 0.5 wt.% Co9Ni1/TiO2 is a composition which 

provided relatively stable DRM performance even at 2 MPa.23 Similarly, a synergetic effect 

was explained of combining Co and Ni by the formation of a highly reducible alloy 

phase.28,33,34,39  Recent trend in the literature seems to investigate the effects of support, 

such as CeO2-ZrO2, known to provide active oxygen, which is generally claimed to 

suppress carbon deposition.34,37,38,45 This approach, however, contradicts the kinetic 

finding by Wei and Iglesia4 for various metal catalysts, where the forward CH4 turnover 

rate is independent of the type of supports, including ZrO2 and CeO2-ZrO2.
46 None of the 

studies on the bimetallic CoNi catalyst carefully analyzed the state and composition of 

CoNi alloy on the surface and bulk in each NP, and the resulting reactivity towards DRM. 

Despite the potential of the bimetallic CoNi catalysts for DRM, there is limited 

understanding of the composition and the degree of oxidation of the surface and the bulk 

of catalyst particles during DRM conditions. The mechanistic understanding of such 
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system and associated kinetic analysis to pin down the reaction intermediate is crucial to 

design stable catalysts.  

 These findings from the literature motivated us to carefully investigate the precise 

control of reactivity of bimetallic CoNi for DRM in order to make a structure-activity 

relationship. The chosen support in this study was ZrO2, which does not to form mixed 

oxide form either with Co or Ni, we are sure that no thermodynamic driving force in which 

the metal could be oxidized by the presence of supports like alumina or titania which tend 

to form aluminates or titanates. The monometallic Co and Ni and bimetallic Co10-xNix 

catalysts were prepared by an aqueous route technique known as homogeneous deposition-

precipitation (HDP) method to reproducibly produce the fine-metal NPs with consistent 

size (<10 nm).47 These metal NP catalysts were investigated using X-ray diffraction 

(XRD), temperature-programmed reduction (TPR), temperature-programmed oxidation 

(TPO), scanning transmission electron microscopy (STEM). Moreover, in-operando XAS 

and supported by DFT calculations to fully understand the reactivity and susceptibility 

towards carbon formation and metal oxidation. By comparing monometallic Co, Ni, and 

bimetallic CoNi catalysts, direct experimental evidence is provided where the Co is 

oxidized under DRM condition while CoNi and Ni maintain their reduced form. In turn, 

DFT calculations show that alloying Ni and Co allows one to control the oxophilicity of 

the catalyst in order to balance the kinetics of DRM. By combining kinetic analysis, this 

study clearly shows the methodology to control metal reactivity of CH4 and CO2 activations 

(redox capability) by metal identity (Co, Ni), as well as resulting inhibition of both carbon 

deposition and metal oxidation, thus explaining according to our predictive concept, the 

stable DRM performance in particular when using 0.4 wt.% of bimetallic Co5Ni5 catalyst.  
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3.2. Experimental methods  

 

 

3.2.1. Chemicals 

 

  

All reagents were purchased from Sigma-Aldrich and used as received unless 

otherwise stated. The metal precursors were nickel (II) chloride hexahydrate (NiCl2.6H2O, 

99.999%) and cobalt (II) chloride hexahydrate (CoCl2.6H2O). Urea (≥99.5%) and ethylene 

glycol (EG) (99%) as a precursor of reducing agent. ZrO2 (specific surface area 24 m2g-1) 

was purchased from RC100, DAIICHI KIGENSO KAGAKU KOGYO CO., LTD. Prior 

to using ZrO2 was pre-heated at 850 °C for 12 h which gave a specific surface area 6 m2g-

1. The CO2 (99.9999%), methane (99.999%) and hydrogen (99.9995%) gases were 

purchased from Abdullah Hashim Industrial Gases & Equipment Co. Ltd. (Jeddah) and 

used as received.  

 

3.2.2. Catalyst preparation 

 

The ZrO2 support was first pretreated in a static air at 900 °C to avoid its sintering 

during DRM reaction. Monometallic Co and Ni and bimetallic CoNi/ZrO2 catalysts with 

intended total metal loadings of 5 and 0.5 wt.% were prepared by HDP method. Required 

amounts of an aqueous solution of NiCl2.6H2O and CoCl2.6H2O were added after 

dissolving 2.5 g of urea in 100 ml pure water in a 3-neck 500 ml round flask. Typically, 1 

g of the heat-treated support (ZrO2) was added to the solution. Then the mixture was heated 

to 90°C for 1 h causing the hydrolysis of urea, shifting the pH to 10, leading to precipitation 

of metal hydroxide species. After cooling down to room temperature; 100 ml of ethylene 

glycol (EG) was added then heated to 150°C for 3 h for stabilization of precipitated metal 

hydroxides. The resulting materials were filtered, washed with 300 ml of pure water and 
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100 ml ethanol, and then dried overnight at 100°C. The powder-form catalysts were pressed 

into pellets, crushed, and sieved to obtain grains with diameters between 250 and 300 µm. 

The metal loading (m) and Co:Ni molar ratio (10-x : x) is denoted as m wt.% Co10-

xNix/ZrO2, m = 0.4 or 4 wt % and x = 0, 1, 5, 9, 10.  

3.2.3. Catalyst characterization 

  

 

Inductively coupled plasma (ICP) were performed using an ICP-OES Varian 72 ES 

(Agilent Technologies), to measure the exact metal content. “Digestion” of the materials 

was performed in an ETHOS1 microwave digestion milestone.  

Temperature-programmed reduction (TPR) measurements were operated over 0.1 

g of prepared catalysts by increasing the temperature up to 800°C, at a rate of 10°C min-1 

in flowing H2/Ar gas (5/95 vol/vol mixture with a total flow of 30 ml min-1). The 

consumption of hydrogen was monitored using a thermal conductivity detector (TCD).  

 Scanning transmission electron microscopy (STEM) was performed on a Titan G 

60–300 ST electron microscope at an accelerating voltage of 300 kV using a Gatan STEM 

detector (model 806) to allow dark field imaging. The elemental compositions of the 

samples were characterized thanks to the simultaneous acquisition of spectra from electron 

energy loss spectroscopy (EELS) and energy dispersive X-ray fluorescence spectrometry 

(EDX): Ni L2,3-edge, Co L2,3-edge, and Zr Kα fluorescence lines were selected to build the 

chemical maps. A small camera length of 38 mm was used for imaging and elemental 

mapping in order to enhance the signal to noise ratio of the EELS spectra.  
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 Powder XRD patterns were measured using a Bruker D8 Advanced A25 

diffractometer in the Bragg-Brentano geometry equipped with a Cu tube (Cu-Kα radiation, 

λ=1.5406 A°). A linear position-sensitive detector (opening 2.9°) was used operating at 40 

kV and 40 mA. X-ray diffractometer data were collected in the range of 2θ = 20−80° under 

continuous scanning mode. 

 The amount of coke deposited on the catalysts after DRM reaction was quantified 

by temperature-programmed oxidation (TPO) under O2/He. For that purpose, 10 mg of the 

spent catalyst was transferred to a tubular quartz reactor that is heated up to 800°C with a 

linear ramping rate of 10°C min−1. The deposited carbon was oxidized to COx, which was 

converted to CH4 by a methanizer, and this CH4 was analyzed using GC (Shimadzu GC-

8A) equipped with a flame ionization detector (FID).  

3.2.4. Catalyst testing 

 

 

The DRM kinetic tests were carried out in a fixed-bed quartz microreactor (i.d. 4 

mm) at atmospheric pressure (PID Eng & Tech). A tubular furnace with a temperature 

controller attached with a K-type thermocouple located at the center of the catalyst bed was 

used to control the temperature. The catalyst powders were pelletized and sieved into the 

particle size of 250-350 µm. 

3.2.4.1. Catalytic stability  

About 5-50 mg of the prepared catalyst were used without dilution. The catalyst 

bed was supported using quartz wool. The catalyst was pretreated under flowing 20% H2 

in N2 (AHG) at a flow rate of 100 mL min−1 to 800 °C and kept for 1 h at a ramping rate 
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of 10°C min−1. The reactant gasses of CH4/CO2/N2= 1/1/8 (99.9999%, AHG) were passed 

over the catalyst with a flow of 100 mL min−1 using a mass flow controllers (F-200 series, 

Bronkhorst). The CH4/CO2 reaction was performed at various temperatures (600 to 800 °C) 

for 20 h. The reactants and products were continuously monitored using an on-line micro 

gas chromatography (Varian, 490-GC) equipped with two thermal conductivity detectors, 

a Molecular Sieve 5A column, and a Porapak Q column.  

 

3.2.4.2. Effect of partial pressure on reforming rate on 0.4 wt.% Co, Ni, and CoNi/ZrO2 

To make catalyst bed, for the Ni and CoNi samples, 5 mg of catalyst were diluted 

with 45 mg of ZrO2 powder, and for the Co sample, 50 mg of catalyst were used without 

the dilution. The catalyst bed was supported using quartz wool. The catalyst was pretreated 

under flowing 20% H2 in N2 (AHG) at a flow rate of 100 mL min−1 to 800°C and kept for 

1 h at a ramping rate of 10°C min−1. Different partial pressures of CH4 (99.9999%, AHG), 

CO2 (99.9999%, AHG), N2 (99.9999%, AHG) were introduced into the reactor by 

regulating the flow rates by mass flow controllers (F-200 series, Bronkhorst). The reactants 

and products were continuously monitored using an on-line micro gas chromatography 

(Varian, 490-GC) equipped with two thermal conductivity detectors, a Molecular Sieve 5A 

column, and a Porapak Q column.  

3.2.5. In-operando X-ray absorption spectroscopy 

To study the structural difference between monometallic Co and Ni and bimetallic CoNi 

catalyst in relevant DRM conditions, a dedicated cell for in-operando XAS study was 

designed to work as a plug-flow reactor. The complete set-up dedicated for the study of 
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catalysts is now permanently installed on the CRG-FAME beamline (BM30B) at the 

European Synchrotron Radiation Facility (ESRF) in Grenoble. The reactor is tubular and 

fabricated from vitreous carbon. The carbon reactor was confirmed to be inert in DRM 

condition by a blank test. The heating elements design is based on the one developed by 

Tamura et al.48 It consists of placing the reactor in a molybdenum tube which is heated up 

to the experimental temperature with a resistive molybdenum metallic wire. Since the 

sample is at the center of the heating zone, all the heating elements have three 5 mm 

diameter apertures to operate the cell in both transmission and/or fluorescence detection 

modes. The regulation of the reaction temperature was operated on a type K thermocouple 

placed inside the reactor as close as possible to the sample. A series of automated mass 

flow controllers were used to deliver the various gas mixture to the reactor and the gas 

composition was monitored by an EcoCat-P portable mass spectrometer system from ESS 

equipped with two capillaries for the on-line analysis of the reactor outlet and a bypass 

line. A vector gas mixture of 1 % Ar in He was chosen as an internal standard to quantify 

the variation of flow rate due to the stoichiometry of the reforming reaction. The gas 

distribution system is also fitted with a four-way valve allowing the preparation of the gas 

mixture in the bypass line before the start of the reaction. Practically, this was performed 

using mass spectrometry and monitoring the stabilization of current intensities 

corresponding to m/z =15 (I(CH4)i), m/z=44 (I(CO2)i), and m/z = 40 (I(Ar)i) for CH4, CO2, 

and Ar gases, respectively. The amount of reacted CH4 and CO2 were assessed by 

following the current intensities corresponding to m/z =15 ((I(CH4)f) and m/z = 44 

((I(CH4)f) at the reactor outlet. Thus, the conversions for methane (X(CH4)) and carbon 
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dioxide (X(CO2)) were calculated during the reaction using the two equations (1) and (2), 

below: 
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The measurement was conducted using 50 mg of the sieved catalyst. First, XAS 

spectra were recorded under inert gas at room temperature in order to characterize the initial 

state of the catalyst. Then, a flow of 4% H2/He was introduced with a flow rate of 100 mL 

min−1 into the reactor and heated up to 750 °C at 10 °C min−1, and maintained this 

temperature for 1 h. During this reduction process, XANES spectra were recorded 

continuously to observe the change of the metal oxidation state. After the reduction step, 

the reactor was purged with the gas vector at 750 °C. The reaction mixture ratio of 1:1:8 

for CO2:CH4:(1% Ar/He) was subsequently introduced with a total flow rate of 100 mL 

min−1 (GHSV = 120 l h−1 g−1). The structure of the metal nanoparticles (NPs) was initially 

followed by XANES spectroscopy to capture the initial structural changes. After the initial 

transition, the detailed acquisition of EXAFS spectra was conducted. The reaction was kept 

after 10 h and the last three EXAFS spectra out of around fifteen were merged to compare 

the final state of the catalysts. It is worth to mention here that we found that the initial 

conversion and the deactivation rate were found to be identical compared to those measured 

in our lab-based microreactors which was a convincing qualification of the XAS cell. 

