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ABSTRACT 

Development of Non-Noble Metal Ni-Based Catalysts for Dehydrogenation of 

Methylcyclohexane 

 

 

Anaam H. Al-ShaikhAli 

 

Liquid organic chemical hydride is a promising candidate for hydrogen storage and 

transport. Methylcyclohexane (MCH) to toluene (TOL) cycle has been considered as one 

of the feasible hydrogen carrier systems, but selective dehydrogenation of MCH to TOL 

has only been achieved using the noble Pt-based catalysts. The aim of this study is to 

develop non-noble, cost-effective metal catalysts that can show excellent catalytic 

performance, mainly maintaining high TOL selectivity achievable by Pt based catalysts. 

Mono-metallic Ni based catalyst is a well-known dehydrogenation catalyst, but the major 

drawback with Ni is its hydrogenolysis activity to cleave C-C bonds, which leads to inferior 

selectivity towards dehydrogenation of MCH to TOL. This study elucidate addition of the 

second metal to Ni based catalyst to improve the TOL selectivity. Herein, ubiquitous bi-

metallic nanoparticles catalysts were investigated including (Ni–M, M: Ag, Zn, Sn or In) 

based catalysts. Among the catalysts investigated, the high TOL selectivity (> 99%) at low 

conversions was achieved effectively using the supported NiZn catalyst under flow of 

excess H2. In this work, a combined study of experimental and computational approaches 

was conducted to determine the main role of Zn over Ni based catalyst in promoting the 

TOL selectivity. A kinetic study using mono- and bimetallic Ni based catalysts was 

conducted to elucidate reaction mechanism and site requirement for MCH dehydrogenation 

reaction. The impact of different reaction conditions (feed compositions, temperature, 

space velocity and stability) and catalyst properties were evaluated. This study elucidates 

http://petroleumengineering.conferenceseries.com/abstract/2016/hydrogen-carrier-using-organic-metal-hydride-non-noble-metal-ni-based-catalysts-for-dehydrogenation-of-methylcyclohexane
http://petroleumengineering.conferenceseries.com/abstract/2016/hydrogen-carrier-using-organic-metal-hydride-non-noble-metal-ni-based-catalysts-for-dehydrogenation-of-methylcyclohexane
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a distinctive mechanism of MCH dehydrogenation to TOL reaction over the Ni-based 

catalysts. Distinctive from Pt catalyst, a nearly positive half order with respect to H2 

pressure was obtained for mono- and bi-metallic Ni based catalysts. This kinetic data was 

consistent with rate determining step as (somewhat paradoxically) hydrogenation of 

strongly chemisorbed intermediate originating from TOL. DFT calculation indicated that 

Zn metal prefers to occupy the step sites of Ni where unselective C–C bond breaking was 

considered to preferentially occur, explaining suppression of hydrogenolysis activity. 

Additionally, it confirmed that the H-deficient species at methyl position group (C6H5CH2) 

was stable on the surface, making its hydrogenation being rate determining step, consistent 

with positive order in H2 pressure on TOL formation rate. This may explain the conclusive 

role by H2 in facilitating desorption of the H-deficient surface species that was produced 

through further dehydrogenation of TOL. 
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CHAPTER 1 

 Introduction 

 

1.1. Introduction to the Hydrogen Economy  

The global demand for enormous safe and secure progression in efficient and sustainable 

energy generation capacity is likely to continue in the coming decades- by more than 50% 

until 20301. This is to alleviate the current concerns caused by ever-increasing energy 

consumption, climate change as well as diminishing resources of fossil fuels, without 

causing even further destruction to the environment.2,3 Among the various availability of 

secure energy supply, the use of hydrogen has been viewed as a potential solution which 

offers a range of advantages as a clean energy carrier and environmentally attractive fuel.2 

It can potentially simplify a transition from fossil fuels to sustainable energy sources 

without generating harmful by-products.4  

Even though hydrogen is considered the utmost abundant chemical element in the 

Earth’s atmosphere, it is steadily bound up in chemical compounds with other elements. 

As it can be seen in the diagram (Figure 1.1), hydrogen is used for storage and 

transportation as an in between phase between production and storage.5 It is therefore 

produced from hydrogen-containing sources using energy via various processes, like 

electricity or thermal energy Hydrogen can be produced from natural gas, coal, 

hydrocarbons, and biomass, including even municipal waste, using a variety of techniques, 

as well as by water splitting. Such a diversity noticeably contributes significantly to 

enhanced security of energy supply, a reduction in environmental impact as well as creation 
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of new energy industries.2 In addition, building up a large market for hydrogen economy 

as an energy route offers effective solutions to both emission control and security of energy 

supply1. However, the development of efficient, compact and lightweight hydrogen storage 

array system a is widely recognized as one of the critical technical challenges for the 

establishment of the future “hydrogen economy”.3,6  

 

 

Figure 1.1. Diagram showing hydrogen utilization.5 

 

 

1.2. Hydrogen Storage 

The greatest hurdle to the success of the hydrogen economy probably is to find the efficient 

way for hydrogen storage. Conventionally, hydrogen can be stored preferentially using 

compressed gas vessels and hydrogen liquefaction2. However, due to significant concerns 

associated with safety, technical and volumetric content of these cryogenic systems2, the 

utilization of hydrogen fuel cells in portable electronic devises and vehicles require more 
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suitable hydrogen storage materials7. Different efforts have been made towards 

manufacturing hydrogen storage materials during the recent decades that comply with the 

criteria of the U.S. Department of Energy (DOE). The recently updated long-term criteria 

that need to be met for on-board hydrogen storage systems include the following:8-11   

 handling temperature ranging from  -50 °C to 150 °C 

 low-operating pressure (less than 4 bar) 

 reasonable cost and safety under operating conditions 

 high storage capacity (5.5 -7.5 wt%)7 

 fast kinetics and reversibility of hydrogen uptake/release  

Among the different alternative technologies for on-board hydrogen storage 

systems, adsorption of hydrogen on porous materials such as carbonaceous materials, 

zeolites, and metal–organic frameworks that undergo a low hydrogen uptake per unit of 

weight at ambient conditions. In the meantime, metal hydride systems suffer from 

problems of high weight and cost along with high temperatures that are often needed to 

discharge hydrogen.4  

Higher hydrogen uptake materials which store hydrogen via chemical bonds, are highly 

promising and most acceptable alternative to the compressed hydrogen and liquid 

hydrogen, i.e. the storage of hydrogen in solid or liquid states as a hydrogen source for fuel 

cells.11  

The solid-state hydrogen storage has been extensively investigated in the past few decades 

and is expected to provide a much needed breakthrough. Although different solid-state 

materials reveal high capacities of hydrogen uptake, their performance for practical 



21 

 

consumption is severely limited by the high temperatures required to desorb hydrogen, 

their limited hydrogen release kinetics, the deterioration with successive cycling, and the 

different loading/ unloading logistics. Therefore, the search for different and more safe and 

effective liquid-phase hydrogen storage materials, including organic and inorganic 

chemical hydrides, is necessary as a potential solution for adequate hydrogen storage that 

meet the necessary requirements, including conveniently releasing hydrogen under mild 

conditions, for a number of applications like transportation. In addition, their liquid-phase 

nature provides an additional advantage of possibly using the existing gasoline storage 

infrastructures. Comparison of efficient storage systems with respect to their cost and 

energy storage indicates that the use of organic chemical hydrides materials is the most 

applicable technology for hydrogen storage and transportation.2,7,12  

 

1.3. Liquid Organic Hydride Carrier for Hydrogen Storage (LOHC) 

 

Hydrogen could be stored in the form of liquid organic hydrides with high gravimetric and 

volumetric densities facilitating better handling; in particular, transportation and 

distribution of excess energy produced from solar and wind power plants, and thus solving 

the storage problems. Moreover, the liquid-phase nature of these hydrogen storage systems 

offers significant benefits of easy recharging, and the accessibility of the up-to-date liquid 

fuel infrastructure for recharging. Its concepts is based on a reversible hydrogenation and 

dehydrogenation catalytic reaction in which hydrogen is chemically bound to the liquid 

carrier materials. In this sense, among the different organic chemical carriers considered 
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for hydrogen production via dehydrogenation process are decaline, methylcyclohexane and 

cyclohexane.7,13
 

 In fact, establishing a hydrogen storage media using this strategy has significant 

environmental, economical and technical advantages. From the environmental aspect, as 

the system upholds close carbon cycle, the use of such systems should result in a reduced 

chemical and thermal pollution caused by toxic gas emission which is something 

equivalent to other carbon-free alternatives. From the economical point of view, their liquid 

phase nature provides a high feasibility for the utilization of a very compatible gasoline 

infrastructure. As for the technical advantages, it offers a high volumetric and gravimetric 

hydrogen density as a liquid which has significant safety and engineering aspects over solid 

or gas hydrogen.8,7  

1.4. Liquid Organic Hydride Cycles 

The most favorable cycles for “on-board” hydrogen generation, storage and transportation 

that have been studied are  

1. methylcyclohexane -toluene-hydrogen (MTH) cycle,  

7 14 7 8 2C H C H +3H  

2. cyclohexane-benzene-hydrogen (CBH) cycle and  

6 12 6 6 2C H C H +3H  

3. decalin-naphalene-hydrogen (DNH) cycle.  

10 18 10 8 2C H C H +5H  
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Table 1.1. Comparison of three liquid organic hydride systems in terms of their physical 

properties and hydrogen storage density. 

 

 Organic Chemical Hydride 

 

Hydride 

Properties 

MCH and Toluene 

System 

CH and Benzene 

System 

Decalin and Naphthalene 

System 

Molecular weight 98.19 92.14 84.16 78.11 138.3 128.2 

State at room 

temperature 

Liquid Liquid Liquid Liquid Liquid Solid 

Density (g cm-3) 0.769 0.867 0.779 0.874 0.896 0.975 

Melting point (°C) -127 -95   -43, -30.4 80.3 

Boiling point (°C) 101 111 81 80 194.6-186 218 

Volumetric 

content of H2 

storage density 

(wt%) 

6.2  7.2  7.3  

Gravimetric 

content of H2  

storage density 

(kg H2 m
-3) 

47.4  56  65.4  

 

Liquid organic hydrides (CH, MCH, and decalin) possess high H2 mass in their molecule 

and are stable, relatively less volatile and easy to transport.14 Despite higher the volumetric 

and gravimetric hydrogen storage content generated by the CBH and DNH cycles, 

scientists prefer the MTH cycle (Table1.1).14,15 The CBH cycle contains benzene which is 

carcinogenic. On the other hand, naphthalene which is produced in the solid state may 

possess handling challenges. Thus, neither of the CBH and DNH cycles, would meet the 

specified DOE standards. 
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 Methylcyclohexane-Toluene-Hydrogen Cycle System 

Hydrogen storage using liquid organic hydrides, such as, methylcyclohexane (MCH), was 

anticipated as a potential seasonal electricity storage. The employment of MCH as a liquid 

organic carrier was first suggested by Sultan and Shaw in 1975.16 The concept of 

incorporating the MTH cycle in a stationary application is based on matching the 

incompatibility in electricity supply and demand between seasons or time of the day. For 

example, for those countries with a surplus of hydropower in summer, like Canada, 

Switzerland, Norway, finding a better storage way to meet the high energy demand in the 

winter season would be beneficial. In this system, hydrogen produced by any convenient 

means such as by utilizing the low-cost summer electricity for water electrolysis. The 

released gaseous hydrogen is catalytically reacted with toluene in the hydrogenation plant 

to release MCH. This is then employed for energy production at any time or place; so it 

can be stored in tanks at ambient temperature, delivered to service stations in a similar way 

to that currently used to transport petroleum products through pipelines safely to the point 

where it would be catalytically dehydrogenated to yield hydrogen and toluene. The 

hydrogen recovered has then become accessible for a wide range of applications, including 

a medium for energy storage, heat and transportation. The toluene is sent back to the source 

for further recycling/conversion.17 

Hydrogen storage in the form of liquid organic hydrides, e.g., methylcyclohexane (MCH), 

was proposed for the seasonal storage of electricity. It is also a method of storing this 

surplus for winter months would be advantageous. Liquid organic hydrides are considered 

for applications since the infrastructure is practically in place and reaction technology is 

well known in the petrochemical industry.17 A seasonal energy storage system utilizes 
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hydrogen in liquid organic hydrides. Low-cost summer electricity in these aforementioned 

countries is used for water electrolysis to yield hydrogen and oxygen. The gaseous 

hydrogen is then used for the hydrogenation of toluene (TOL) in a hydrogenation unit, into 

its liquid state, MCH. H2 is released from seasonal (summer to winter) storage in MCH by 

catalytic dehydrogenation, recovering TOL and H2 carrier.  The MCH could be stored and 

delivered to service stations in a way similar to that currently used for petroleum products. 

The spent hydride would be sent back to regional plants where it would be regenerated by 

electrolytic hydrogen as shown in Figure 1.2.  

 

Figure 1.2. Schematic diagram for the implementation of the MTH cycle in mobile 

and stationary applications redrawn from.18 

Ideally, hydrocarbons involved in the system are not consumed. In this system, the MCH 

is stored until the winter cycle, when amount of its hydrogen content (6% of molecular 
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weight) is released by catalytic dehydrogenation reaction for applications as heat, power, 

or electricity generation. TOL is recycled for further use in the next summer cycle. 

 Dehydrogenation of Methylcyclohexane 

MCH dehydrogenation into TOL is strongly endothermic (ΔΗ°
rxn = 205 kJ mol-1) and as a 

result, it is favored to be catalyzed at high temperatures and low pressures.19 It is an 

important reaction in in the MTH cycle. In addition to its releasing H2 for the safe and 

economical storage and transportation, it is an important catalytic reforming reaction in the 

petroleum refining of naphthenic heavy crude oils used to boost the octane number of 

gasoline.20-22 Therefore, product selectivity is very critical issue for industrial application.  

Transition metals, their oxides and their specific alloy formation surface are known to be 

active catalysts for activation of C–H bonds during catalytic dehydrogenation of saturated 

six-membered ring hydrocarbons to form aromatics.19, 23-25 Alumina and/or silica supported 

mono- or bi- metallic catalysts,26  such as platinum (Pt) or palladium (Pd)27,28 combined 

with an additional metal such as rhenium (Re),29 gold (Au),30 tin (Sn),31,32 ruthenium (Ru)33 

or nickel (Ni)34,35 are particularly active and have been widely investigated toward the 

MCH dehydrogenation. Researchers19,36-38 have revealed that an alumina supported 

platinum was found to have an excellent selectivity for the formation of TOL and, 

therefore, are considered to be the most efficient catalysts for the MCH dehydrogenation. 

However, a few studies have also been carried out to identify other potential and alternative 

catalyst. 
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1.5. Surface Reactions on Metal Single Crystal Surface 

The study of the chemisorption and reactivities of hydrocarbons on single crystal surfaces 

is essential to understand the fundamentals of a specific reaction such as the 

dehydrogenation of liquid organic hydride like cyclohexane. Below is a brief discussion 

and relevant review of the cyclohexane dehydrogenation over single-crystal Pt surfaces 

since it is a very versatile heterogeneous metal catalyst. In fact, there are almost five 

different reactions that may occur on the different sites of the Pt surfaces.39 These different 

reactions catalyzed on the surface of Pt are: hydrogenation, dehydrogenation, 

hydrogenolysis, isomerization and dehydrocyclization.  

The activity and selectivity of different catalytic reactions was found to depend totally on 

the atomic structure of the catalyst surface.40,41  The Pt crystal surface has flat, stepped and 

kinked sites that is responsible for obtaining different selectivity to the type of the 

hydrocarbon reactions.39,42 The high rate of hydrogenation and dehydrogenation reactions 

(H−H and C−H bonds cleavage) have a tendency to occur on the flat sites. The activity of 

aromatization reactions are highly increased by the presence of the stepped and kinked sites 

of Pt surfaces. Isomerization reactions have a tendency to occur on the flat sites; and the 

presence of surface irregularities have shown to enhance the isomerization activity by some 

extent.39 The hydrogenolysis reaction (C-C bond cleavage) reaction rates enhanced 

noticeably in the presence of high concentration such as kink or steps sites. In order to 

obtain the desired selectivity and activity of the particular catalyst it is essential to develop 

the catalyst in such a way to obtain the proper structure. 
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 Single Crystal Surfaces 

Comprehensive understanding of morphology of single crystals at the atomic scale is of 

great importance in shaping their desirable properties and differentiating between the kinds 

of surfaces for particular applications. Somorjai 39,43 was able to construct an atomic scale 

model of the surface structure using scanning tunneling microscopy (STM) and low energy 

electron diffraction (LEED). The assembled model displays that the crystal surface is 

heterogeneous at the atomic scale. Figure 1.3 defines the surface morphology of step, kink 

and terrace atoms that were present. The confined distribution of atoms nearby each of 

these individual surface sites was altered and therefore their electronic properties were 

distinct. Hence, each individual surface site determines its unique characteristic surface 

chemistry and physical property. Blakely and Somorjai reported in their LEED 

investigation on Pt surfaces that the surfaces consisted of three structural arrangements as 

illustrated in Figure 1.4.41 They revealed that, there were one-atom high steps separated by 

terraces, identified as monatomic height step-terrace configurations and were formed when 

the plane was stable toward surroundings planes. They also indicated that, there were 

numerous height steps separated by terraces of variable width and the third structural type 

was the hill-valley configuration, consisting of large planes that could design a surface of 

hills with valleys in between. 
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Figure 1.3. Atomic model of a heterogeneous solid surface describing the surface 

morphology.44  

 

 

 

Figure 1.4. Main structural arrangements of surface morphology. Monatomic height 

steps,  multiple height steps and  hill and valley structure.41 
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 Surface Reactions on Metal Single Crystal Surface 

Over two decades, Somorjai and his co-workers deliberated the mechanism of 

heterogeneous catalysis of hydrocarbon reactions over Pt single crystal surfaces in 

details.39,41,45,46 They propose that interaction of chemisorbed molecules is much stronger 

in the stepped (and kinked) Pt surfaces compared to low Miller index planes of platinum. 

The cause of this better chemical activity of the stepped surfaces could be ascribed to the 

distinct atomic structures at the steps. An adsorbed molecule at the step possess more 

nearest neighbor metal atoms than a molecule at a flat (low index plane, terrace) surface. 

Consequently, there is vacancy of metal atom orbitals at the stepped surface for adsorption 

and reaction to occur. Somorjai and co-workers, in their research on cyclohexane 

dehydrogenation and hydrogenolysis reactions and cyclohexene on stepped Pt surfaces, 

found two surface sites on Pt crystal surface that have a different number of nearest 

neighbour Pt atoms.41,46 The first site, monatomic steps (low index plane steps) is where 

the breaking of C-H bond (dehydrogenation reaction) mainly takes place, while the second 

site, kinked steps (high index plane steps), is where the breaking of both C-C 

(hydrogenolysis reaction) and C-H bonds take place. Therefore, the stepped and kinked 

sites are the active sites that are responsible for breaking mainly C-H and C-C bonds. The 

high activation energy across a step site is shown in Figure 1.5, which describes a one-

dimensional potential energy profile in the way of a surface step. Generally, chemisorption 

of an atom/molecule is more strongly and stays longer on a step site compared to the one 

on the atomically flat terrace. This is often gives rise to breaking of C-H and/or C-C bonds 

and nucleation of adsorbed over layers known as carbonaceous deposits. 
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Figure 1.5. One-dimensional energy profile in the direction of a surface step. Note, 

the larger activation energy barrier for diffusion from step to terrace sites when 

compared to diffusion on terraces.47  

 

 Carbonaceous Deposit on Pt Single Crystal Surface 

During the course of the catalytic hydrocarbon reactions, some of the metallic active site 

is blocked with a carbonaceous deposit (overlayer). The amount of this deposit could be 

very small corresponding to a very minute coverage but it could possibly become large, 

causing a complete blockage of all the active sites. The level of coverage differs based on 

the temperature and the molecular weight of the saturated hydrocarbon reactant molecule. 

The formation of carbonaceous overlayer, could be ordered or disordered; this is depending 

on the Pt surface structure, the nature of the reactant and the ratio of hydrogen-hydrocarbon 

used in the experiment. There is various reactions that show sensitivity to the presence of 

ordering on the layer.46 Dehydrogenation of cyclohexane to benzene is poisoned by 

carbonaceous overlayer unless the it is ordered, and dehydrocyclization of n-heptane to 

TOL occurs only in the presence of an ordered overlayer.48 Other reactions, such as 

hydrogenolysis of cyclohexane occur even with the presence of a disordered overlayer.46 



32 

 

Thus, two different forms of carbon deposit can be prominently build up on the platinum 

crystal surface. Ordered overlayer (active carbon), which does not seem to block the 

chemical activity of the transition metal. Disordered overlayer (graphitic carbon), which 

cause poisoning to the surface of active metal. Yet this form of carbon often reduces the 

reaction rate but this was not always the case. It could be helpful in accelerating desorption 

of the reaction products keeping the active sites clean and accessible for a further reactant 

molecule. Figure 1.6 demonstrates a schematic representation of both forms of carbon 

deposit, the ordered and disordered once on Pt single crystal surfaces as proposed by 

Somorjai and Blakely.45  

 

Figure 1.6. Model of active Pt catalyst surface with a full carbonaceous overlayer 

showing exposed catalytic sites.45 

 

Therefore, it was suggested in previous work that during steady-state hydrocarbon 

reactions, the surface of Pt was constantly covered with one monolayers of strongly 

adsorbed carbonaceous deposit or more layers in some cases. Despite the fact that carbon 
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deposition has a tendency to reduce the reactivity of the metal surface, this was not always 

the case, as it can offer sites for H2 transport with reacting surface species. The existence 

of carbonaceous deposit on the metal surface may improve the substitution of H2 with 

reacting species and facilitate the release of product molecules as suggested by Davis et al 

in their work.44, 49 The deposition in inorganic form could be readily detached by heating 

in a H2 stream if the composition was CnH1.5n and the reaction temperature was lower than 

450 K, as suggested by Somorjai.39 If the composition transforms to C2nHn then this leads 

to formation of an irreversible adsorbed deposit, which could not be eliminated in the 

presence of excess H2. 