Spectra were recorded either in fluorescence (DRM catalysts) or transmission (references) 
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modes at the Co K-edge (7.709 keV) and Ni K-edge (8.333 keV) depending on the 

catalysts. For the bimetallic CoNi catalyst, Co K-edge was followed during the reduction 

step and the DRM while only the final state of Ni was recorded at the end of each 

procedure.  

 All XAS data were analyzed using the HORAE package, a graphical interface to 

the AUTOBK and IFEFFIT code.49 XANES and EXAFS spectra were obtained after 

performing standard procedures for pre-edge subtraction, normalization, polynomial 

removal, and wavevector conversion. The amplitude factor (S0
2) was fitted to the EXAFS 

spectra recorded for a Co and Ni metallic foil, the unit cell being hexagonal (P63/mmc) for 

Co and cubic (Fm-3m) for Ni. A k-range of [3.3; 12] Å-1 and  R-range of [0.85; 5.1] Å were 

selected and fitted using single scattering paths and multiple scattering paths calculated 

from the metallic Co and Ni crystal structure (Figure 3.1 and Table 3.1).50 The 

parametrization of the latter scattering paths was carried out as follow: a single shift of 

energy was used, all amplitudes were adjusted by the amplitude reduction factor (S0
2), the 

variation of distances was calculated by adjusting the cell parameters of the considered unit 

cell, each single scattering path was fitted with an independent mean square displacement 

parameter, the disorder for multiple scattering paths (triangular and collinear pathways) 

was modeled by linear combinations of the mean square displacement parameters used 

with single scattering paths. S0
2 was determined to be 0.87 ± 0.04 and 0.83 ± 0.07 for Co 

and Ni, respectively. Fitting of the EXAFS spectra for the metallic catalysts were limited 

to a first shell analysis (R-range of [0.85; 2.7] Å) due to the lesser data quality recorded on 

powdered materials at high temperature (selected k-range: [2.7; 8.1] Å-1). First shell 

analysis for monometallic and bimetallic catalysts was performed considering a cubic unit 
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cell since the Co transition from hcp to fcc phase is known to be completed above 450 

°C.51-53 For the particular case of the bimetallic catalyst, the model selected to fit the Co 

and Ni K-edge EXAFS spectra assumes a relatively homogenous mixture of Co and Ni 

atoms within the NP: a unique mean square displacement parameter and a unique path 

length were used for the parametrization of both the Co→Ni and Ni→Co scattering paths. 

The validity of the latter assumption was proved both experimentally via elemental 

mappings acquired by TEM and theoretically via DFT calculations (vide infra). No 

additional Co→Ni and Ni→Co scattering paths were introduced in the model since 

backscattering amplitude and total scattering phase shift are too close for Co and Ni atom. 

However, amplitude parameters were still refined separately to highlight a possible 

segregation of one of the metal during the catalytic reaction. 

3.2.6. Theoretical method 

VASP software54 was used to perform periodic calculations with rPBE exchange–

correlation functional, particularly suitable for studies of adsorption on metal surfaces.55 

The eigenstates of valence electrons were calculated using plane-wave basis sets with the 

cutoff of 400 eV. First-order Methfessel–Paxton smearing of 0.1 eV was applied to the 

occupation numbers.56  The presence of core electrons was accounted via projector 

augmented wave technique.57 All calculations except those for gas-phase CO species were 

performed in the spin-polarized fashion. 5×5×1 Monkhorst–Pack meshes of k-points were 

used to sample the reciprocal space in slab calculations. Calculations of NP models were 

performed at Γ-point in the reciprocal space. Geometry optimization was performed until 

forces on all atoms became less than 0.2 eV nm−1.  
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 The adsorption energies of the CO species were calculated as follows: Eads[CO] = 

-(E[CO/substrate] − E[substrate] − E[CO]), where E[CO/substrate] is the energy of CO 

molecule adsorbed on the surface, E[CO] is the energy of the respective gas-phase species 

and E[substrate] is the energy of the substrate. In turn, energies of dissociative O adsorption 

are calculated as follows: Eads[O] = (E[O/substrate] - E[substrate] – E[O2]/2), where 

E[O/substrate] is the energy of O atom adsorbed on the surface and E[O2] is the energy of 

triplet gas phase O2 molecule. Finally, energies of C adsorption are calculated as follows: 

Eads[C] = –(E[C/substrate] − E[substrate] − E[graphene]), where E[C/substrate] is the 

energy of a C atom adsorbed on the surface and E[graphene] is the energy per C atom of a 

graphene sheet in the gas phase. With these definitions, positive adsorption energies 

correspond to exothermic adsorption. 

The surfaces were modeled by a 6 layer p(4×4) periodic slab hexagonal supercell 

of 997×997 pm for Ni (an experimental Ni-Ni distance of 249 pm), 1002×1002 pm for Co 

(experimental Co-Co distance of 251 pm) and 999×999 pm for Co-Ni derived from the 

average of the cell parameters of Co and Ni. The separation between adjacent slabs 

exceeded 1 nm.  

 

3.3. Results and discussion  

 

3.3.1. State of CoNi bimetal 

 

The homogeneous deposition-precipitation method was applied to deposit metal 

nanoparticles on ZrO2 support utilizing urea decomposition to shift the solution pH. The 

support was first pretreated in static air at 900 °C to avoid its sintering during DRM 
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reaction. In this study, two distinctive series of CoNi catalysts were prepared: namely, 

“high loading” (4.0-4.7 wt.% of CoNi) and “low loading” (0.35-0.45 wt.% of CoNi) with 

various Ni to Co ratios. This low loading was intentionally applied to maintain small 

particle size. The sample notation and the ICP result to quantify the exact metal loading 

are compiled in Table 3.2. Starting from monometallic Ni sample, Co was substituted to 

give Co1Ni9, Co5Ni5, and Co9Ni1 samples, and also monometallic Co sample was 

synthesized. TPR profiles of Co-Ni/ ZrO2 catalysts were shown in Fig. 3.2, confirmed that 

all of the oxide precursors (Co3O4 and NiO) were reduced at a lower temperature than 

600°C. The slight decrease in reduction temperature when both Co and Ni are present in 

the sample, are in agreement with the literature. This result is also consistent with the lack 

of mixed oxide of Ni and Co with ZrO2 support, in contrast with a conventional Al2O3 

reforming support which often forms Ni or Co aluminate phase which requires high 

temperature to reduce these crystal phases. According to these measurements, the reduction 

temperature in this study was set to 800°C to assure thermal stabilization before DRM 

reaction. 

 Next, detailed TEM observation of these metal particles was carried out and the 

images of the reduced samples are shown in Fig. 3.3. TEM images show that ZrO2 particles 

which have size ranging 20-100 nm. In addition, the TEM images confirm two distinct 

trends in particle sizes for low loading and high loading. For high loading samples (Fig. 

3.3a), particle size distribution was generally broad, and the average particle sizes were 10-

21 nm, as listed in Table 3.2. For low loading samples (Fig. 3.3b), generally high metal 

dispersion with narrow size distribution was attained, giving 4-6 nm, regardless of CoNi 

ratios (Table 3.2). Accordingly, metal surface quantities (in μmol g−1) and metal dispersion 
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(%D) were calculated from the average particle size by TEM assuming hemispherical 

particle shape and are also shown in Table 3.2. For high loading samples, 5-10% dispersion 

was obtained, while 16-21% dispersion was obtained for low loading samples. In addition, 

EDX analyses on different metal particles for Co1Ni9, Co5Ni5 and Co9Ni1 samples of both 

high and low metal loading detected coexistence of both Ni and Co, consistent with the 

CoNi alloy formation.  

Specifically, elemental mappings operated by STEM- EELS/EDX of ten different 

regions for 0.4 wt.% Co5Ni5/ZrO2 sample clearly demonstrate that Ni and Co metals are 

homogenously mixed (Fig. 3.3c). 

Fig. 3.4a shows XRD patterns of the high loading samples. Wide scanning patterns (Fig. 

3.4a (I)) indicate a monoclinic phase of ZrO2 for all the samples. Fig. 3.4a (II) focuses a 

narrow 2θ range for (111) crystal orientation of Ni and Co cubic structures. While 

monometallic Ni and Co samples exhibit a peak at 44.2 and 44.5°, respectively, the 

bimetallic samples show shifted peaks corresponding to their compositions. The result 

indicates the formation of CoNi solid solution in the bulk of the metals after the reduction 

for, at least, most of the particles. Similar results were obtained in the CoNi/TiO2 catalysts 

in the previous study.25 XRD patterns for the low loading samples are shown in Fig. 3.4b. 

For those samples, only monoclinic ZrO2 phase was identified for the samples with all the 

CoNi ratios, and no detectable peaks for metal phase were measured in the XRD patterns 

due to its low metal quantity as well as the high metal dispersion in the samples. 

 

3.3.2. DRM catalytic performance, carbon deposition and cause of deactivation 

3.3.2.1. Effect of metal loading 
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The DRM tests were carried out over Co-Ni/ZrO2 samples with special attention to 

carbon deposition. Time on stream data for all the samples is shown in Fig. 3.5 (a, b). Fig. 

3.6 shows the methane conversion at 1 h and 20 h time on stream, and the amount of 

deposited carbon on the spent catalysts after 20 h, which were separately shown for high 

and low metal loadings, respectively. We first describe the case of the high loading 

catalysts (Fig. 3.6a). Monometallic Ni/ZrO2 showed high activity, which gradually 

deactivated with time. The catalyst experienced a large amount of carbon (19 wt.%). The 

addition of a small amount of Co to Ni (Co1Ni9) had a slight improvement for conversion 

consistent with higher metal dispersion (Table 3.2) but ~10% loss in conversion was 

observed after 20 h of the reaction. The amount of deposited carbon was very high (~17 

wt.%). By increasing the amount of Co relative to Ni to the stoichiometric ratio of (Co5Ni5) 

the conversion level was maintained high and the catalytic stability greatly enhanced. The 

amount of deposited carbon was 7 wt.%. When the amount of Co increased to a ratio of 

Co9Ni1, the conversion was almost unchanged compared to Co5Ni5, with relatively high 

stability. Noticeably, the catalyst exhibited very little carbon deposition (~0.2 wt.%). In the 

case of monometallic Co sample, the catalyst showed low conversion from the beginning 

and it completely lost its activity in the course of the reaction. For this catalyst, the 

deposited carbon was not detected after the reaction.  