Despite the fact that the Pt surface area was covered with carbonaceous deposit, it is 

revealed that a small amount of clean Pt surface sites always remains uncovered as reported 

by Davis et al in their carbon monoxide adsorption-desorption studies.49 Moreover, studies 

were carried out at high hydrocarbon and H2 pressures using the scanning tunnelling 

electron microscopy (STEM).  

 

 

 

 

 

 

 

 

Figure 1.7. Model for the surface composition of platinum reforming catalysts.50 
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The findings showed that CH2, C2H and CH fragments of the carbonaceous deposit were 

mobile on the surface by surface diffusion effect where co-adsorbed reactant molecules are 

present.49,51-52So due to their mobility, it makes the active metal sites on the surface 

accessible to the reactant molecules to react and form uncovered metal islands. The islands 

coverage was found to be in the range from 2 to 25% of the total surface area. The 

uncovered metal islands appear in the form of ensembles that contained several adjacent 

surface atoms (Figure 1.7.). It should be noted that the concentration of these sites 

diminished by performing the reaction temperature at higher temperature. The presence of 

these exposed uncovered ensembles was found to allow hydrocarbon reactions to occur in 

the presence of carbonaceous deposition species.53 

 

1.6. Catalyst Deactivation for MCH Dehydrogenation 

The loss of catalytic activity and/or selectivity over time, known as catalyst deactivation, 

is a serious and continuing concern in the industrial catalytic processes. Catalyst 

substitution and process shutdown are very costly (billions of dollars per year) to industry. 

Although it is inevitable in all catalysts, but the time scales for catalyst deactivation differ 

from one to another; in some cases catalyst deactivation may be in the order of seconds, 

while other cases may last for 5–10 years.54  

Catalyst deactivation takes place through different deactivation mechanisms that can be 

classified into distinct types such as fouling, sintering and poisoning. Deep understanding 

of the deactivation phenomena is needed in order to develop a highly stable catalyst. For 

that there are two important key factors to reach a deeper understanding of the poisoning 
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phenomena: (1) identification of the surface structures of poisons adsorbed on the metal 

surfaces and (2) the effect of  the increasing coverage of the poison on changing the surface 

morphology and as a result the  adsorption stoichiometry.54a Many researchers studied the 

deactivation kinetics of reforming catalysts during MCH dehydrogenation.55-58 Wolf and 

Petersen studied the deactivation mechanism and poisoning in MCH dehydrogenation over 

Pt/Al2O3.
58 In their studies, they found that stabilization of the catalyst could be achieved 

by increasing the H2 partial pressure due to its capability to reduce coke formation. 

Moreover, it was proposed that in the course of the deactivation process, two forms of 

poison structures were identified: a reversible poisoning formation that could be readily 

eliminated by a H2 addition, and an irreversible poison formation that cannot be eliminated. 

Depending on the H2 partial pressures and time-on-stream, the amount of poison formed 

will be determined.  

A similar deactivation mechanism was suggested to what is reported previously.59 A two 

phase deactivation mechanism was observed by Jossens and Petersen.59 A rapid 

deactivation with low activation energy (33 kJ mol-1) was found in the initial phase as well 

as reversible deactivation being in H2 stream. 59 For the initial phase, a nearly zero order 

with respect to MCH and TOL partial pressures was obtained for the reaction rate. 

However, a slower rate of deactivation with high activation energy (163 kJ mol-1) in 

addition to partially reversible deactivation in H2 stream was found in the second phase. 

A different mechanism for the MCH deactivation over Pt/Al2O3 was reported by Chai and 

Kawakami.60 Converting methylcyclohexene to methylcyclohexadiene was shown to be 

the rate controlling step for the dehydrogenation of MCH. Chai and Kawakami further 

proposed that the methylcyclohexadiene formed was adsorbed differently to form coke 
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precursor. Their findings were in agreement with Chai and Kawakami, De la Banda and 

Melo who also proposed that the precursor to coke formation was the partially 

dehydrogenated products and not TOL.61 In agreement with Jossens and Petersen, De La 

Banda and Melo observed that the precursors to coke formation were the unsaturated 

olefins. 

1.7. Regeneration of Deactivated Pt/Al2O3 Catalysts 

Although many efforts are made in order to prevent catalyst deactivation, the loss of 

catalytic activity in most catalytic reaction processes is unavoidable. When the activity has 

declined to a critical level, an appropriate decision have to be made among four options: 

(1) regenerate the catalyst activity, (2) use it for an alternative application, (3) recover and 

recycle the important and/or expensive catalytic components, or (4) dispose of the catalyst. 

The first alternative is the preferred option to render spent catalysts reusable. This is done 

by restoring the chemical properties of the spent catalysts and thoroughly increasing their 

activity. The catalyst disposal is usually the last option as there are environmental 

constraints.  In principle, depending upon the reversibility of the deactivation process, the 

ability to reactivate a catalyst is determined. For instance, reversible deactivation such as 

carbon and coke formation is relatively easily reactivated over gasification with H2, water 

(H2O), or oxygen (O2). On the other hand, generally it is still challenging to reactivate the 

catalyst that has irreversible deactivated such as in a sintering process, although metal 

redispersion is possible under certain conditions in selected noble metal systems. 

Removing some poisons or foulants can be selectively performed by chemical washing, 

mechanical treatments, heat treatments, or oxidation; while others require further activation 

or ultimately end in catalyst destruction. Depending on the rate of deactivation, the decision 
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to regenerate, recycle or discard the entire catalyst is made. Regeneration process becomes 

an economic necessity, if deactivation is very fast, as in the coking of cracking catalysts, 

repeated or continuous.62- 65  

Reforming catalysts have tendency to deactivate through coke deposition. Sintering of 

platinum particles accelerate the deactivation process. The regeneration of platinum is 

originated with a heat treatment in air to burn off the coke generated during the catalytic 

process. After this treatment, the platinum crystallites will be converted into precursors that 

permit the initial activity to be recovered after reduction. The temperature during 

regeneration must be properly controlled, as a spike in temperature could cause a reduction 

in surface area or growth in platinum crystallites to a size that entirely affect the metal 

dispersion.  

The role of coking in catalyst deactivation during dehydrogenation of napthalenes has been 

investigated by several researchers.49,66 It is previously reported that two types of 

carbonaceous depositsare excising, reversible deposits which had a one dimensional 

structure along with irreversible one with a three dimensional graphitic structure. 49 This 

was in agreement with that of Davis et al work.49 Ngomo and Susu categorized the coke 

deposition accompanying the naphthalene dehydrogenation into three categories: primary, 

secondary and tertiary deposits.66The primary form of coke can be regenerated in a hot 

stream of air. The secondary form of coke can be eliminated by H2 gas addition. 

Nevertheless, the tertiary form of coke cannot be removed neither by oxidization nor by 

reduction and may cause irreversible deactivation. Low H/C ratios with graphitic structures 

was found to form this type of coke.  
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The regeneration of Pt/Al2O3 in a H2 stream was studied by Coughlin et al67 They reported 

that after catalyst regeneration, the selectivity towards aromatics instantaneously increased. 

However, the TOL selectivity gradually decreased over time due to MCH coverage. In 

addition, Coughlin et al in their research suggested that the regeneration in a H2 stream lead 

to reactivation of the dehydrogenation sites and activity reduction of the hydrogenolysis 

sites.67As soon as MCH was introduced, there was a steady reduction in activity of the 

dehydrogenation sites and enhancement in activity of the hydrogenolysis sites. Therefore 

Coughlin et al in their work displayed that the catalyst has capability to recover its activity 

through applying a proper regeneration process. Similar observations reported by Doolittle 

et al68 They found an increase in the aromatics yield after the Pt/Al2O3 catalyst was 

regenerated in a stream of H2 gas. 

1.8. MCH Dehydrogenation over Ni Based Catalysts 

Since Ni is a cost effective and widely available metal compared with the noble metals 

(e.g., palladium, rhodium and ruthenium), many efforts have been made to entirely replace 

Pt catalysts with non-noble metal based catalysts among which was Ni-based catalyst.35 

Ni-based catalysts known to be active for hydrogenation/dehydrogenation of a 

hydrocarbon reaction, including cyclohexane.69 The main curb with pure Ni based catalyst 

is the poor selectivity to dehydrogenation. The performance of Ni based catalyst can be 

enhanced by adding a second metal to form a stable bimetallic interactions or alloy 

catalysts from groups VIII and IB of the periodic table (e.g., nickel-iron and nickel-cobalt) 

which have been suggested to be efficient for boosting the selectivity for many organic 

conversions.70 According to the hypothesis, the addition of the Group IB metal lead to an 

alloy formation with a more completely filled d orbital than the Group VIII metal. Then, 
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the structure and properties of bimetallic simultaneously varies with the variation of 

the alloy composition.70 The Ni-based catalysts have been widely studied and reported 

either as monometallic systems such as Ni/carbon or doped systems, including Ni-Pt 

catalysts.37 It has been suggested that Ni-based catalysts supported on activated carbon or 

incorporation with Pt to maintain high selectivity for cyclohexane dehydrogenation, 

reducing the reaction of hydrogenolysis.35 Ni/AC, Ru/AC and Ni-Ru/AC catalysts were 

proposed by Hodoshima et al for dehydrogenation of tetralin.37,71 Also, it has been 

described that alloying copper with Ni lead to declining the hydrogenolysis activity of 

Ni.72,73 The declined activity to hydrogenolysis has been ascribed to the decline in the 

adsorption of the hydrocarbon intermediates which decreases the probability of C-C bond 

cleavage in the intermediate state accordingly. The reason for hydrogennolysis that the low 

coordination sites on Ni atom including corners, edges, kinks and steps are high energy 

sites. It has been assumed that the hydrogenolysis associated with dehydrogenation 

reactions over Ni catalyst preferentially occupy these sites. Therefore, there was a 

hypothesis that the selectively may be controlled by blocking these sites may pronounce 

the effect in inhibiting C–C bond breaking and then decreasing the hydrogenolysis 

reaction.74
 Overall, many efforts have been made to discover the best combination of 

bimetallic or alloy and more catalysts development is still being explored to entirely 

suppress undesirable hydrogenolysis side reactions which is the subject that going to be 

discussed in this work. 
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1.9. The Role of Bimetallic Catalyst (Motivation behind Selection of our 

Developed Catalysts) 

Bimetallic catalysts play an important role in enhancing the catalytic properties of the 

single metal or develop new properties for hydrocarbon conversion application. Boosting 

selectivity (and potentially activity) could be made by introducing a second metal forming 

bimetallic or alloy. The intrinsic complexity of the bimetallic systems provides more 

chance to tune the catalyst reactivity and selectivity. The presence of the alloy may lead to 

changing the electronic and geometric properties of the catalytically active surfaces/sites, 

the adsorption site preference of the adsorbates and other factors.70,75 

One of the major difficulties with bimetallic catalysis is the determination of the atomic 

arrangements in the metallic crystallites. Numerous diverse conditions may occur, from the 

formation of a true alloy to a totally heterogeneous surface, with a range of intermediate 

configurations: bimetallic clusters, "cherry" model, etc. The catalyst preparation method, 

the different possible treatments such as calcination, reduction and the catalytic reaction 

itself will drastically modify the superficial arrangements. Moreover, some general 

properties of bimetallic catalysts are listed below; 

 

 Geometric and Electronic Factors 

For any catalytic reaction over monometallic catalysts, it has been reported that the 

dissociation of a reacting molecule is a crucial step which is conceivable only if they show 

a good match between the interatomic distances in this molecule and the atomic 

arrangement of the superficial metal atoms. However, if the distances differed too greatly, 

the dissociation could not take place as reported by Balandin76 half a century ago. On the 
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other hand, the situation is much more complicated in the case of bimetallic. It depends on 

whether the introduction of a second metal merely changes the geometry of the system or 

the perturbation of the electronic structure.  

 

 The Rigid Band Model 

From the 1950s to the late 1960s, the primary model was the so-called "electronic theory 

of catalysis"77 and the bimetallic catalysts’ behavior was explained in terms of the "rigid 

band theory". Alloying was theoretically supposed to end in the filling of a d orbital by the 

electrons of the second selected metal, and as the holes in the d orbital were deliberated 

accountable for chemisorption, the catalytic reaction would not occur when the d orbital is 

filled. As a result, charge transfers between elements were predictable, and the uniqueness 

of each type of atoms was vanished in the new band thus created. 

 

 The Geometric Effect 

Boudart's concepts78 on "demanding" reactions, which require several attached atomic 

sites, in difference to "facile" reactions which are not affected by structural changes. In 

1972, Sinfelt et al79 demonstrated that the activity of Ni-Cu alloys toward the cyclohexane 

dehydrogenation was constant over a large range of concentrations, whereas a dramatic 

reduction was detected when a small content of copper was introduced to the nickel when 

the reaction involves ethane hydrogenolysis. Since dehydrogenation reactions occur on a 

single atom while hydrogenolysis is recognized to be a "demanding" reaction, it is easy to 

understand the reason of having such a drastic effect on the activity with the addition of 

copper, which rapidly decreases the probability of finding several contiguous atoms of Ni. 
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 Synergistic Effect 

The explanation of synergy is considered one of the main challenges of the geometric 

effect.80 Moreover, finding systems more active than any of the components is considered 

one of the main interest of bimetallic catalysis. For many years, it has been deliberated that 

a good evidence for electronic considerations is the existence of synergy and indeed it is 

difficult to believe that geometric effects alone can offer a good explanation for this 

phenomenon. The formation of carbonaceous deposits permits one to cope with this 

difficulty. According to Somorjai and co-workers,46 kink sites, ledges and steps have been 

revealed to be the most reactive sites of a surface and that the growth of carbonaceous 

deposits, which poison the surface, is inhibited in these sites. This "coking" effect occurs 

favorably on flat surfaces. Similar observations were found by Ponec and co- workers81 

who showed less sensitivity of small particles to coking effects compared to the large ones. 

If we consider alloying as the dispersal of for instance Ni by inactive copper, it can be 

claimed that the addition of copper atoms will hinder the formation of large carbonaceous 

deposits which poison the surface.  

 

 The Electronic Factor (Ligand Effect) 

Electronic effects play an important part in bimetallic catalysis.80 However, the 

experimental evidence is problematic to obtain as we have seen above, from photoemission 

spectra for instance. However, it can be claimed that the band modifications estimated by 

the rigid band model are long-range effects, whereas catalysis may be highly sensitive to 

short-range once. It has been revealed that, whereas the position of the band in a Ni-Cu 
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alloy does not differ, its width shrinkages with increasing the amount of copper.82,83 This 

suggests that the local densities of states are adjusted, owing to the interaction between Ni 

and copper atoms. This perturbation of the electronic structure of Ni on adding copper 

might result in an inhibition of the reaction. At this point the question is whether these local 

electronic modifications are really large enough to influence the catalytic behavior. Or, 

contrariwise, should only a geometric effect be considered.  

 

 Surface Segregation 

This phenomenon has been well-known previously but the advent of modern tools for 

surface studies was crucial to get experimental evidence for it, not only qualitative but also 

semiquantitative.80 A number of theoretical methods have been developed to predict 

surface segregation. Simple models reflect the driving force for surface enrichment due to 

the variation in heats of vaporization84 of the elements and/or the variation in atom sizes.85 

Good qualitative assumptions of theoretical models can be prepared in this way (that is in 

good agreement with the experimental data). However, concerning the quantitative 

predictions, the problem is much more difficult. The surface segregation may be entirely 

adjusted in the presence of a gaseous atmosphere. The motivation is then the higher affinity 

of one of the metals to the gas phase, together with the mobility of this metal in the alloy 

form, which a sufficiently high temperature is involved. 

 

 Small Particles 

It has been known that small particles exhibit particular properties liable to influence the 

catalytic behavior.86 From the electronic point of view, it have been shown experimentally 
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using photoemission experiments that in small particles the valence bands are shifted 

towards higher binding energies, and their width is decreased.87 This outcome is in a good 

agreement with experiments on stepped surfaces which display that atoms of low 

coordination own a d-orbital population different from atoms of high coordinotion.88 

Concerning the surface segregation, a cubooctahedron of 1 nm comprises 55 atoms, of 

which 42 are at the surface.89 Noticeably, surface enrichment can hardly take place in such 

particles. Even in 3 nm particles, where 40% of the atoms preferentially are on the surface, 

one may expect a strong perturbation of surface segregation. 

 

The role of bimetallic catalyst can be concisely summarized as follows: 90 

 The surface composition of equilibrated bimetallic /alloys may differ substantially 

from that of the bulk, and chemisorption or the catalytic reaction itself can induce 

the associated changes in the composition of the surface. In another word, 

bimetallic catalysts can enhance the catalytic properties of the single metal by 

engineering the desired bimetallic particle size and its surface composition using 

different metal compositions 

 The selectivity patterns are mainly determined by the ensemble size effect, but a 

ligand effect may also occur simultaneously. By forming alloys, it is now 

commonly known that the particular surface atoms maintain their character in 

bimetallic /alloys and as a result, their catalytic properties are mostly determined 

by their nearest neighbours. 

 Moreover, alloys often reveal higher catalytic activity comparing to either of their 

constituents due to its ability to lower the degree of poisoning. This may lead to 
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enhance catalyst stability and in a change in selectivity for a particular reaction. 

hydrogenolysis reaction is normally inhibited by alloying whereas hydrogenation 

and isomerization are not significantly affected. 

Overall, the catalytic performance in the case of bimetallic catalysts strongly depends on 

the nature and structure of the metal nanoparticles, where synergistic effects (electronic 

and geometric effect) between the two metals can occasionally exist. 

 

1.10. Synthesis Method using Urea-Assisted Homogeneous Deposition 

Precipitation- Ethylene Glycol (HDP-EG) Method  

HDP-EG is a simple and efficient approach that has been established for carbon-supported 

Pt nanoparticles (NPs) synthesis. It links Pt complex species homogeneous deposition 

(HD) over a gradual increase of pH recognized by in situ urea hydrolysis and consequent 

uniform reduction by ethylene glycol (EG) in a polyol method. This results in control over 

the size and dispersion of Pt NPs. Figure 1.8 display schematic drawing of HDP set up. 

Apparently, the size of Pt complex species decreases. Likewise, the metallic Pt NP 

decreases by increasing the amount of urea in the starting Pt salt aqueous solution. The 

reduction in the size of the Pt species is most likely due to the two factors including the 

steric contraction effect and the electrostatic charge effect. The pH value can be adjusted 

by tuning the amount of urea added into the starting solution as a replacement for the 

external alkaline solution addition. Interestingly, the HDP-EG method were highly 

dispersed metallic NPs than those prepared by different synthesis methods (NaBH4 

reduction or microwave-assisted EG). Furthermore, narrow particle size distribution in the 
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range of range of 1-4 nm could be obtained applying this method. It is also estimated to be 

effective for synthesis of other Pt-based alloy catalysts and catalysts of metal NPs deposited 

on other supported materials.  

The concept of this approach can be divided in to two steps; during the first step, the urea 

in the acidic Pt salt solution hydrolyzes at a temperature of ≥90 °C to produce OH- gradually 

and homogeneously through the solution. Accordingly, pH will increase suddenly and 

precipitation of Pt(OH)2 in the solution are avoided. 

 

During the second step, EG reducing process, the reduction of the deposited Pt complex 

species to metallic Pt NPs will be achieved by the reducing agent generated in situ by EG 

at a temperature of over 100 °C,  as per the following reactions:  

 

Therefore, for this method, the species and sizes of the Pt(IV) complexes deposited on the 

support significantly are influenced by the OH- concentration generated in reaction 1, and 

consequently by the amount of additional urea in the starting solution.91-93 
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Figure 1.8. Schematic drawing of HDP set up. 

 

1.11. Catalyst Characterization Techniques   

Essentially several research strategies can be applied to investigate the fundamental 

relations between the physicochemical properties of a catalyst material and its catalytic 

activity and selectivity. For this different analytical techniques were used to characterize 

the catalyst physicochemical properties. Each technique provides a different and 

complementary assessment of the catalysts.  

 Scanning Transmission Electron Microscope (STEM)  

The STEM is a tool for the nanostructures characterization, offering a range of different 

imaging modes that have the capability to provide information on the elemental 
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composition and molecular structure at a high sensitivity level to that of a single atom. 

Figure 1.9 presents a schematic drawing of the main components of an aberration-corrected 

dedicated scanning transmission electron microscope. 

Secondary or backscattered electrons detectors in STEM can be used for imaging with 

higher signal levels and better spatial resolution that could be obtained by detecting 

transmitted electrons. 

 

Figure 1.9. Schematic drawing of the main components of an aberration-corrected 

dedicated scanning transmission electron microscope.94 

It is one of the vital advantages of the STEM to have simultaneously functioning multiple 

detectors so the maximum possible information from each scan can be collected. Detector. 