 Next, we describe the case of the low loading catalysts (Fig. 3.6b). The 

monometallic Ni catalyst showed relatively high CH4 conversion (~70%) with a gradual 

loss to ~55% within 20 h. The amount of deposited carbon was ~1 wt.%, substantially 

lower than the high loading Ni sample (~19 wt.%). Substitution of Ni with a small quantity 

of Co (Co1Ni9) led to a slight improvement of conversion, yet the catalyst slightly 



76 

 

deactivated during 20 h of the reaction. Very little amount of carbon was detected (<0.2 

wt.%). For Co5Ni5 catalyst with low loading, the CH4 conversion was maintained high with 

only slight deactivation with time, exhibiting also a small quantity of deposited carbon. 

Further inclusion of Co into the catalyst composition was detrimental: the conversion was 

low from the beginning, and the catalyst also showed deactivation with time. No detectable 

carbon was observed after the reaction. For monometallic Co catalyst, almost no activity 

was observed from the beginning and no carbon was detected after the reaction.  

 The catalysts after 20 h DRM reaction were characterized by TEM to investigate 

structure and morphology changes of the surface. Fig. 3.7 shows the TEM images for the 

selected catalysts after 20 h DRM reaction. A number of carbon nanotubes (CNT) were 

observed in the TEM image of high loading monometallic Ni catalyst, as shown in Figure 

3.7a. The metal particles were located at the tip of the CNT with the size of typically 85 

nm but some Ni particles have also remained on zirconia surface. For high loading 

bimetallic Co5Ni5 sample, the growth of CNT was observed to a lesser extent (Figure 3.7a). 

For the monometallic Co sample, little carbon was evidenced in the TEM image (Fig. 3.7a), 

consistent with the negligible deposited carbon measured by TPO. In the case of low 

loading Ni sample, there were some CNTs evident in the TEM image (Fig. 3.7b), with the 

metal tip in the size of ~ 14 nm. The low loading Co5Ni5 and Co samples, no clear evidence 

of deposited carbon was obtained from the TEM images (Fig. 3.7b), consistent with the 

negligible carbon measured. The average sizes of the metal particles after the DRM 

reaction are listed in Table 3.3. An increase in the particle size was minimal after 20 h of 

the reaction.  
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The results clearly showed that catalysts of 4 wt.% metal loading had particles 

greater than 10 nm, which suffer from an accumulation of deposited carbon. On the other 

hand, by lowering the Co-Ni loading to 0.4wt.%, a smaller size of the metal particle with 

better metal dispersion was obtained, hence less carbon deposition. This indicates that 

particle size of the active metal has a crucial effect on the CH4/CO2 reaction rate and carbon 

formation, which suggests that it is a structure-sensitive reaction.58 Determination of metal 

surface active site and its interaction with the support should be identified to define 

structure-sensitive or structure-insensitive reactions. Many efforts in the field of catalysis 

have been exploited to clarify the sensitivities of specific reaction rates to particle size. The 

size of metal nanoparticles, surface structures, and metal dispersions influences not only 

the reaction rate but also the product selectivity.59 As the size of nanoparticles become 

smaller, the number of highly active edge and corner sites is increased per exposed site of 

the catalyst.  

It is intuitively believed that CH4 decomposition over reduced metallic site is the 

initial step, whereas CO2 dissociation occurs at the metal-support boundary to form surface 

carbonates. The amounts of carbon deposited are in good correlation with the metal identity 

and particle size of the catalyst. Under DRM conditions smaller particles witness two 

different behaviors: higher intrinsic activity and/or faster deactivation. The activity is ruled 

by the metal surface where a competitive coverage of the reaction intermediates takes 

place. As CH4 decomposes, active carbon species get closer to the particle periphery and 

can react readily with adsorbed oxygen to form CO. Therefore, the efficient removal of 

carbon species of CoNi catalysts might be ascribed to its smaller particle size. In the case 

of larger metal particle (> 10 nm), the carbon species can be formed either near the 
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periphery of the metal particle that is easy to react with activated CO2 to form CO, or far 

away from the particle periphery where they cannot reach the activated CO2 derivatives, 

which results in carbon accumulation with time-on-stream then deactivation of the catalyst.  

In other words, lowering the metal content leads to a decrease in metal particle size, 

a higher amount of carbon species is formed closer to particle periphery (supposedly edge 

active sites), resulting in carbon being reacted with activated CO2 and forming CO, hence 

less carbon deposition on the catalysts surface. When the metal particle is smaller than the 

critical size of 10 nm, almost all the carbon species are formed in the vicinity of the 

activated CO2; the former is easily reacted with the latter, allowing all the carbon to form 

CO. Therefore, the carbon formation on the catalyst surface is eliminated.  

 

3.3.2.2. Effect of space velocity 

More rigorous comparison on carbon deposition can be attained when the 

conversion levels are varied. Thus, different space velocities (SV) were used to see the 

consequence of the amount of deposited carbon for the selected two catalysts (0.4 and 4 

wt.% Co5Ni5/ZrO2). Figure 3.8 shows CH4 conversion vs. time on stream at each condition, 

which was maintained almost unchanged. CH4 conversion and amount of coke deposited 

after the 20 h reaction are shown in Figure 3.9. For 0.4 wt.% Co5Ni5/ZrO2 sample, the 

amount of the deposited carbon was very small (<0.2 wt.%) at all SV. At comparable 

conversion level for 4 wt.% Co5Ni5/ZrO2 sample, the carbon amount was much larger (>5 

wt.%), clearly suggesting the high loading sample resulted in a much larger quantity of the 

deposited carbon. Because the conversion level is similar, it is most likely associated with 

the difference in metal particle size (Table 3.2). There seems a threshold to stably form 

CNT, as most of the CNT observed in TEM images are larger than 10 nm in diameter (Fig. 
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3.7). In addition, the low residence time even for high loading sample, the amount of 

deposited carbon was as low as <0.2 wt.%. This result suggests that at the inlet of the 

catalyst bed exhibit less extent of carbon deposition. Many researchers claimed that carbon 

deposition can be inhibited on small metal particles and few work has been devoted to fully 

understand the effect of metal particle size on carbon formation. Chen et al.60 results 

suggested that CNT nucleation is difficult on small Ni crystals. They found that minimum 

hydrogen-to-carbon ratio which does not cause carbon formation is higher on larger Ni 

particles compared to smaller ones during methane decomposition.  

It has also been discussed in the literature that there are two reactions for source of carbon, 

namely methane decomposition (Equation 3) and CO disproportionation or Boudouard 

reaction (Equation 4):  

4 2CH C 2H   ΔH = 75 kJ mol-1  (3) 

22CO C CO     ΔH = -171 kJ mol-1 (4) 

When methane decomposition is predominant for carbon formation, the inlet of the reactor 

should experience more carbon deposition due to the high concentration of CH4. When 

Boudouard reaction takes place, the outlet of the reactor should cause carbon deposition 

more preferentially because of higher pressure of CO at the outlet. The fact that the latter 

part of catalyst bed (high residence time) caused more carbon deposition is consistent with 

high CO pressures (with less CO2 or H2O) leading to severe carbon deposition via CO 

disproportionation under the condition investigated. Alternatively, a pseudo-steady-state 

approximation to provide the activity of surface carbon intermediate species is given by 

4

2

CH CO

C*

CO

P P
a k

P
   , the ratio of which is expected to increase with increasing conversion. 
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This kinetic consideration is also consistent with the severe carbon deposition at the outlet 

of the catalyst bed.   

 

3.3.2.3. Effect of reaction temperature  

 

In view of the fact that very small amount of carbon was deposited on 0.4 wt.% 

Co5Ni5/ZrO2, this catalyst was chosen to study the effect of reaction temperature. The 

reaction temperature was varied between 600 and 800 °C at SV of 120 l g-1 h-1, in an attempt 

to investigate this effects on the carbon amount. Fig. 3.10 shows CH4 conversion vs. time, 

the catalyst activity was quite stable for 20 h at different temperatures. Interestingly, the 

amount of accumulated carbon increased with lowering the reaction temperature as shown 

in Fig. 3.11, even though the CH4 conversion was monotonically decreased. It is considered 

that the exothermic CO disproportionation reaction (Equation 4) is thermodynamically 

preferred to occur at lower temperatures compared to the endothermic methane 

decomposition (Equation 3). Consistent with the results for different SV (Figure 3.9b), the 

main driving force for carbon formation is considered to be CO disproportionation.  

 

 In summary, the cause of deactivation for DRM reaction can be summarized as 

follows:  

- Carbon encapsulation on the active metal species 

- Sintering of the active metal species (loss of surface area of metallic phase) 

- Oxidation of metal (including the reaction of metal with support) 
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- Adsorption of poisonous gases (e.g., S, N, P containing species)  

 In our conditions, we first neglect the adsorption of poisonous gases as the pure 

gases with extensive filters were used to clean the impurities if any. Relevant to DRM 

reaction, carbon species that deposits on the catalyst surface can be roughly classified into 

two types. One is filamentous fiber/tube: The filamentous carbon is continuously formed 

between metal and support with the metal particle on the top of fiber/tube, as seen in the 

TEM images (Fig. 3.7). Importantly, this type of carbon formation does not necessarily 

cause the deactivation of DRM,61 because the metal surface is still available. The other 

carbon species is encapsulating form: Obviously, this type of carbon blocks the 

accessibility of gases to the metal surface and thus causing loss of DRM activity. Generally, 

the formed carbon in the DRM reaction condition led to filamentous carbon, which gives 

high wt.% C (high C/metal ratios). Even though it may not cause the deactivation, the 

extensive amount of carbon cause plugging of the reactor and pressure drop, and formation 

of fragments of the catalyst inside the CNT, which must be avoided thoroughly. The Co-

rich samples showed a negligible amount of carbon but caused complete deactivation, 

which would not be explained by metal sintering but mainly by oxidation of metal, as 

confirmed and explained latter by the in-operando XAFS measurements (Fig. 3.14). The 

previous study on Co/TiO2 in the similar reaction condition also reported the formation of 

CoTiO3 mixed oxide after the DRM reaction, consistent with loss of DRM activity due to 

the oxidation of metallic cobalt. Therefore, in-operando XAS together with DFT 

simulations and the kinetic analysis were combined to fully understand the reactivity and 

susceptibility towards carbon formation and metal oxidation on monometallic Co, Ni and 
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bimetallic CoNi catalysts of 0.4 wt.% metal loading under DRM condition, explaining thus 

the stable performance for DRM by bimetallic 0.4 wt.% Co5Ni5 catalyst.  

Based on our study, the parameters that can affect the redox nature are the metal 

content i.e. the ratio between Ni and Co in the bimetallic system, and the particle size. In 

another word, the catalyst provides an optimum balance between the reactions of CH4 and 

CO2, with appropriate adjustment of the ratio of cobalt and nickel loading. 