Other detectors are also existing including an energy-dispersive x-ray detector and 

secondary electrons.95 
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 X-ray Diffraction (XRD) 

In general, XRD is the most powerful and non-destructive technique. A significant 

information about the chemical composition and crystallographic structure of natural and 

synthesized materials. In other words, phase identification and quantitative X-Ray 

Diffraction Analysis could be determined. The concept of the XRD technique is that the 

crystal structure consists of planes produced by cyclic atoms arrangements, which have 

capability of diffracting a beam of incident X-rays into many specific directions.  The 

different planes within the crystal have diffraction angles and therefore each compound or 

element has its own characteristic diffraction pattern, therefore allowing the diffraction of 

various structures within the catalyst. The characterization of the crystal structure and the 

chemical phase composition by the diffraction of x-ray beam is measured as a function of 

the angle of the incident beam. Expansion of the diffraction peaks can be used to provide 

estimation of crystallite diameter having crystal domains of greater than 3-5 nm.96 Once an 

X-ray beam hits a sample and is diffracted, the distances between the planes of the 

atoms that constitute the sample can be determined by using Bragg's law (equation 1.1): 

n  = 2 d sin       .1  

Where: n: Order of the diffracted beam,  

: Wavelength of the incident X-ray beam,  

d: d-spacing the (distance between two planes of atoms),  

: Angle of incidence of the X-ray beam (Figure 1.10).   

https://en.wikipedia.org/wiki/Bragg%27s_law
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Figure 1.10. Geometry for interference of a wave scattered from two planes 

separated by a spacing, d. The dashed lines are parallel to the crests or troughs of 

the incident and diffracted wavefronts.97 

Applying Scherrer Equation (1.2)98, the nano-crystallite size can be measured by XRD 

radiation of wavelength from measuring full width at half maximum of peaks in radian 

located at any 2θ in the pattern. 

L
  

K

cos



 
       (1.2) 

Where:  L: crystallite size (nm)  

λ: X-ray wavelength (nm)  

β: the peak width (degree)  

θ: the Bragg angle (degree) 

K: a constant  

 CO Chemisorption  

Isothermal chemisorption analyses are achieved by two chemisorption methods that are 

static volumetric chemisorption, Isothermal chemisorption analyses are achieved by two 

chemisorption methods that are static volumetric chemisorption, and pulse dynamic 
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(flowing gas) chemisorption. The volumetric method is useful for providing a high-

resolution measurement of the chemisorption isotherm from very low to atmospheric 

pressure at temperature from ambient to ≥1000 °C. Pulse chemisorption, a flowing gas 

method, typically is carried out at ambient pressure. A calibrated thermal conductivity 

detector (TCD) is used to determine the quantity of reactant molecules taken up by active 

sites upon each injection. The number of gas chemisorbed molecules is directly correlated 

to the active surface area of active material. The amount of gas chemisorbed per gram of 

sample combined with the information of the stoichiometry of the reaction as well as the 

number of active metal mixed with support material during catalyst preparation allows the 

percent metal dispersion to be estimated. This can be an important indicator of the catalyst 

performance.99  

The metallic dispersion(persentage of serface atoms relative to total metal atoms from 

CO consumption could be determined using the following equation (1.3):100 

% X

a

m

V M
D

V M
       (1.3) 

D: metal dispersion 

M: molar weight of the metal (g mol-1) 

Va: the adsorbed CO volume (ml g-1) 

X: stoichiometric coefficient 

Vm: molar volume (24000 cm3 at 293 K) 

M%: metal weight 
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 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)  

ICP/OES is one of the most powerful and common analytical tools for the detection of 

trace concentrations of elements in a myriad of sample forms. The system is based upon 

the excitation of spontaneous emission of photons from atoms and ions in a RF discharge. 

The system sometimes is called as wet-sampling technique owing to the fact that the 

sample have to be introduced in liquid form for analysis. So samples in liquid form can be 

directly injected into the system, but sample in solid phase needs acid digestion so that the 

analytes will be existing in a solution. Then, the sample solution is transformed to an 

aerosol and passed into the central channel of the plasma. At its central the inductively 

coupled plasma (ICP) withstands a temperature nearly 10000 K, so vaporization of the 

aerosol is quickly taking place. Analyte elements are enlightened as free atoms in the 

gaseous state. Additional energy to the atoms is conveyed by further collisional excitation 

within the plasma, promoting them to excited states. Appropriate energy is often existing 

to transform the atoms to ions and then promote the ions to excited states. Then relaxation 

for both of atomic and ionic excited state species to the ground state may occur via the 

emission of a photon as a light. The intensity of photons have unique energies with that are 

identified by the quantized energy level structure for the atoms or ions. Consequently the 

photons wavelength can be used to detect the originating elements in the sample. The total 

number of photons is directly proportional to the concentration of the existing element.101 

Figure 1.11 presents a diagram for a typical ICP-OES setup. 
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Figure 1.11. Diagram for a typical ICP-OES setup.102 

 

 The Brunauer, Emmett and Teller (BET)  

BET method is the most applicable method for measuring the surface area and porosity of 

powders and porous materials. Knowing surface area and porosity play major roles in the 

purification, processing, blending of chemical products as well as product function, 

efficacy and stability. Nitrogen gas is typically used as the probe molecule and is exposed 

to a solid under examination at liquid nitrogen conditions (i.e. 77 K). The solid surface area 

is estimated from the measured monolayer capacity and information of the cross-sectional 

area of the molecule being used as a probe. Data analysis using this method also offers 

information regarding the physical characteristics of the solid including:  porosity, total 

pore volume (TOPV), and pore size distribution.103  
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Physical adsorptions isotherms plots can be categorized into six types, labelled I through VI as 

presented in Figure 1.12.104,105 Type I represents physisorption on microporous materials with 

extremely fine pores at which Langmuir area can be measured. Type II demonstrates physical 

adsorption upon non-porous or possibly macroporous samples, associated with high energy of 

adsorption. On the other hand, the materials characteristic that are non-porous or macroporous 

and with low energy of adsorption is presented in Type III. The materials that comprise 

mesoporosity and hysteresis generates a Type IV isotherm shape with a high energy of 

adsorption and the one with a low energy of adsorption is represented by Type V shape. The 

calculations were performed using the linearized form of the BET equation as given in 

Equation (1.4).23,104  

1 ( 1)

( )o m m o

P C P

V P P V C V C P


      (1.4) 

 

Where:  

P : pressure (mmHg)  

P° : saturated vapour pressure of gas (mmHg)  

V : volume of gas adsorbed at pressure P (cm3)  

Vm: volume of gas for monolayer formation (cm3)  

C : a constant for a particular system 
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Figure 1.12. Types of adsorption isotherm in the classification of BDDT.104  
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1.12. Research Objective 

One of the main issues that impedes the application of hydrogen storage in the form of 

liquid organic hydrides is the amount of energy required to extract the hydrogen from the 

liquid organic carrier. Traditionally, Pt-based catalyst has been widely used in the industry 

due to its superior activity for MCH dehydrogenation.  However, there have been different 

issues that impedes it use such as cost.  In order to overcome this barrier, the aim of the 

research is to develop a catalyst which would compete with Pt based catalyst. Two primary 

research objectives were considered. The first objective is to investigate the possibility of 

finding an alternative non-noble mono- or bi- metallic to replace the Pt catalysts that can 

have a similar catalytic behavior.” The second research objective was to test the developed 

catalysts for MCH dehydrogenation and compare the results at low and high MCH 

pressure. the last but not least, is to study the kinetics and compare the results with a 

conventional Pt and Ni based catalysts to obtain insight into the nature of catalyst main 

surface reaction mechanism and cause of the deactivation.  

 

1.13. Scope of the Thesis 

This research thesis consists of five chapters that are as follows.  

Chapter 1 is the general introduction which provides a brief background and 

comprehensive literature survey on pros and cons of hydrogen fuel economy, storage and 

different approaches used for this purpose including methylcyclohexane (MCH) 

dehydrogenation on Pt and Ni catalysts, the deactivation mechanisms, and delineates the 

main objectives of this research.  



57 

 

Chapter 2 describes the syntheses of series of supported mono- and bi-metallic 

nanoparticles by employing homogeneous deposition precipitation (HDP) method with  the 

aim of producing highly dispersed metal nanoparticles having tunable size typically <5 nm. 

It details the methodology, characterizations as well as catalytic testing over the developed 

Ni-based catalysts. A combination of experimental and computational methods has been 

applied to investigate the role of Zn over Ni.  

Chapter 3 deals with the development of highly active bimetallic NiZn catalyst by 

employing the knowledge gained from the previous chapter, and investigate the catalytic 

performance over different compositions of the most active bimetallic NiZn catalyst at high 

MCH pressure. The methodology and characterizations involved in each step of 

preparation of bimetallic NiZn supported catalyst has been discussed here in detail. 

Chapter 4 focuses on the long time test to examine the stability of the catalyst, and studies 

the kinetic parameters involved in the reaction including H2, MCH and temperature 

dependence of MCH dehydrogenation. 

Chapter 5 presents a conjunction of experimental and theoretical methods that was applied 

to have deep insight for the role of Zn and distinctive mechanism involved for MCH 

dehydrogenation to toluene (TOL) reaction over Ni based catalysts.  Thus, this work has 

two directions. 

1) Studies the kinetics of cyclohexane (CH) dehydrogenation to benzene (BZ) over 

the Pt, Ni and bimetallic Ni-Zn0.6 based catalysts and compared to that of the corresponding 

MCH reaction.  
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2) Computational method was also conducted to have more understanding on 

electronic/geometric interaction of NiZn, and some thermodynamic aspect of TOL and BZ 

was discussed as well in this context.  

Chapter 6 demonstrates the summary and important conclusions of the present 

investigation, and discusses the remaining problems associated with the theme of the 

project and confers future broad perspectives. 
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CHAPTER 2 

Non-Precious Bimetallic Catalysts for Selective Dehydrogenation of an Organic 

Chemical Hydride System 

2.1. Introduction 

Liquid organic hydride couples, such as methylcyclohexane (MCH) – toluene (TOL), have 

been potential industrial candidates for efficient and safe hydrogen storage and transport. 

The beauty of this LOH process is that the hydrogen is chemically bound to a liquid carrier 

based material such as MCH which has significant advantages over solid or gas. This 

maintains feasible handling of non-gaseous hydrogen, and provides high gravimetric and 

volumetric energy density at ambient pressure and temperature. Consequently, it can be 

directly employed for fuel cell purposes with high purity.1-5 An effective system requires a 

catalyst with high selectivity for the endothermic dehydrogenation reaction which 

heterogeneously catalyzes gas phase reactions at high temperatures under steady-state 

operation shown in Equation 2.1.  