3.3.2.4. Effect of partial pressure on Ni vs. CoNi vs. Co 

While the CoNi alloy catalyst showed high tolerance to both metal oxidation and 

carbon deposition by DRM. The inhibition of metal oxidation and carbon deposition may 

originate from a kinetic control of the metal surface at steady-state of DRM. Detailed 

kinetic analysis at the low conversion level (<10%) was conducted for 0.4 wt.% Co, Ni and 

Co5Ni5/ZrO2 catalysts, after the initial rapid decay of the catalytic activity (~5 h), at this 

level these conversions are proportional to contact time. Drastic deactivation of the Co 

sample prevented accurate kinetic measurements at 750 °C, so the experiments were 

performed at a slightly higher temperature of 800 °C, where sufficiently stable performance 

was achieved (~5 h after the initial 5 h catalysis. The effects of the CH4 and CO2 partial 

pressures on the rate of CH4 conversion were investigated. The turnover rates at varying 

CH4 pressures of 5-20 kPa and at constant CO2 pressure of 10 kPa are shown in Figure 

3.13a. In this range of pressures, the CH4 conversion rate increased in proportion to the 

CH4 pressure on all catalysts. This result is consistent with the C-H bond activation being 

the rate determining step, as reported for Ni catalysts by Wei and Iglesia.4 The turnover 

rates were varying in the order of Co<CoNi<Ni, consistent with the literature for TiO2-

supported catalysts and the C-H bond activation capability of these metals. 



83 

 

Distinct features were measured for the CO2 partial pressure dependence. The results of 

the turnover rates at varying CO2 pressures of 5-20 kPa at a constant CH4 pressure of 10 

kPa are shown in Figure 3.13b. The CoNi and Co catalysts showed negative order (~0.5) 

with respect to the CO2 pressure. This result is consistent with the recent discussion by 

Chin and co-workers for CoNi catalysts. These kinetics were consistent with the occupation 

of CO2-derived species (likely atomic oxygen), which compete with sites for CH4 

activation. For the Ni sample, the turnover rate was independent of the CO2 pressure, 

suggesting that CO2 is not involved in the kinetically relevant C-H bond activation step. 

This result is consistent with that of Wei and Iglesia for a Ni catalyst measured at 600 °C. 

Using their reported turnover rate and activation energy (~100 kJ mol−1), the turnover rate 

expected at 800 °C for both CH4 and CO2 was ~10 s−1 at 10 kPa. The observed rate in this 

study was ~4.5, which we consider being within the experimental error originating from 

kinetic measurements and metal dispersion estimation.  

States of the three catalysts were monitored during the DRM reaction by in-operando 

XAFS measurements.  

 

3.3.3. In-operando X-ray absorption spectroscopy 

In-operando XAS was used to investigate the structural differences among the 

bimetallic CoNi catalyst and its monometallic counterparts before DRM measurements. 

The XANES spectra for the Co and Ni K-edge, as shown in Figure 3.14, are similar for all 

catalysts after synthesis. The systematic occurrence of a weak peak in the pre-edge region 

due to the 1s → 3d quadrupolar transitions and the intense white line are characteristic of 

an oxidized state of Co and Ni, both sitting in octahedral environments.62,63 This is further 
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confirmed by examining the EXAFS spectra and their corresponding Fourier transforms 

which indeed display two scattering paths, easily attributed to an oxygen and a metal shell 

(being Ni and/or Co atom). The peak amplitude corresponding to the metal shell appears 

also much weaker when compared to oxide references (Figure 3.15). Thus, the materials 

obtained after synthesis present two key features: i) a local structural order which is 

qualitatively identical for both type of metal centers, ii) a rather disordered or amorphous 

state of a metal oxide. The homogeneous deposition-precipitation method allows preparing 

similar material structure starting either from Ni or Co precursors, or even an equimolar 

mixture of both metals. 

After treatment of the catalysts with a 4% H2/He gas flow, all XANES spectra 

showed an increase in the pre-edge peak and the disappearance of the white line previously 

observed for the starting materials. Comparison of the XANES and EXAFS spectra taken 

at 750 °C with the reference spectra supports the formation of metallic NPs in all catalysts 

(Figure 3.15). The quantitative analysis of the EXAFS spectra is shown in Table 3.4 and 

Figure 3.16. The first coordination spheres of the Ni and Co catalysts are fitted with 9 ± 2 

Ni atoms at 2.47 ± 0.02 Å and 7 ± 4 Co atoms at 2.44 ± 0.05 Å, respectively. The mean 

square displacement parameters for all fits are in the range of ≈ 1.5-1.9 x 10−2 Å2, as 

expected for a high-temperature reaction. Note that it was not possible to include metal-

oxygen scattering paths in the fits, which indicates the complete reduction of all metal 

atoms. The coordination number of the shortest metal-metal bond determined by EXAFS 

is dependent on the size and shape of the metal NPs.64 The smaller the size of the metal 

NPs, the lower the average coordination number because of the high proportion of low-

coordinated surface atoms. The calculation of the crystallite sizes based on previous 
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coordination numbers provided values of approximately 1 nm for Co and Ni NPs (Figure 

3.17).65 These calculated sizes are much smaller than the average particle sizes (≈ 5-6 nm) 

measured by TEM imaging. Furthermore, the cell parameters calculated for the two 

monometallic catalysts (3.45 Å for Co and 3.49 Å for Ni) were also smaller than the 

reported values at 750 °C (> 3.54 Å).66-69 The discrepancy between the EXAFS 

spectroscopy and other characterization techniques was first reported for Ni and Cu NPs 

by Apai et al.70 and was later interpreted in details by Clausen et al.71,72 These authors used 

molecular dynamics that surface atoms in NPs move in a much more anharmonic potential 

than the bulk atoms, especially for the first-row transition metals. Because the 

anharmonicity becomes increasingly important for the smallest particles and at high 

temperatures, the approximation of the thermal vibration as harmonic in the standard 

EXAFS analysis formalism introduces significant underestimation in the apparent bond 

distance (up to 4%) and in the coordination number (up to 20-25%).72,73 Nevertheless, the 

absolute value of the coordination number and the distance have to be considered with care; 

their relative evolution from one material to another at the same temperature remains useful 

for the present study. Considering the bimetallic CoNi catalyst, the first coordination 

spheres of Co and Ni are, respectively, fitted with 9 ± 1 and 8 ± 2 metal atoms at the same 

distance of 2.45 ± 0.01 Å. Considering the statistical accuracy, the number of the metal-

metal bonds for Co and Ni atoms are comparable and thus excludes the segregation of one 

specific metal atoms towards the NP surface, consistent with the. The CoNi NPs are formed 

on the zirconia surface as a homogenous alloy. 
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3.3.4. Density functional theory (DFT) calculations    

DFT simulations were used to investigate the thermodynamic composition in the bulk 

and surface of the CoNi particles. Although Co and Ni NPs have an unequivocally 

determined structure, CoNi NPs at the reaction temperature may exhibit various 

instantaneous structures that differ not only by atomic displacement but also by chemical 

ordering. Regarding the chemical ordering, the degrees of freedom describe the relative 

arrangement of Co and Ni atoms within an alloy with a fixed lattice. To generate a 

representative structure of CoNi NPs, the method of topological energy is applied.74 This 

method was shown to yield results in line with experimental observations for very different 

alloys, including PtCo,75,76 Pt-Sn,77 and CuNi.78 Briefly, this method approximates the NP 

energy using a topological energy expression that depends only on an essential structural 

features, namely, the numbers of Co or Ni atoms on the corner, edge and terrace sites as 

well as the number of Co-Ni bonds in the NP. The energy parameters ε associated with 

these features are called descriptors and have a clear physical meaning. For example,  

is the segregation energy of a Co atom from the NP interior to a (111) facet (given that the 

number of Ni-Co bonds remains constant). These energy parameters were fitted to 

reproduce, as close as possible, the DFT calculated energies of 39 Co58Ni58 NPs. All these 

particles had the same cuboctahedral fcc structure and the same size of 1.27 nm but 

different chemical ordering. Using the procedures described in the literature,74 the accuracy 

of the method was 5 kJ mol−1 and its precision (evaluated on a test set of 10 Co58Ni58 

structures not included in the fitting) was 25 kJ mol−1.  

Co

(111)
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 The structure of Co58Ni58, with the lowest energy chemical ordering, reflects the 

relative values of the descriptors obtained through the fitting. For example, in the structure 

with the lowest DFT energy (see Figure 3.18), all corner sites and (100) terraces sites are 

occupied by Ni because of the notably positive (~endothermic) energies of the respective 

descriptors: = 19.9 kJ mol−1 and  = 23.1 kJ mol−1. In turn, the edge sites are 

occupied by Co (2/20 = 10%) and (111) terrace sites (18/20 = 90%) because their 

descriptors are less positive: ( = 14.3 kJ mol−1 and = 11.4 kJ mol−1). The 

remaining 38 Co atoms compose 100% of the NP bulk. Finally, the slightly exothermic 

energy of heteroatomic bond formation in Co-Ni, = −0.2 kJ mol−1, favors mixing 

between Co and Ni, but due to its low magnitude, the formation of a Co-core/Ni-shell 

structure occurs. The descriptors depend much less on the NP size than on the NP 

composition,74-76 which allow us to use the descriptors fitted for Co58Ni58 to investigate a 

larger truncated octahedral, namely, ~3.6 nm Co719Ni720 particles. For the latter particles, 

we calculated a representative chemical ordering at absolute zero (i.e., the lowest energy 

structure) and at 1000 K, which is close to the reaction temperature of DRM. Whereas the 

surface at absolute zero is entirely covered by Ni, the surface of the structure at 1000 K 

consists of 30% Co (see Figure 3.18) due to the entropic disorder introduced at high 

temperature. Even at 1000 K, the edge and terrace sites, 25% and 32Y%, respectively, are 

occupied by Co. Indicating that Co atoms do not occupy the Ni edges preferentially, in 

contrast to potassium, sulfur, and gold, as reported in the literature. A distinctive atom 

arrangement is obtained at absolute zero. The enrichment of the surface by Ni at a lower 

temperature is consistent with the measurements on Co-Ni single crystals annealed at high 

temperature in vacuum.79 Some of the difference between the measured segregation energy 

Co
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(100)

Co

Edge Co

(111)

Co-Ni
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of 17.4 ± 1.6 kJ mol−1 and the calculated = 11.4 kJ mol−1 can be explained by the 

approximate treatment of the temperature effects in the simulations and the imperfect 

description of the surface energies by the exchange correlation functional.80  

 
 
3.3.5. Catalytic behavior and catalyst structure obtained from XAS and DFT calculations  

 In-operando XAS measurements were used to capture the structural changes of the 

metals during the DRM. After switching the effluent to a DRM reaction mixture, the CH4 

and CO2 conversions were monitored by mass spectroscopy (Figure 3.19); XANES and 

EXAFS spectra were taken at regular intervals during 10 h. The monometallic Ni and Co 

catalysts showed relatively high CH4 conversion (~53% for Ni and ~37% for Co) with a 

gradual loss within 10 h, leading to a total deactivation of 28% and 21%, respectively. The 

CoNi catalyst showed an initial CH4 conversion (~54%) comparable to that for Ni, with an 

intermediate deactivation of 24% after 10 h of reaction. The key finding is illustrated in 

Figure 3.20, which shows the Co K-edge XANES spectra taken after 0, 5, 60, and 600 min 

of DRM reaction for the monometallic Co and bimetallic CoNi catalysts. The first XANES 

spectrum taken after 5 min shows a small increase in the white line and a decrease in the 

pre-edge intensity. Linear combination using the spectrum recorded at 750 °C for a fully 

reduced and a fully oxidized catalyst with a CO2:He mixture (1:9) indicates that 85% and 

89% of the Co atoms remain reduced in Co and CoNi. Considering the dispersion of the 

NPs (17% (Co) and 20% (CoNi)) and assuming that Co oxidation occurred only at the 

metal surface during the first 5 min, the oxygen coverages (θCo-O) were 0.89 (Co) and 0.55 

(CoNi). A comparison of the final states of the Co and Ni atoms for all catalysts is shown 

in Figure 3.14. After 10 h of reaction, the total amount of metallic Co noticeably decreased 

Co

(111)
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for Co (74%) and slightly decreased for the CoNi catalyst (85%). This finding suggests 

that the bulk of the Co NPs is progressively oxidized in Co during the course of the reaction, 

while further oxidation in the CoNi catalyst remained minor. Moreover, no substantial 

oxidation of Ni atoms and no formation of Ni carbide was detected in the Ni and CoNi 

catalysts when examining the spectra recorded at the Ni K-edge (Figure 3.14 and Figure 

3.16).  