 7 14 7 8 2C H C H 3H   
1

rxn 205 kJ molH      (2.1) 

                          

The model of using MCH has a hydrogen carrier is called as Methylcyclohexane (MCH)-

Toluene (TOL) -Hydrogen (H2) (MTH) cycle. As mentioned in chapter 1, several studies 

have considered the MTH cycle to be the most promising cycle for efficient hydrogen 

storage5. An empirical investigations concerning catalytic dehydrogenation of liquid 

organic hydride such as propane cyclohexane and methylcyclohexane have been reported. 
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Generally, in all cases of dehydrogenation process, the existence of metallic function, 

where the reaction takes place, is crucial6.   Including the pioneering studies by Sinfelt,7-10  

Pt based catalysts have emerged as the most active and selective catalysts for the 

dehydrogenation of cycloalkanes due to its ability to selectively functionalize C-H bond 

cleavage coupled with its poor ability to catalyze the undesired C-C bond breaking 

(hydrogenolysis).11-19  However, due to its high cost and its relative scarcity, which leads 

to limit the entire process, there were several attempts and specific interest to introduce a 

second either noble or non-noble metal to Pt based catalyst making bimetallic system or 

alloy in order to lessen the precious Pt metal content (less cost) as well as to improve the 

performance of the cyclohexane or MCH dehydrogenation or to reduce the precious Pt 

metal content, the promoting effects of a second metal, such as Re,20-22  Ni,23Au,24 and 

Sn,25 were considerably investigated. The results from these studies indicated that 

compared to their monometallic counterparts, bimetallic catalysts typically improve the 

catalytic performance due to the synergetic effects of the enhanced ability for C-H bond 

breaking and desorption of the aromatic product with a minor ability to break the C-C bond. 

This suggests that the second metal acts as a promoter enhancing the activity, selectivity to 

desired product, desorption of aromatic product18 and increased hydrogen evolution.  

 In addition, numerous efforts have been likewise made to utterly substitute Pt with non-

noble mono- or bi-metallic based catalyst, such as Ni based or Cu based catalysts, for 

dehydrogenation reactions.26-31 Ni based catalysts are cost-effective and wide availability 

compere to precious metals but the major limitation with pure Ni based catalysts that 

exhibit a high hydrogenolysis activity (C-C cleavage), which leads to inferior selectivity 

for dehydrogenation.27 This behavior most likely could be promoted by introducing a 
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second metal to Ni based catalyst making bimetallic system or alloy19,30-31 More 

interestingly, it has been reported recently that a combination of Ni which has a d-band that 

is partially filled with another metal (M) having completely filled d-orbitals leads to 

electronic and geometric interaction for the formation of stable bimetallic interaction or 

alloys due to synergetic effect. According to literature,32,33 it was stated that hydrogenolysis 

occurs mainly on the low coordination sites (step, kinks and edges) of the transition metal 

particles, which are the most active sites for C–C bond breaking rather than C–H bond 

breaking. Nevertheless, the rate of hydrogenolysis reaction could be significantly reduced 

by selectively covering the undesirable and reactive sites (e.g., steps) by other suitable 

metal atoms. On the other hand, it was pointed out that since the dehydrogenation reactive 

steps sites on the terraces. It is, therefore, unaffected by covering the reactive steps sites by 

other suitable metal atom. Nevertheless, none of the developed catalysts completely 

suppress unwanted hydrogenolysis side reactions. Based on the progress towards a 

hydrogen-based society, the quest for catalysts for liquid organic hydride systems that can 

technically and economically compete with Pt-based catalysts continues. To tackle this 

challenge, we report the synthesis and experimental and computational characterization of 

Ni-based bimetallic catalysts, which exhibit an unprecedented high selectivity for the 

dehydrogenation of MCH to TOL. 
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2.2. Experimental 

2.2.1. Synthesis Method 

Homogenous deposition precipitation method had been adopted to synthesize mono-

metallic catalysts (Ni, Zn, Sn, Ag, and In) supported on Al2O3 catalysts.34 All the chemicals 

used were purchased from Sigma-Aldrich unless otherwise noted. For the synthesis, 4.73 

g of urea (purity 99.5%) (i.e., molar ratio of urea/M = 100) was dissolved in 100 ml of 

Milli-Q water, and 0.025 M aqueous solution of the metal precursor ((NiCl2∙6H2O (purity 

99.999%), ZnNO3∙6H2O (purity ≥99%), SnCl4.5H2O (purity 98%), AgNO3 (purity 99.8-

100.5%), and InCl3 (purity 99.999%)), which corresponded to a metal content of 10 wt%, 

was added. For the support, Al2O3 (Alfa Aesar, 255 m2 g−1, median pore 70 micron, total 

pore volume 1.14 cc g−1, packing density 0.395 kg L−1) was ground followed by heat 

treatment in static air at 500 °C. Next, 0.90 g of such obtained Al2O3 (218 m2 g−1 by BET 

analysis) was added to the solution containing metal ions. The mixture was maintained in 

a three-neck spherical glass flask (500 ml) under an Ar atmosphere throughout the 

synthesis process to remove oxygen and organic byproducts, with vigorously stirring 

during the entire process. The pH was measured and determined to be 4 at this stage. After 

1 h of stirring, the mixture was heated to 90 °C, which was maintained for 1 h to achieve 

urea hydrolysis under refluxing conditions. The mixture was cooled to room temperature. 

This step was followed by the addition of 100 ml of ethylene glycol (EG, purity ≥99%). 

After stirring overnight at room temperature, the solution was heated to 120 °C and 

maintained for 1 h under refluxing conditions. The obtained slurry was filtered and washed 

with copious amounts of water (600 ml) followed by 100 ml of ethanol (purity 99.96%, 
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VWR chemical). The resulting sample was dried at 70 °C overnight. For the Ni-M 

bimetallic catalysts supported on Al2O3, a 0.025 M aqueous solution of the metal precursors 

corresponding to a total metal content of 8 wt% Ni and 2 wt% M were prepared for 

synthesis (M: Zn, Sn, Ag, and In). In addition, the catalysts were prepared by varying the 

ratio of Ni to Zn in weight percentage (i.e., Ni:Zn = 10:0, 9:1, 6:4, and 0:10).  

 

2.2.2. Catalytic Testing 

The catalytic performance of the various transition metal mono- and bi-metallic based 

catalysts for the dehydrogenation of MCH was conducted in a flow type mode reactor 

under atmospheric pressure. In general, in each experiment, 20 mg of the catalyst were 

pelletized to 150-250 mesh and packed with a small amount of quartz wool in a U-shape 

tubular quartz reactor, which was vertically mounted inside the furnace. Prior to the test, 

the catalysts were reduced in situ for 30 min at 400 °C under a flow of H2 (99.99999%, 

hydrogen generator NMH2 300 DBS analytical instrument, 30 ml min−1) and Ar (purity 

99.9999%, 30 ml min−1). The catalytic reaction was carried out at 300 or 350 °C in the 

presence of both H2 and Ar. The MCH feed was diluted with Ar, which was vaporized in 

a saturator at a temperature of 20 °C prior to feeding to introduce the MCH gas into the 

reactor. The resulting stream was fed into the catalytic reforming reactor. The products 

were detected by an online gas chromatograph (GC-8A Shimadzu) with Chromosorb W 

AW-DMCS equipped with a flame ionization detector (FID).  Figure 2.1 shows a diagram 

for MCH reaction system at low partial pressure using saturator. 
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Figure 2.1. Diagram for MCH reaction system at low partial pressure using saturator.  

 

 

 

2.2.3. Characterizations 

The powder X-ray diffraction (XRD) patterns were measured using a Bruker D8 Advanced 

A25 diffractometer equipped with a Cu-Kα (λ = 0.15418 nm) energy source at 40 kV and 

40 mA. The inductively coupled plasma-optical emission spectrometry (ICP-OES) 

measurements were performed using an ICP-OES 720 series Agilent Technologies. The 

digestion of the material was performed in a microwave digestion oven (model ETHOS 1 

from Milestone). The size of the metal nanoparticles of the synthesized catalysts was 

determined by bright-field transmission electron microscopy (TEM) on a FEI Titan ST 

electron microscope (Cs=1.2 mm; Cc=1.5 mm; 300 kV). Aberration-corrected high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM) was 

performed on a Titan G2 60–300 CT electron microscope at an accelerating voltage of 300 

kV. The electron gun was used in the unfiltered mode, and the probe size during STEM 

analysis was estimated to be approximately 0.5 nm with a beam current of 0.08 nA. CO 

pulse chemisorption was carried out on an Autochem 2950 (Micromeritics, USA). The 
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samples were purged with He (99.9999%, AHG, 40 ml min−1) for 30 min, and then, 

H2 (99.9999% AHG, 40 ml min−1) was introduced into the instrument to reduce the Ni 

catalysts at 400 °C (10 °C min−1) for 1 h. Then He was introduced and the temperature was 

cooled down to at 25 °C. The CO (9.6% CO in He) pulses were intermittently injected into 

the carrier gas, and the CO gas was detected using a TCD. 

2.3. Results and Discussion  

2.3.1. Experimental Approach 

A series of mono- and bi-metallic catalysts were synthesized using a homogenous 

deposition precipitation method (the detailed synthesis procedure is provided in section 

2.2.1). Table 2.1 sumarizes the ICP results obtained after aqua regia acid digestion for 

mono- and bi- metallic catalysts. For bi-metallic catalysts, the metal to Ni ratio was found 

to be in the range (0.1-0.2). The catalytic results of MCH dehydrogenation at 350 °C using 

mono-metallic catalysts (Ni, Ag, Zn, Sn, and In) and bi-metallic catalysts (Ni-Ag, Ni-Zn, 

Ni-Sn, and Ni-In) supported on Al2O3 were presented in Figure 2.2 and Table 2.2 In 

agreement with previous results,1,7 the Pt catalyst used as a reference sample exhibited high 

activity and high selectivity to TOL (99.9%). Group 11-14 (Ag, Sn, Zn, and In) 

monometallic catalysts exhibited negligible MCH conversion (< 1%), which was most 

likely due to the lack of catalytically active d-electron but coupled with the inability to 

promote the undesired C-C breaking event with Ag, Zn and In (byproducts < 4%). 

Alternatively, Ni resulted in a noticeable conversion (36.2%) but low TOL selectivity 

(~67%) with benzene (BZ) and methane (CH4) as the major byproducts, indicative of 

competitive dealkylation of the methyl group on the MCH and/or TOL. 

https://www.google.com.sa/search?espv=2&rlz=1C1CHWA_enSA617SA617&biw=1440&bih=802&q=aqua+regia+acid+digestion&spell=1&sa=X&ved=0ahUKEwjuspry26LOAhXG1hoKHdBBBYEQBQgZKAA
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Table 2.1. Metal content of mono- and bi-metallic catalysts measured by ICP 

analyses.  