 Qualitative assessment of the Co K-edge EXAFS spectra for two Co-based catalysts 

after 10 h of reaction shows a slight modulation of the oscillations around k ≈ 4 Å−1 due to 

the presence of a light backscatterer (Figure 3.14 b). This is more evident for the Co catalyst 

in the FT-EXAFS spectrum, which shows a shoulder on the left-hand side of the Co-metal 

scattering path (Figure 3.14 d). Hence, the models for the EXAFS fitting of the Co and 

CoNi catalysts after 10 h of DRM reaction include the relevant metal-metal scattering 

paths, completed based on an additional metal-oxygen scattering path, to quantify Co 

oxidation. For Ni-based catalysts, no significant change in the Ni K-edge was observed, so 

only a single Ni-Ni scattering path was used. For Ni, a slight increase in the coordination 

number of the Ni-Ni bond was found after the reaction (9 vs 11 ± 2), which suggests an 

increase in the NP size (Table 3.4). For the Co catalyst, the coordination numbers of the 

Co-Co and Co-O bonds were 7 ± 4, and 1.2 ± 0.6, respectively, confirming the partial 

oxidation of the NP bulk (Table 3.4). For the CoNi catalyst, the first coordination spheres 

of Co and Ni were, respectively, fitted with 10 ± 1 and 7 ± 1 metal atoms and 0.7 ± 0.2 

additional oxygen atom in the first coordination shell of Co. Firstly, the total coordination 

number of the metal-metal bonds was 8.5 before and after the reaction, which indicates that 

the particle size is stable after 10 h of reaction. Secondly, the coordination number of the 
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Co-metal bond decreased after 10 h of DRM (Table 3.4), providing evidence of Co 

segregation towards the NP surface. Thirdly, the EXAFS quantitative analysis of the CoNi 

catalyst highlighted the slight oxidation of the Co metal. The driving force inducing Co 

segregation was thus attributed to oxidation occurring on the NP surface. 

 As previously shown, the amounts of deposited carbon on the catalysts after 20 h 

of DRM were measured by TPO. The C amounts were 1.04, 0.15, and 0 wt.% for the Ni, 

CoNi, and Co catalysts, respectively. The Co catalyst showed negligible deposited carbon, 

suggesting that the cause of deactivation was not carbon encapsulation of the active metal 

surface. According to the XAS result, the main cause of deactivation for the Co catalyst 

was unambiguously assigned to metal oxidation. The CoNi catalyst showed a small 

quantity of deposited carbon while maintaining the reduced state of the metal, consistent 

with being the least deactivated during the DRM. The Ni catalyst had a larger amount of 

deposited carbon than the CoNi and Co catalysts. Carbon deposition cannot be excluded as 

the cause of the deactivation of the Ni catalyst.  

The negative kinetic order in CO2 for the catalyst containing Co originates from the 

chemisorption capability associated with the oxophilic nature. The chemisorption energies 

of the products of CO2 dissociation, O atoms and CO molecules on the monometallic Ni 

and Co and bimetallic CoNi were estimated using DFT calculations. Consistent with the 

structures of the experimental samples, we investigated the adsorption on Ni, Co, and CoNi 

with an fcc crystal lattice. Since the size of Co719Ni720 particles considered for the 

optimization of CoNi chemical ordering at 1000 K impedes its explicit DFT calculation, 

we used the slab approach (Figure 3.21). We considered the (111) surface of the Co-Ni 

alloy since it is the most stable surface for Ni, Co, and other transition metals.81-83 For 
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monometallic Ni and Co, a 6-layers p(4×4) surface was built. For CoNi, a representative 

CoNi(111) slab was cut from one of the {111} terraces of the Co719Ni720 representative 

particle structure at 1000 K. The 6-layers p(4×4) slab consisted of 40 Ni and 56 Co atoms 

with 11 Ni and 5 Co atoms located on the slab surface. In line with the available 

experimental data, we studied the adsorption of CO and O on the fcc and hcp three-fold 

hollow sites of the three catalysts. Whereas on pure Ni(111) and Co(111) surfaces all fcc 

and hcp sites were equivalent, on the Co-Ni(111) surface, all 16 fcc and 16 hcp sites in the 

p(4×4) cell were considered (Figure 3.21 and Table 3.5). 

 The CO adsorption energy on Co and Ni was 150 and 156 kJ mol−1 on the fcc sites, 

respectively, and 160 kJ mol−1 on the hcp sites for both metals. The average adsorption 

energy calculated on CoNi was 160±16 kJ mol−1. Although, the average CO adsorption 

energy remained essentially unchanged upon alloying, some adsorption sites chemisorbed 

CO with energy as high as 185 kJ mol−1, whereas the adsorption energy on other sites was 

as low as 126 kJ mol−1. There was no apparent correlation between the CO adsorption 

energy and the composition of the adsorption site. In a variation, O atoms were adsorbed 

significantly stronger on the Co(111) surface, with adsorption energies ~245 kJ mol−1, than 

on the Ni(111), surface with adsorption energies less than 195 kJ mol−1 (Table 3.5). The 

average adsorption energies of O on the considered Co-Ni(111) surface was 220±16 kJ 

mol−1 and, as expected, it depends on the specific composition of the site. For example, the 

O adsorption energy on the only fcc site composed of 3 Co atoms is 244 kJ mol−1, which 

is very similar to the adsorption energy on the pure Co(111) surface. At the same time, O 

adsorption on the sites composed of 3 Ni atoms is somewhat weaker, 203±12 kJ mol−1, 

which is very close to the adsorption energy on the pure Ni(111) surface. Consistently, O 
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adsorption on 3-fold hollow sites composed of both Co and Ni atoms, with an average 

adsorption energy of 224±14 kJ mol−1, is intermediate in strength between O adsorption on 

pure Ni(111) and Co(111) surfaces. The remarkably low average O adsorption energy on 

representative models of the CoNi(111) alloys provides an explanation for the experimental 

evidence, based on kinetic data and XAS analysis, that CoNi alloys are much less prone to 

oxidation than pure Co.  

Finally, we briefly examined the issue of unwanted carbon formation on DRM catalysts 

by calculating adsorption energies of single C atoms. Considering that calculations on CO 

and O adsorption showed an almost linear dependence of adsorption energies on the site 

composition, we limited these calculations to the pure Ni and Co surfaces. According to 

calculations, adsorption of C is only 24 kJ/mol stronger on Co (78 and 98 kJ/mol on the 

hcp and fcc sites) relative to Ni (111 and 112 kJ/mol on the hcp and fcc sites). This suggests 

that the two metals (and hence the alloy) have a similar tendency towards carbon formation 

and that the improved catalytic performance of CoNi is to be ascribed to differences in O 

adsorption between Ni and Co.  

Based on the combined results of in-operando XAS, the detailed kinetic study, and DFT 

calculations, there is a consistent atomic-level picture of the reaction on the Co-Ni surface. 

For a pure Co surface, kinetically introduced and strongly bound O* species (either 

relatively slow CH4 activation or strong oxophilicity of the metal) caused site occupation 

for C-H bond activation of CH4. With time, oxidation gradually occurred from the surface 

of the metallic Co and proceeded to the bulk of the metal particles, as a consequence of the 

unbalanced kinetics of CH4 and CO2 activation. On pure Ni surfaces, weakly bound O* 

species did not compete with the CH4 activation sites, and as a result, a reduced metallic 
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state was maintained during DRM catalysis. Carbon formation can be explained by the 

kinetic deficit to remove surface carbon species originating from CH4 by preventing the 

kinetic formation of O* species. On the CoNi bimetallic surface at high temperature, the 

chemisorption enthalpy of O species was between that of its monometallic counterparts, 

both on randomly located Co and Ni surface atoms. This caused a negative order in CO2 

pressure, suggesting that active O* forms and competes with CH4 activation. These O* 

species, however, did not cause bulk oxidation of the CoNi metal due to either kinetic 

improvement of CH4 activation (reduction reaction) over monometallic Co or 

thermodynamic tolerance introduced by the coexistence of Ni atoms. Overall, tuning the 

reactivity to balance the kinetics of CH4 and CO2 activation makes it possible to perform 

DRM without introducing O* and C* accumulation on the surface, i.e., oxidation of the 

metal and formation of carbon.  

Recent DRM studies using bimetallic CoNi catalysts have focused on support materials 

with little attention given to the effects of the metal particle size. The studies generally 

consider the oxygen supply from reducible oxides, such as Ce-based oxides, or strong 

coordination with CO2, such as La2O3. As discussed in the introduction, different supports 

often cause different metal dispersion and catalytic consequences. We would like to 

emphasize that the metal dispersion was comparable among the three catalysts: Ni, CoNi, 

and Co. This study, therefore, demonstrates the crucial role of metal reactivity towards two 

of the DRM reactants (CH4 and CO2) to balance the redox capability on the metal surface. 

Tuning of the reactivity and coke-suppression can be achieved by selecting an appropriate 

metal identity, especially an alloy of Co and Ni. Our study provides clear guidelines for 
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reactivity tuning for coke-tolerant DRM with experimental evidence supported by DFT 

calculations.  

 

3.3.6. Long-term test over 0.4 wt% Co5Ni5/ZrO2 

The relatively most stable catalyst through 20 h (0.4 wt% Co5Ni5/ZrO2) was investigated 

for long-term activity test (Fig. 3.22). The reaction was operated for more than 200 h at 

750 °C the catalyst lost more than 50% of its activity. Since carbon was not deposited on 

the catalyst significantly, it is suggested that the deactivation observed with time was 

mainly due to slow metal oxidation. 

 

3.4. Conclusion  

 

The identity of a metal (Co, Ni, and their alloy) can affect the reactivity towards CH4 and 

CO2 activation, resulting in different extents of steady-state coverage of surface oxygen 

species, mainly originating from CO2, for coke-tolerant DRM operation. Both kinetic data 

and in-operando XAS showed that the pure Co resulted in richer oxygen coverage 

(negative order in CO2), while pure Ni maintained a reduced state and clean surface at the 

steady state (zero order in CO2). The XAS results provided further evidence of the 

oxidation of pure Co during DRM, which progressively occurred from the surface to the 

bulk with time. The Ni catalyst experienced carbon deposition, while the bimetallic CoNi 

catalyst showed no trace of carbon, likely due to balancing the oxidative character of CO2, 

H2O and reductive character of CH4, CO, H2 species reactions on the catalyst surface. DFT 

calculations showed that the CoNi metal surface had an intermediate energy of oxygen 
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chemisorption, between those of monometallic Co and Ni. This study provides successful 

experimental evidence of bimetallic catalysts for high-temperature catalysis, and the 

methodology should be applicable for various catalytic reactions and catalyst 

investigations. 
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Figure 3.1 EXAFS k2.c(k) functions (a) and their related Fourier transforms (b) for a cobalt 

(hcp) and nickel (fcc) metallic foil. The open symbols are the experimental data while the 

solid lines are the fit results.  
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Figure 3.2 TPR profiles for 4 wt.% Co-Ni/ZrO2 catalysts with different Co/Ni ratio. 
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Figure 3.3.a STEM images and histograms of particle size distributions for 4 wt.% Co-

Ni/ZrO2, catalysts treated at 750 °C with a 4% H2/He gas flow.  
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Figure 3.3.b TEM image and histograms of particle size distributions for 0.4 wt.% Co-

Ni/ZrO2, catalysts treated at 800 °C with a 4% H2/He gas flow. 
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Figure 3.3.c Dark field STEM image of 0.4 wt.% Co5Ni5 catalysts supported on zirconia. 

The inset show the elemental mapping corresponding to the yellow rectangle region 

extracted from a STEM-EELS/EDX acquisition.   
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Figure 3.4 XRD patterns for a) 4 wt.% Co-Ni/ZrO2 catalysts with different Co/Ni ratio 

treated at 800°C with a 4% H2/He gas flow. b) 0.4wt.% Ni/ZrO2, CoNi/ZrO2, and Co/ZrO2. 
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Figure 3.5 CH4 and CO2 conversions, and H2/CO ratio vs. time on stream for Co-Ni/ZrO2: 

a) 4 wt.% and b) 0.4 wt.% metal loading (Reaction conditions: CH4/CO2/N2= 1/1/8; 750°C; 

1 atm; SV= 120 l h-1 g-1. 
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Figure 3.6 CH4 conversion and coke amount as a function of Co/Ni ratio vs. for Co-

Ni/ZrO2 : a) 4 wt.% and b) 0.4 wt.% metal loading (Reaction conditions: CH4/CO2/N2= 

1/1/8; 750°C; 1 atm; SV= 120 l h-1 g-1. 

 

 

 

Figure 3.7 TEM images of a) 4 wt.% and b) 0.4wt.% Co-Ni/ZrO2 catalysts after 20 h DRM 

reaction at 750 °C. 
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Figure 3.8 CH4 conversion vs. time on stream for Co5Ni5/ZrO2 during CH4/CO2 reaction at 

different SV= 120 (■), 300 (●) and 1200 (▲) l h-1 g-1
: a) 4 wt.% and b) 0.4 wt.% metal 

loading (Reaction conditions: CH4/CO2/N2= 1/1/8; 750°C; 1 atm).  

 

Figure 3.9 CH4 conversion and coke amount as a function of residence time for 

Co5Ni5/ZrO2: a) 4 wt.% and b) 0.4 wt.% metal loading (Reaction conditions: CH4/CO2/N2= 

1/1/8; 750°C; 1 atm; SV= 120, 300 and 1200 l h-1g-1). 
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Figure 3.10 CH4 conversion vs. time on stream for 0.4 wt.% Co5Ni5/ZrO2 at temperature 

range T= 600-800°C (Reaction conditions: CH4/CO2/N2= 1/1/8; 1 atm; SV= 120 l h-1 g-1). 

 

Figure 3.11 CH4 conversion and coke amount as a function of temperature for 0.4 wt.% 

Co5Ni5/ZrO2 : (Reaction conditions: CH4/CO2/N2= 1/1/8; T= 600-800°C; 1 atm; SV= 120 

l h-1 g-1). 
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Figure 3.12 Arrhenius plots for CH4 reaction rate on 0.4 wt.% Co5Ni5/ZrO2. 
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Figure 3. 13 Effects of the (a) CH4 and (b) CO2 partial pressure on CH4 reaction rate for 

DRM on Ni, CoNi and Co catalysts supported on zirconia (800 °C, 10 kPa CH4 or CO2, 

balance Ar).  
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Figure 3.14 Comparison of the in-operando XANES spectra, EXAFS k2.c(k) functions 

and their related Fourier transforms for Ni/ZrO2, Co/ZrO2 and bimetallic CoNi/ZrO2 

catalysts as synthesized (measured at room temperature), reduced at 750 °C with a 4% 

H2/He gas flow and after 10 h of DRM: a) (left) Ni K-edge and b) (right) Co K-edge. 

(a) 

(c) 

(e) 

(d) 

(f) 

(b) 
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Figure 3.15 XANES spectra (a,d), EXAFS k2.c(k) functions (b,e) and their related 

Fourier transforms (c,f) for NiO, Ni3C, Ni (fcc) references at the Ni K-edge and for CoO, 

Co3O4 and Co (hcp) references at the Co-K-edge. 
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Figure 3.16 EXAFS k2.c(k) functions (a) and their related Fourier transforms (b) for 

Ni/ZrO2, Co/ZrO2 and bimetallic NiCo/ZrO2 catalysts treated at 750 °C with a 4% H2/He 

gas flow and after 10 h of dry reforming reaction. The open symbols are the experimental 

data, and the solid lines are the fit results.  

 

(b) 

(a) 
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Figure 3.17 Relationship between the crystallite size and the coordination number of a first 

shell analysis by EXAFS for metallic nickel and cobalt with an fcc structure. The 

calculation is based on the mathematical model for a spherical nanoparticle proposed by R. 

B. Greecor and F. W. Lytle.65  
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Figure 3.18 (a) The configuration of cuboctahedral fcc Co58Ni58 with the lowest obtained 

DFT energy, and the representative chemical ordering of truncated octahedral fcc 

Co719Ni720 NP at (b) absolute zero and (c) 1000 K. All nanoparticles are split in half to 

display the interior region. Co and Ni atoms are displayed as blue and green spheres, 

respectively.   
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Figure 3.19 (a) CH4 and (b) CO2 conversion with time on stream for the DRM at 750 °C 

using Ni/ZrO2, Co/ZrO2 and CoNi/ZrO2 catalysts during in-operando XAS measurements 

(50 mg, 10 kPa CH4 and 10 kPa CO2, GHSV = 120 l h−1 g−1). 

 



118 

 

 
 

 

Figure 3.20 Evolution of the XANES spectra at the Co K-edge for (a) Co/ZrO2 and (b) 

CoNi/ZrO2 catalysts during the DRM.  
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Figure 3.21 Co-Ni surface employed in the calculations of CO and O adsorption at the 

top and the calculated adsorption energies on fcc-Co(111), sites with various composition 

on CoNi(111) and Ni(111) surfaces at the bottom. Average values of the adsorption 

energies are also given. See Figure 3.22 and Table 3.5 for individual adsorption energies.  
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Figure 3.22 Visualized representation of the calculated adsorption energies (kJ mol−1) of 

CO and O on the constructed Ni-Co(111) surface. 

 
Figure 3.23 Long-term DRM test over 0.4 wt.% Co5Ni5/ZrO2 catalyst showing CH4 (■) 

and CO2 (●) conversion as a function of time on stream and H2/CO (♦), under reaction 

condition: P = 1 atm, T = 750 °C, CH4/CO2/N2 = 1/1/8, and total flow rate = 100 ml min-1, 

SV= 120 l h−1g−1. 
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Table 3.1 Parameters extracted from the fits of EXAFS data for a cobalt (hcp) and nickel 

(fcc) metallic foil (underlined characters denote fixed parameters). Multiple scattering 

paths are omitted for the sake of clarity. 

 

 

 
References Scattering 

paths 
 

N 
 

R [Å] 

 

σ2 [Å2] 

 

 

ΔE [eV] 

 

 

R-factor 

 

 

 

 

 

Co foil 

(So = 0.87 ± 

0.04) 

hcp model 

 

Co-Co 

 

6 2.487 ± 

0.009 

 

0.0044 ± 

0.0002 

 

  

Co-Co 

 

6 2.517 ± 

0.009 

 

0.011 ± 0.002 

 

  

Co-Co 

 

6 3.54 ± 0.01 

 

0.011 ± 0.001 

 

  

Co-Co 

 

2 

 

4.04 ± 0.02 

 

0.009 ± 0.005 

 

-2.1 ± 0.4 

 

6x10-5 

 

Co-Co 

 

12 4.34 ± 0.02 

 

0.010 ± 0.006 

 

  

Co-Co 

 

6 4.36 ± 0.02 

 

0.01 ± 0.01 

 

  

Co-Co 

 

12 4.76 ± 0.02 

 

0.009 ± 0.003 

 

  

Co-Co 

 

6 5.03 ± 0.02 

 

0.008 ± 0.001 

 

  

 

Ni foil 

(So = 0.83 ± 

0.07) 

fcc model 

 

Ni-Ni 12 2.491 ± 

0.004 

 

0.0064 ± 

0.0008 

 

  

Ni-Ni 6 3.522 ± 

0.006 

 

0.009 ± 0.003 

 

-3.5 ± 0.9 

 

3x10-3 

 

Ni-Ni 24 4.314 ± 

0.007 

 

0.009 ± 0.001 

 

  

Ni-Ni 12 4.981 ± 

0.008 

 

0.008 ± 0.001 
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Table 3.2 ICP results and metal particle size observed by TEM for Ni/ZrO2, Co/ZrO2, and 

CoNi/ZrO2 catalysts reduced at 800 °C. Using the particle size, surface area of metal and 

metal dispersion was estimated based on the hemispherical assumption.   

Catalyst Metal loading 

measured by ICP 

(wt.%) 

Particle size observed 

by TEM (nm) 

Metal surface 

area (μmol g−1) 

Metal dispersion 

(%) 

Ni/ZrO2 

Co1Ni9/ZrO2 

Co5Ni5/ZrO2 

Co9Ni1/ZrO2 

Co/ZrO2 

4.7 

Ni 3.7, Co 0.4 

Ni 2.1, Co 2.0 

Ni 0.4, Co 3.8 

4.0 

20.9 

13.1 

19.8 

10.0 

10.4 

37.4 

52.1 

34.5 

69.0 

63.2 

4.8 

7.8 

5.1 

10 

9.8 

Ni/ZrO2 0.35 6.3 9.3 16 

Co1Ni9/ZrO2 Ni 0.38, Co 0.04 5.9 11.9 17 

Co5Ni5/ZrO2 Ni 0.22, Co 0.22 5.1 14.4 20 

Co9Ni1/ZrO2 Ni 0.04, Co 0.36 4.6 14.3 21 

Co/ZrO2 0.45 5.6 13.2 17 

 

Table 3.3 Average particle size before and after 20 h DRM process by TEM.  