Catalyst Metal content (wt%) M/Ni ratio 

Ni M - 

Pt 0 1 - 

Ni 6.7 0 - 

Ag 0 0.5 - 

Sn 0 6.76 - 

Zn 0 8.7 - 

In 0 8.17 - 

Ni-Ag 4.88 0.74 0.15 

Ni-Sn 5.08 1.36 0.27 

Ni-Zn 5.7 3.6 0.57 

Ni-In 5.63 1.26 0.22 

 

At this point, we wondered whether bimetallic Ni-based catalysts would exhibit improved 

performance by coupling the good activity of Ni with the high selectivity of the second 

metal. Notably, the addition of Ag, Sn, Zn, and In (2 wt%) to the Ni (8 wt%) catalyst 

lowered the MCH conversion compared to the Ni monometallic sample, but, in all of the 

cases, the selectivity for TOL improved. Furthermore, a screening test was conducted for 

mono metallic Ni and after adding a second metal to Ni forming bi-metallic Ni-M based 

catalysts. The catalytic test was conducted in the presence and absence of H2. Figure 2.2 

shows the conversion as a function of time at different H2 partial pressure and fixing the 
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MCH partial pressure. Noticeably, in all cases the conversion level was shown to decline 

when reducing the amount of H2 introduced in the feed as a result of deactivation especially 

in the absence of H2. This indicates that the presence of sufficient amount of H2 in the feed 

is crucial in order to facilitate in MCH adsorption/ TOL desorption, and further undergoes 

surface reaction and produces more TOL.  

 

Figure 2.2. (a) Conversion of MCH and (b) selectivity to TOL as a function of time 

using bi-metallic (Ni, Ni-Ag, Ni-Zn, Ni-Sn, and Ni-In) catalysts supported on Al2O3 

(20 mg, 350 °C, 42.9, 28.6, 14.3, 0, 14.3 and 42.9  kPa H2, 1.4 kPa MCH, balance 

Ar, total 101 kPa, 4.76 × 10−6 g h ml−1). 

 

It was also observed that the deactivated catalyst could be partially reactivated by switching 

H2 partial pressure from lower value 5 to 30 kPa. This may suggest the following a) H2 acts 

as a promoter which continuously clean the surface of metallic active sites and minimizes 

the catalyst deactivation; or b) the presence of a reversible structure that can be reactivated 

by re-introducing sufficient amount of H2 in the feed, while other part is hardly to be 

removed.14, 35, 36Among the bimetallic catalysts investigated, the Ni-Zn system exhibited 

high selectivity towards TOL while maintaining high conversion rates, and therefore, this 

system was selected for more detailed characterization. 
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Table 2.2. Catalytic performance for mono-metallic (Ni, Ag, Zn, Sn, and In) and bi-

metallic (Ni-Ag, Ni-Zn, Ni-Sn, and Ni-In) catalysts supported on Al2O3 (20 mg, 

350 °C, 42.9 kPa H2, 1.4 kPa MCH, balance Ar, total 101 kPa, 4.76 × 10−6 g h ml−1). 

Catalyst Conversion 

(%) 

Carbon selectivity (%) 

TOL BZ CH4 

Pt 85.9 99.9 0.1 <0.1 

Ni 36.2 66.9 25.7 5.7 

Ag 0.3 93.8 n.d. 0.4 

Sn 0.9 46.6 50.2 1.8 

Zn 0.1 95.9 0.1 2.8 

In 0.0 91.8 n.d. 3.5 

Ni-Ag 14.7 71.7 21.2 6.1 

Ni-Sn 16.0 93.2 5.2 1.4 

Ni-Zn 32.2 96.6 2.7 0.4 

Ni-In 9.8 99.5 0.4 0.1 

 

Next, we prepared the catalysts with various Ni/Zn ratios. Table 2.3 lists the metal content 

determined by inductively coupled plasma (ICP) and metal dispersion measured by a CO 

pulse adsorption technique. The addition of Zn reduced the metal chemisorption properties 

per Ni. This result most likely indicates that Zn occupies the surface Ni sites to avoid 

interaction with the CO molecules based on the lack of chemisorption by the Zn 

monometallic catalyst, which is consistent with previous results.37,38 The MCH 

conversion as a function of time for the Ni, NiZn0.1 and NiZn0.6 samples at 300 °C 

is shown in Figure 2.3 (a). The Ni and NiZn0.1 catalysts were comparable in their 
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conversion levels even though the CO chemisorption capacity was ~40% lower with 

NiZn0.1 than with Ni. NiZn0.6 having lower metal dispersion exhibited a relatively 

lower conversion than these two samples but not to the extent that was expected by 

the CO chemisorption capacity, which was 6.2 times lower for NiZn0.6 than for Ni. 

This result suggests that the NiZn bimetallic catalysts exhibit a relatively high 

turnover frequency based on the CO chemisorption capability. All of the catalysts 

exhibited relatively stable performance with ~10% conversion loss after 500 min. 

Table 2.3. Metal content and CO chemisorption. 

Sample 
Metal content (wt%) Zn/Ni 

(mol) 

CO ads. 

(μmol g−1) 

Dispersiona 

(%) Ni Zn 

Ni/Al2O3 6.7 0 0 69.9 6.1 

NiZn0.1/Al2O3 6.5 0.8 0.11 48.3 4.4 

NiZn0.6/Al2O3 4.7 3 0.57 11.3 1.4 

Zn/Al2O3 0 8.7 - n.d.b - 

                      a Dispersion is calculated based on the CO/Ni = 1 

 b n.d.: not detected. 

                       

Figure 2.3 (b) shows the selectivity towards TOL as a function of time under the 

same conditions as those employed in Figure 2.3 (a). In the beginning, all of the 

catalysts exhibited improvement in the TOL selectivity, suggesting reconstruction 

of the surface active sites occurred during the catalysis. Reduction of metal during 

the reaction was unlikely for the reason because the reduction temperature (400 °C) 

was much higher than the reaction temperature (300 °C). In the literature,39 it was 
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proposed that dehydrogenation proceeds on the carbonaceous deposited surface, 

causing induction period. In some cases, the observed dehydrogenation rate was 

higher than the clean surface based on the induction period.40 Understanding the 

phenomena during this induction period requires additional detailed investigation. 

However, the bimetallic catalysts exhibited obvious improvement in TOL 

selectivities.  

 

Figure 2.3. (a) Conversion of MCH and (b) selectivity to TOL as a function of time 

using Ni/Al2O3, NiZn0.1/Al2O3, and NiZn0.6/Al2O3. 20 mg of catalyst, 400 °C for H2 

reduction, 300 °C for reaction, 42.86 kPa H2, 1.37 kPa MCH at 20 °C, 4.76 × 10−6 

g h ml−1.  

 

 

The Ni/Al2O3 sample exhibited a low selectivity to TOL (i.e., ~60%). The addition 

of 10 mol% Zn to the Ni catalyst resulted in minimal but obvious improvement in 

the selectivity to ~75%. When the NiZn0.6/Al2O3 catalyst was employed, the TOL 

selectivity was substantially improved to 99%.  
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Figure 2.4. (a) Selectivity to TOL as a function of MCH conversion for Ni/Al2O3 

and NiZn0.6/Al2O3. 5, 20, 100, 200 and 500 mg of catalysts, 400 °C for H2 reduction, 

300 °C for reaction, 50 kPa H2, 2.4 kPa MCH, 2.08 × 10−6 - 2.08 × 10−4 g h ml−1. 

(b) A simplified reaction scheme. 

 

 

For better comparison of TOL selectivity at different conversion levels, the space 

velocity was varied by changing the catalyst loading in the reactor. Figure 2.4 (a) 

shows a comparison of the TOL selectivity as a function of conversion. For the Ni 

catalyst, the selectivity extrapolated to zero conversion did not reach 100%, 

suggesting that the hydrogenolysis (C-C cleavage) of MCH to CH4 and cyclohexane, 

in a first step, and then cyclohexane to benzene via dehydrogenation of cyclohexane 

occurs.41 In contrast, for the NiZn0.6 sample, the selectivity to TOL reaches nearly 

100% at low conversion, which indicates the complete suppression of MCH to 

CH4/benzene and selective TOL formation (dehydrogenation product). The loss of 

selectivity using NiZn0.6 may be due to the transformation of TOL to CH4 (0.09%) 

and benzene (0.56%) under the conditions investigated. For the Ni-only catalyst, the 

TOL selectivity decreased to 18.8% at a higher conversion of 97.9%. This poor 

selectivity originates from large rate constant for the secondary reaction of TOL to 
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BZ and CH4. In contrast, NiZn0.6 maintains a high selectivity (90.0%) at high 

conversion (97.7%), which demonstrates minimized contribution for the secondary 

conversion of TOL and its potential for use as a highly selective catalyst under the 

same experimental conditions. The promotion effect due to the addition of Zn to Ni 

may be due to changes in the electronic/geometric and adsorptive properties, which 

promotes C-H cleavage rather than C-C cleavage, reported for various other 

hydrocarbon reactions (cyclohexane to benzene via dehydrogenation of cyclohexane 

occurs). 33,32,41-45   

Typical high-resolution transmission electron microscopy (HRTEM) and Scanning 

transmission electron microscope (STEM) images for the Ni and Ni-Zn0.6 based catalysts 

after reduction at 400 °C are shown in Figures 2.5. The metal nanoparticles correspond to 

the black dots in the HRTEM mode in all of the samples, and the size of the nanoparticles 

were determined to be approximately 2-5 nm irrespective of these samples. The 

introduction of Zn had a minor influence on the size of the metal nanoparticles. 

Differentiation between the Ni and Zn elements was difficult due to their comparable 

electron densities.  
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Figure 2.5. Representative HRTEM (Top) and STEM (Botom) images of (a) 

Ni/Al2O3 and (b) Ni-Zn0.6/Al2O3 reduced at 400 °C.  

 

 

The XRD patterns of the reduced Ni, Zn and Ni-Zn0.6 samples supported on Al2O3 are 

shown in Figure 2.6. For the Ni/Al2O3 catalyst, peaks are expected at a 2θ of 44.4, 51.8 and 

76.3 for metallic Ni, which was difficult to identify because of high background originating 

from Al2O3. For the Zn/Al2O3 catalyst, the small peaks shown in the XRD patterns 

suggested the presence of hexagonal ZnO. It was challenging to clearly distinguish between 

Ni and Zn supported Al2O3 due to the very small crystallite size (approximately 2 to 5 nm) 

confirmed by HRTEM (Figure 2.5).  
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Figure 2.6. Powder XRD patterns of the reduced mono- and bi-metallic Ni-based 

catalysts: (a) γ-Al2O3, (b) Ni/Al2O3, (c) NiZn0.1/Al2O3, (d) NiZn0.6/Al2O3 and (e) 

Zn/Al2O3. 

 

 

The metallic (or alloy) peaks were not clearly visible and overlapped with the peaks of the 

γ-Al2O3 support. For the Zn/Al2O3 catalyst, the minor peaks observed in the XRD patterns 

suggested the presence of hexagonal ZnO, which was less evident in the NiZn0.6 sample. 