 

Samples 

Particle size of   

4 wt.% catalysts  

Before DRM 

(nm) 

Particle size of 

 4 wt.% catalysts  

After DRM 

(nm) 

Particle size of   

0.4 wt.% catalysts  

Before DRM 

(nm) 

Particle size of 

 0.4 wt.% catalysts  

After DRM 

(nm) 

Ni/ZrO2 20.9 22.0 6.3 10-15 

Co5Ni5/ZrO2 19.8 10.0 5.1 10.0 

Co/ZrO2 10.4 30 5.6 8.0 
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Table 3.4 Parameters extracted from the fits of the EXAFS data for Ni/ZrO2, Co/ZrO2 and 

bimetallic CoNi/ZrO2 catalysts reduced at 750 °C with a 4% H2/He gas flow and after 10 

h of DRM (underlined characters denote fixed parameters). 

Operating 

conditions 

Catalyst Scattering 

paths 

N R [Å] σ2 [Å2] ΔE [eV] R-factor 

4% H2/He 

T = 750 °C 

1 h 

Ni/ZrO2 Ni→Ni 9 ± 2 2.47 ± 0.02 0.019 ± 0.003 −6 ± 2 6x10−3 

Co/ZrO2 Co→Co 7 ± 4 2.44 ± 0.05 0.015 ± 0.006 −9 ± 6 4x10−2 

CoNi/ZrO2 Ni→Ni 9 ± 1 2.45 ± 0.01 0.018 ± 0.002 −9 ± 1 1x10−2 

Co→Co 8 ± 2 −8 ± 2 

DRM 

T = 750 °C 

10 h 

Ni/ZrO2 Ni→Ni 11 ± 2 2.46 ± 0.01 0.019 ± 0.003 −7 ± 2 4x10−3 

Co/ZrO2 Co→Co 7 ± 4 2.45 ± 0.04 0.020 ± 0.008 −9 ± 5 1x10−3 

Co→O 1.2 ± 0.6 1.95 ± 0.04 0.006 

CoNi/ZrO2 Ni→Ni 10 ± 1 2.47 ± 0.01 0.017 ± 0.002 −8 ± 1 5x10−3 

Co→Co 7 ± 1 −8 ± 1 

Co→O 0.7 ± 0.2 1.97 ± 0.03 0.006 −8 ± 1 
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Table 3.5 List of the calculated adsorption energies (kJ mol−1) of CO and O on Ni(111), 

fcc-Co(111) and the constructed Ni-Co(111) surface. The fcc and hcp sites on Ni-Co(111) 

are listed from top to bottom and from left to right based on Figure 3.22. 

 

  Eads(CO) Eads(O) 
 Ni(111) 

Fcc 150 194 

Hcp 160 175 
 Co(111) 

Fcc 156 242 

Hcp 160 249 
 Ni-Co(111) 

Fcc1 151 192 

Fcc2 169 200 

Fcc3 172 223 

Fcc4 172 244 

Fcc5 179 239 

Fcc6 147 219 

Fcc7 134 218 

Fcc8 171 230 

Fcc9 145 227 

Fcc10 163 211 

Fcc11 155 220 

Fcc12 157 187 

Fcc13 180 224 

Fcc14 135 200 

Fcc15 180 237 

Fcc16 167 239 

Hcp1 158 197 

Hcp2 153 213 

Hcp3 148 243 

Hcp4 135 193 

Hcp5 179 235 

Hcp6 153 231 

Hcp7 136 231 

Hcp8 175 235 

Hcp9 171 225 

Hcp10 145 220 

Hcp11 150 224 

Hcp12 126 197 

Hcp13 185 221 

Hcp14 175 225 

Hcp15 153 231 

Hcp16 153 206 
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CHAPTER 4 

 

Supported Trimetallic Pt-CoNi/ZrO2 Catalyst for DRM 

 

The influence of modification with Pt on the catalytic performance of 0.4 wt% 

Co5Ni5/ZrO2 has been investigated for the dry reforming of methane under atmospheric 

pressure. Bimetallic CoNi catalyst showed slow but complete deactivation within 210 h at 

SV of 120 l h-1 g-1, mainly due to oxidation of metals. The addition of noble metal (Pt/CoNi 

ratio = 0.035) improved the catalytic stability of Co5Ni5/ZrO2 drastically with a negligible 

amount of carbon (< 0.17 wt.%). The properties of the catalysts were investigated by TEM, 

TPR, and TPO. It was revealed from TPR that the reducibility of CoNi was improved by 

Pt, thus inhibiting the oxidation. Over improved catalyst, it is proposed that the reaction 

between CH4 and CO2 were balanced to provide high stability for long-life without a 

significant amount of deposited carbon.  

 

4.1. Introduction  

Catalytic reforming of methane with carbon dioxide has gained a lot of interest in 

recent years, as the process converts two greenhouse gases (CH4 and CO2) into valuable 

synthesis gas. An ideal H2/CO ratio (~1) used for liquid hydrocarbon production in the 

Fischer-Tropsch synthesis.1 It is well known that carbon deposition on the catalyst surface 

is the major drawback for the reaction, which is originated by CO disproportionation (2CO 

→ C + CO2) and/or methane decomposition (CH4 → C + 2H2).
2 In order to develop an 

efficient catalyst with high durability, many supported transition metal catalysts were 
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tested in CH4/CO2 reaction.3 A great effort has been directed to modify supported Ni and 

Co catalysts with a small amount of noble metals (e.g. Pt, Rh, Ru), mainly to improve their 

catalytic performance; lower carbon deposition; suppress sintering and progressive 

oxidation of metals. These highly active noble metals are less sensitive to carbon formation 

than other transition metals.4,5,6 

In chapter 3, the dry reforming of methane over 0.4 wt% Co5Ni5/ZrO2 was 

investigated. The catalyst showed relatively stable activity through 20 h. However, when 

the reaction was operated for more than 200 h, the catalyst lost more than 50% of its 

activity. Since carbon was not deposited on the catalyst significantly, it is suggested that 

the deactivation observed with time was mainly due to slow metal oxidation. It has been 

reported that under CH4/CO2 conditions the reaction possesses both reductive and oxidative 

atmosphere due to the coexistence of reductive (CH4, H2, CO) and oxidative (CO2, H2O) 

species.7 When the reaction between these species is kinetically balanced on the catalyst 

surface, no carbon deposition nor oxidation of metal would occur.  

If the rate of carbon oxidation is relatively higher than that of methane 

decomposition, the oxygen species will oxidize active metal site to form inactive species. 

It is most likely that in a low metal loading of 0.4 wt.% CoNi/ZrO2, the high number of 

oxygen species generated from CO2 activation is somewhat fast to oxidize the surface 

carbon provided by CH4 decomposition. The active sites of CoNi NPs are then oxidized 

by these oxygen species to form an inactive catalyst. The deactivation caused by metal 

oxidation has been reported for NiMgO solid solution,8 molybdenum carbide,9 Co/γ-

Al2O3,
10 Co/TiO2

11 and Ni/γ-Al2O3
12. It is well known that metal oxidation can be 

suppressed by the addition of a noble metal promoting the reducibility of base metals and 
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stabilize their degree of reduction during the catalytic process.13,14 It was reported that a 

trace amount of noble metal improved the oxidation of Ni in NiMgO solid solution 

catalyst for CH4/CO2 reactions.8,15 Nagaoka et al. investigated the proper amount of Pt 

and Ru added to 0.5 wt% Co/TiO2 to maintain Co in metallic form and increase its 

activity and stability for dry reforming of methane at 2 MPa.16  

Few studies have been reported on trimetallic catalysts for DRM up to date. Wu et 

al. 17 have found that the addition of 0.2 wt.% Pt and/or Au to Ni/Al2O3 have improved 

the catalytic performance and resistance to coke deposition for DRM. A small amount of 

the additives led to the formation of a synergistic interaction with the formed nanosized 

Ni particles, which enhanced the reduction of NiO. Therefore, the primary intention of 

the work in this chapter is to study the beneficial effect of Pt addition to 0.4 wt.% 

Co5Ni5/ZrO2 by testing its performance for a long-term. In addition, temperature-

programmed reduction (TPR) has also been carried out to elucidate those effects.   

 

4.2. Experimental methods  

 

4.2.1. Chemicals 

Nickel (II) chloride hexahydrate (NiCl2.6H2O, 99.999%), cobalt (II) chloride 

hexahydrate (CoCl2.6H2O), chloroplatinic acid hexahydrate (H2PtCl6.6H2O, ≥37.50% Pt 

basis), urea (≥99.5%) and ethylene glycol (EG, 99%)) were purchased from Sigma-Aldrich 

and used as received. ZrO2 was purchased from DAIICHI KIGENSO KAGAKU KOGYO 

CO., LTD. 
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4.2.2. Catalyst preparation 

The bimetallic Co5Ni5/ZrO2 was prepared by HDP method as described in Chapter 

3. The total loading was set to 0.4 wt.%. To prepare the modified Co5Ni5/ZrO2 catalyst, an 

aqueous solution of H2PtCl6.6H2O was impregnated with Co5Ni5/ZrO2 with a molar ratio 

of Pt/NiCo=0.035. The sample was dried at 100°C overnight, followed by calcination at 

400°C for 2h in flowing air to remove the precursors. The powder was pressed into pellets 

then crushed and sieved to 250-300 µm grains.  

 

4.2.3. Catalyst characterization  

Elemental analysis of Ni, Co and Pt were conducted by inductively coupled plasma-

optical emission spectrometry (ICP-OES) Varian 72 ES. Before analysis, 15 mg of the 

sample was digested by an acid mixture of nitric acid and hydrochloric acid in an ETHOS1 

microwave digestion milestone.  

 

Temperature-programmed reduction (TPR) measurements were operated over 0.1 

g of prepared catalysts by increasing the temperature up to 800°C, at a rate of 10°C min-1 

in flowing H2/Ar gas (5/95 vol/vol mixture with a total flow of 30 ml min-1). The 

consumption of hydrogen was monitored using a thermal conductivity detector (TCD).  

 

The size and morphology of supported catalysts were investigated by transmission 

electron microscopy (TEM) and scanning TEM (STEM) before and after the CH4/CO2 

reaction. A Titan G 60-300 ST electron microscope at an accelerating voltage of 300 kV. 

The specimen was prepared by dispersing it in ethanol then place it on a copper grid.  
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The amount of deposited carbon on the catalysts after the reaction was quantified 

by temperature-programmed oxidation (TPO) method. The catalyst was transferred to a 

tubular quartz reactor then heated up to 800°C at a rate of 10°C min-1 under O2/He mixture 

(5/95 vol/vol mixture with a total flow of 30 ml min-1). During the experiment, deposited 

carbon was oxidized to CO and CO2 then converted to CH4 through a methanizer, and 

quantified by a gas chromatograph with a flame ionization detector (FID).   

 

4.2.4. Catalyst testing 

50-100 mg of the catalyst pellets were loaded into a quartz reactor with an internal 

diameter of 4 mm and supported on a small amount of quartz wool (prevent it from 

moving). A Type-K thermocouple was placed on top of the catalytic bed. The catalyst was 

in-situ pretreated by flowing 20% H2-80% N2 with 100 ml min-1 flow at 750°C for 1h with 

a ramping rate of 10°C min-1. The DRM reaction was performed at atmospheric pressure 

at 750oC for 220 h. The reactant gases of CH4/CO2/N2= 1/1/8 were passed over the catalyst 

with a flow of 50-100 ml min-1. Reactants and products were continuously monitored using 

an on-line micro GC (Varian 490-GC). Subsequently, the catalysts were cooled to room 

temperature and used for characterization.   

 

  



130 

 

4.3. Results and discussion 

 

4.3.1. The effect of noble metal addition to the catalytic stability of 0.4 wt.% Co5Ni5/ZrO2  

The influence of small amount addition of platinum (Pt/CoNi=0.035) to 0.4 wt.% 

Co5Ni5/ZrO2 was studied for DRM at 750°C with a reaction mixture of CH4:CO2:N2 = 

1:1:8 at SV of 120 l h-1 g-1. The conversion of methane, carbon dioxide and H2/CO are 

shown in Fig. 4.1. Catalytic performance of the unprompted CoNi catalyst showed unstable 

activity (in Chapter 3) with CH4 and CO2 conversions initially around 64.3% and 75.8% 

decreasing finally to 11.8% and 15.7%, respectively, in 210 h on stream. The stability of 

the CoNi/ZrO2 was improved drastically, by the addition of a very small amount of Pt 

keeping its activity for 210 h. In addition, the amount of carbon deposited on the catalyst 

was not significant (≤0.17 wt.%) after the reaction, demonstrating that the strong resistance 

of 0.4 wt.% CoNi/ZrO2 catalyst to carbon deposition was retained after the addition of 

noble metal.  

To elucidate the effect of noble metal addition on deactivation of metallic CoNi due 

to oxidation, TPR was performed on the catalysts. The TPR profile for Ni/ZrO2, Co/ ZrO2, 

Co5Ni5/ZrO2 and Pt-Co5Ni5/ZrO2 (Pt/Co=0.035 molar ratio) were shown in Figure 4.2. Two 

peaks observed below 600 °C were attributed to the reduction of Co oxides (Co3O4 and 

CoO), which were based on the amount of H2 consumption during the TPR measurement. 

On the other hand, one peak for Ni/ZrO2 was observed, from around 280 °C to around 455 

°C with the maximum at 350 °C, corresponding to the reduction of NiO to Ni0 located in 

the middle of the first two peaks of Co/ZrO2. It was observed overlapping reduction peaks 

in the bimetallic CoNi, which corresponds to Ni and Co oxides. The slight decrease in 

reduction temperature when both Co and Ni are present in the sample, was in agreement 
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with the results of literature.11 The addition of Pt shifted all peaks for Co and Ni oxides to 

lower temperatures, compared to both mono- and bimetallic catalysts. These observations 

suggest that the addition of a noble metal results in the decrease of the reduction 

temperature of metal oxides presumably due to hydrogen spillover from the noble metal 

surface.18,19 It can be mentioned that Pt promoted the reduction of CoNi/ZrO2 catalyst 

effectively, resulting in well-enhanced catalytic stability, even at a very small amount of 

Pt (Pt/CoNi=0.035). Under DRM conditions, the hydrogen spillover would keep the 

metallic Co and Ni reduced, thus the catalyst would show stable activity.  

The morphology of the catalyst and the particle size distribution was obtained 

before and after DRM by TEM and STEM. For the reduced sample, it was found that 

isolated Pt nanoparticles with a diameter of ~ 1 nm were deposited on the ZrO2 support and 

some were spread on CoNi nanoparticle surface to form Pt-on-CoNi nanostructure as 

shown in Fig. 4.3 a and b. The composition of the nanoparticles was analyzed using energy-

dispersive X-ray (EDX), indicating the presence of Pt, Ni, and Co on p1 particle.  

The spent catalyst was characterized by TEM after 220 h of CH4/CO2 reaction at 

750 ºC. It was observed that Pt-CoNi nanoparticles are homogenously dispersed 

throughout the support as trimetallic alloys with an average particle size of ~ 5-7 nm, as 

shown in Fig. 4.4. Since the isolated Pt nanoparticles were no longer detected, it was 

suggested that the particles underwent structural rearrangement upon the high reaction 

temperature. The Pt addition improved not only the stability of bimetallic CoNi but also 

had a control on the particle size. No carbon filaments nor encapsulation of the metal 

particle were observed, in agreement with the negligible amount of carbon detected by 

TPO. It was reported that the number of active sites is large on small homogeneously 
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dispersed particles, which can increase the catalytic activity, improve its stability and 

suppress coke formation.20,21 

It is believed that alloying nickel-cobalt nanoparticles with the presence of Pt on a 

zirconia support, can avoid coke formation and oxidation of the metals over extended 

periods of time. Coke formation is avoided due to the high oxidative properties of Co and 

ZrO2, which can oxidize carbonaceous species as soon as they are formed from methane 

decomposition. The addition of Pt avoids inactivation of the catalyst by progressive 

oxidation of Ni and Co. Thus, the promoted catalyst provides supported trimetallic 

nanoparticles that are highly resistant to coke formation, metal oxidation and sintering in 

the carbon dioxide reforming of methane processes. 

4.4. Conclusion  

 The addition of small amount of noble metal to 0.4 wt.% CoNi/ZrO2 improved its 

catalytic stability drastically with a negligible amount of carbon deposition. On the basis 

of characterization:  TPR measurement revealed that Pt improved the reducibility of Co-

Ni by preventing the oxidation of these metals. A homogeneous trimetallic of Pt-Co-Ni 

alloy was formed under DRM condition and the particles maintained their small size even 

after 220 h of the reaction.     
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Figure 4.1 Long-term DRM test over 0.4 wt.% Pt-CoNi/ZrO2 catalyst showing CH4 (■) 

and CO2 (●) conversion rate as a function of time on stream and H2/CO (♦), under reaction 

condition: P = 1 atm, T = 750°C, CH4/CO2/N2 = 1/1/8, and total flow rate = 100 ml min-1, 

SV= 120 l h−1g−1. 
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Figure 4.2 TPR profiles of 0.4 wt.% Ni, Co, CoNi and Pt-CoNi catalysts supported on 

zirconia.  
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Figure 4.3 Characterization of Pt-CoNi catalyst after reduction a,b) TEM images. c) HR-

STEM image and d) EDX analysis of p1 particle.  
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Figure 4.4 TEM images of Pt-CoNi catalyst after 220 h on stream at reaction at 750 ºC and 

P=1 atm. 
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CHAPTER 5 

 

Summary and Conclusions  

 

The conversion of natural gas to generate syngas with a low H2/CO ratio of 1 

through DRM is an attractive reaction. Interestingly, the utilization of two greenhouse 

gases reduces their concentration in the atmosphere and curbs the global warming change 

issue. In this study, a number of catalysts were developed with an intention for a long-term 

stability DRM process, with complete suppression of carbon deposition. The major issue 

of the DRM to be solved is the carbon deposition, causing catalyst deactivation and 

plugging of the reactor, which can be generated either by CH4 decomposition or CO 

disproportionation. Among these catalysts, noble metals have high catalytic activity with 

low sensitivity to carbon deposition as well as resistance towards oxidation. However, the 

high cost and low availability still challenge their implementation in industrial scales, thus 

a small amount of noble metals are incorporated with base metals such as Ni or Co. 

Importantly, combining these active metals to create bimetallic alloys can produce catalysts 

with optimized activity and stability, with a reasonable cost.  

The influence of the support identity on the DRM performance because metal-

support interaction may play an important role in the catalytic activity and carbon 

deposition in the CH4/CO2 reaction. Proper selection of the support can significantly 

modify the catalytic properties of a given metal at DRM conditions. Therefore, ZrO2 was 

chosen as a support because of its high thermal stability and absence of mixed oxide 

formation with the active metals. In what follows, the study focused on investigating the 
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multi-metal composite and how it can affect the reactivity towards CH4 and CO2 activation. 

Our strategy was based on a strong hypothesis that metal particle size drastically influences 

carbon formation/suppression. Thus, to achieve complete suppression of carbon 

deposition, homogeneous deposition precipitation method was established to produce 

similar fine particle size with narrow size distribution.  

Chapter 2 describes the investigation on Ni9Pt1 particles supported on different 

metal oxides prepared by an easily reproducible synthesis protocol (homogeneous 

deposition precipitation; HDP). It was reported that Pt facilitated reduction of Ni and led 

to the formation of small nanoparticles, which increased metal dispersion significantly. 

Homogenously dispersed NiPt nanoparticles were successfully synthesized with an 

average size of 2.5 nm after thermal treatment at 800 °C. The results showed different 

catalytic behavior for DRM reaction operated under atmospheric pressure and at a reaction 

temperature of 750 °C, as well as the amount of deposited carbon; influenced by the nature 

of support. Complete suppression of carbon deposition on NiPt catalyst was, however, not 

achieved even after alloying with a noble metal. These initial results led to the choice of 

different metal identity than NiPt, yet applying HDP method for catalyst synthesis.  

Chapter 3 shows DRM performance using the bimetallic Co10-xNix/ZrO2 with the 

total metal loading of 4 and 0.4 wt.% prepared by HDP method and the results were 

compared with mono-metallic Co and Ni catalysts. Tuning the reactivity of the active metal 

towards CH4 and CO2 activations allows the catalyst surface to remain active and clean 

without long-term carbon deposition. It was found that the catalysts with optimum metal 

compositions of Co:Ni can exhibit remarkable stability with an insignificant amount of 

coke deposition. Structural characterization of 0.4 wt.% Co, Ni, and Co5Ni5 during DRM 
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at high temperature was carefully investigated using in-operando X-ray absorption 

spectroscopy (XAS). The energies of CO molecules and dissociative O species adsorbed 

on the metal surface were calculated by density functional theory (DFT). In addition, the 

energies of single C atoms adsorbed were also calculated. Combining the results from in-

operando XAS, the kinetic study, and DFT calculations allowed us to understand the 

different catalytic behavior of Co, Ni, and Co-Ni catalysts during DRM process. The data 

indicated high coverage of oxygen species at steady-state DRM on pure Co surface, which 

limits the CH4 conversion rate. Gradual oxidation of Co surface proceeds to the bulk of the 

metal particles, resulting in catalyst deactivation due to metal oxidation. On the other hand, 

pure Ni surface competitively has high activity for CH4 decomposition and less affinity for 

O accumulation, which leaves some deposited carbon on the catalyst surface due to the 

unbalanced kinetics of CH4 and CO2 activation. Intermediate reactivity towards the DRM 

was demonstrated by alloying non-noble metal Co and Ni, resultant in a shift of the metal 

identity and property which facilitated a balance between CH4 and CO2 activation.  

Among the catalyst investigated, the 0.4 wt.% Co5Ni5/ZrO2 showed relatively high 

activity and stability with very small amount of carbon deposited. However, the catalyst 

showed slow deactivation during DRM process when tested for long-term due to oxidation 

of the metals. Therefore, to suppress the oxidation of CoNi, very small amount of noble 

metal was added to the catalyst. In chapter 4, the results for Pt-CoNi/ZrO2 catalyst were 

reported. Remarkably the catalyst showed great stability by the addition of a trace amount 

of Pt with strong resistance towards carbon deposition tested at 750 °C under atmospheric 

pressure for 220 h of reaction.  
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Once again, the project goal and emphasis are to develop a non-noble based metal 

catalyst for DRM with complete suppression of carbon deposition. The kinetic results 

obtained along with powerful characterization techniques and theoretical calculations 

reported in this thesis explain that, depending on the metal identity, the reaction between 

oxidative (CO2, H2O) and reductive (CH4, CO, H2) species can be balanced on the catalyst 

surface.  

    

  