For NiZn/Al2O3, XRD pattern does not provide clear evidence for phase identification. 
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2.3.2. DFT Calculation Approach 

Understanding the impact of the catalyst structure on the activity and selectivity of 

hydrogenolysis vs. dehydrogenation of hydrocarbons is fundamental for the 

development of improved catalysts. Nørskov and coworkers reported that a NiZn 

alloy can be a selective catalyst for the hydrogenation of acetylene in the presence 

of ethylene.43 This claim was based on the hypothesis that ethylene 

adsorption/hydrogenation can be particularly competitive at steps and other low-

coordinated sites on the catalyst surface and these sites could be poisoned by Zn. In 

addition, the same step and low-coordinated sites were associated with C-C bond 

breaking.27,46 This scenario suggests that Zn could poison low-coordinated C-C bond 

breaking sites in our nanoparticle NiZn catalysts. To support this hypothesis, we 

performed density functional theory (DFT) calculations. Initially, we modeled a 55 

Ni atom cluster with icosahedron and cuboctahedron symmetries (Figure 2.7). The 

icosahedron structure was more stable than the cuboctahedron structure by 3.75 

eV,47,48 and therefore, we focused on the icosahedron structure in the following Zn 

substitution study. Next, we modeled a series of Ni54Zn clusters where a Zn atom 

replaced a Ni atom in an icosahedron Ni55 cluster at different positions. On the 

surface, which corresponds to the second Ni shell, the Zn atom can be placed on a 

corner or an edge. The geometries with the Zn atom at these two positions possess 

the same stability (i.e., Zn on the edge is only 0.01 eV higher in energy, see Figure 

2.7. Taking the geometry with Zn at the corner as a reference at 0 eV, the geometry 

with the Zn atom in the first coordination shell is 1.63 eV higher in energy, and the 

geometry with the Zn atom at the center of the cluster is 1.51 eV higher in energy. 
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Overall, these results indicate that the Zn atom prefers to be on the surface rather 

than in the core of the NPs, and this result was confirmed with cluster sizes of 13, 

55 and 147 atoms. 

 

Figure 2.7. Site preference of Zn replacing one Ni in a Ni55 icosahedron cluster. The 

energies relative to this cluster are presented.  

 

 

Ni (hkl) surfaces with a Zn atom: 

To determine the stabilities of the possible geometrical configurations occurring at the 

surface of Ni/Zn alloys, we modeled the effect of replacing one Ni atom by a Zn atom. 

Specifically, we considered the (100), (111) and (211) Ni facets (Figure 2.8). The first two 

facets are flat but have different atom densities with the highest density on the (111) facet 

and different binding sites (i.e., 4-fold and 3-fold sites on the (100) and (111) facets, 

respectively). The (211) facet is stepped with 3 different types of Ni atoms that range from 

highly saturated at the bottom of the step to highly unsaturated at the ridge of the step. 
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Although we have clear evidence that with the high Zn concentrations on the surface, the 

real alloys will result in surfaces that cannot be represented by a model consisting of a 

single Zn atom on a pure Ni surface, these models can offer insights of local situations (i.e., 

if the Zn prefers to sit on flat surfaces, leaving the step sites to the Ni, or vice versa). 

 

Figure 2.8. Side and top views of the (100), (111) and (211) facets of the fcc Ni 

crystal. 

 

In this section, one Ni atom on the surface was replaced by one Zn atom. The optimization 

of the structures leads to a slight geometrical deformation with a small displacement in the 

Zn atom out of the (100) and (111) surfaces. This result is reasonable based on the 

difference between the atomic radii of Ni and Zn (i.e., 124 pm for Ni compared to 134 pm 

for Zn). From an energetic perspective, the energy of substitution (ESub) was calculated as 

expressed in Equation. 2.2 

Nin(hkl) + Zn = Nin-1Zn(hkl) + Ni (2.2) 
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The ESub values calculated for the different facets are reported in Table 2.4. Using the 

lowest ESub, which corresponds to the replacement of a Zn atom on the ridge of the (211) 

facet and the geometry indicated as Position 1 in Figure 2.9, the relative stability of the 

different facets with a Zn atom can be calculated using Equation 2.3, and these values are 

reported in Figure 2.7. 

ESub (hkl) = ESub (hkl) – ESub (211)/1 (2. 3) 

 

Figure 2.9. Side and top views of the (100), (111) and (211) facets of fcc Ni crystal 

where one Ni atom is replaced by a Zn atom. Only one atom has been replaced, and 

the second atom shown in the side view is due to the periodicity of the slabs. 
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Table 2.4.  Preferred Zn site tested by replacing one Ni atom with a Zn atom on the three 

surfaces (i.e., (100), (111) and (211)). The number of atoms and cell parameters for each 

surface are listed. E is the total energy of the system, and ESub is the energy difference 

between that of the system with one Ni atom replaced by a Zn atom and that of the pure Ni 

system. 

Surface 

N. atoms 

(Ni/Zn) 

a (Å) b (Å) c (Å) ϒ (˚) E (eV) ESub(eV) 

Ni(100) 36/0 

7.34 7.34 15.13 90 

−177.41 - 

Ni(100)/Zn 35/1 −174.11 3.30 

Ni(111) 48/0 

9.85 9.85 15.93 120 

−236.55 - 

Ni(111)/Zn 47/1 −233.19 3.36 

Ni(211) 27/0 

7.34 6.03 21.73 90 

−131.99 - 

Ni(211)/Zn1 26/1 -128.80 3.19 

Ni(211)/Zn2 26/1 -128.64 3.35 

Ni(211)/Zn3 26/1 -128.38 3.61 
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2.4. Summary 

The following could be drawn as a conclusion of this chapter: We rationally designed 

and confirmed that a Ni-based bimetallic catalyst offers an attractive solution for the 

selective dehydrogenation of MCH to TOL. Among the bimetallic catalysts 

investigated, the Ni-Zn based catalyst revealed high selectivity towards TOL while 

maintaining high conversion rates, and therefore, this system was selected for more 

detailed characterization. The NiZn0.6/Al2O3 catalyst exhibited outstanding 

performance with a slightly reduced conversion coupled with excellent selectivity 

compared to that of the corresponding Ni/Al2O3 catalyst. The results from DFT 

calculations suggest that the main role of Zn is poisoning of the low-coordinated 

sites where C-C bond breaking preferentially occurs, which improves the selectivity 

and leaves Ni atoms in the center of the facets of the nanoparticles performing the 

dehydrogenation. This study provides an economically viable catalyst with good 

performance as well as a clear route for the design of even more selective catalysts 

to challenge the established role of expensive Pt-based catalysts. 
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CHAPTER 3 

Bimetallic NiZn based Catalysts for Selective Dehydrogenation of 

Methylcyclohexane at Higher MCH Pressure 

 

3.1. Introduction 

In chapter 2, NiZn based catalyst system for MCH dehydrogenation at low pressure was 

found to be very attractive and promising. It exhibited outstanding performance with 

excellent selectivity compared to that of the corresponding Ni/Al2O3 catalyst. Since the 

catalyst selectivity for this reaction may drop considerably with an increase in reaction 

pressure, it would be very interesting to consider carrying out experiments at higher and 

practical pressure. As mentioned in chapter 2, the MCH feed was diluted with Ar, which 

was vaporized in a saturator at room temperature prior to feeding into the reactor system. 

In this chapter, therefore, an effort has been made to achieve this ambitious goal of 

performing MCH dehydrogenation reactions at higher pressure.  An experimental system 

has been re-designed to efficiently work under high pressure. The saturator that was 

utilized was replaced with required high efficiency fluid vaporization. Further details are 

provided later in this chapter. 

Herein, catalytic screening has been carried out for MCH dehydrogenation at higher 

pressure over a different Ni/Zn ratios based catalysts. The performance of the Ni based 

catalysts has been compared with the previous experimental results done under low 

pressure. In addition, most active catalyst has been characterized thoroughly to have a 

better understanding on the physical and chemical nature of the tested catalysts. 
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3.2. Experimental  

3.2.1. Synthesis Method 

Various ratio of Ni to Zn based catalysts used in this study were synthesized using a 

homogenous deposition precipitation method (the detailed synthesis procedure and 

relevant details are provided in the chapter 2).1  

3.2.2. Catalytic Test 

The catalytic performance of the various transition metal mono- and bi-metallic based 

catalysts for the dehydrogenation of MCH was conducted in a flow type mode reactor 

under atmospheric pressure. In general, in each experiment, catalysts were pelletized to 

150-250 mesh and packed with a small amount of quartz wool in a U-shape tubular quartz 

reactor, which was vertically mounted inside the furnace. Before the catalytic test, the 

catalysts were reduced in situ at 400 °C for 30 min under a flow of H2 (99.99999%, 

hydrogen generator NMH2 300 DBS analytical instrument, 30 ml min−1) and Ar (purity 

99.9999%, 30 ml min−1). The catalytic reaction was carried out at 300 °C in the presence 

of both H2 and Ar. As mentioned previously, the catalytic reactor system has been 

redesigned to work under high pressure. The feed (MCH) was pumped by a vaporizer from 

the reservoir through the reactor and the flow was regulated by mass flow controllers. 

Moreover, the overall outlet lines of the catalytic reactor system were heated up in order to 

keep the reactant generating by the Brooks DLI vaporizer in gas phase and prevent reactant 

condensation when passing through lines to GC. It should be mentioned that the vaporizer 

consists of atomizer as well as recirculating heat exchanger with operational heat transfer 
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design. This is to rapidly allow vaporizing the mixture of liquid and carrier gas. The 

resulting stream was fed into the catalytic reforming reactor. The products were detected 

by an online gas chromatograph (GC-8A Shimadzu) with Chromosorb W AW-DMCS 

equipped with a flame ionization detector (FID). A schematic diagram of high pressure 

MCH reaction system is presented in Figure 3.1. 

 

 

 
 

 

Figure 3.1. Schematic diagram of high pressure MCH reaction system.2  

 

 

 

3.2.3. Characterizations 

The catalysts were characterized usung several techniques such as powder X-ray 

diffraction (XRD), Inductively coupled plasma-optical emission spectrometry (ICP-OES) 

measurements, and CO pulse chemisorption, bright-field transmission electron microscopy 

(TEM) and Aberration-corrected high-angle annular dark-field scanning transmission 
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electron microscopy (HAADF-STEM)  that were previously described elsewhere (see 

chapter 2). Additionally, The STEM-EELS SI datasets were acquired to have L23 edge of 

Ni (Ni-L23) at the energy loss of 855 eV, the L23 edge of Zn (Zn-L23) at the energy-loss 

of 1020 eV, and the K-edge of Al (Al-K) at the energy-loss of 1560 eV. These acquired SI 

datasets were then processed to generate the Ni, Zn, and Al maps by using Ni-L23, Zn-

L23, and Al-K edges, respectively. The entire data acquisition and analysis were carried 

out in Gatan Microscopy Suite (GMS) of version 2.3 from Gatan, Inc. Moreover, the total 

amount of coke deposited on the pre-reduced fresh, spent was measured by temperature 

program oxidation (TPO). After the reaction, catalyst was taken out of the reactor and 

transferred to a tubular quartz reactor with a thermocouple at the top of the catalysts layer. 

1% O2/Ar (with a total flow rate of 20 ml min-1) was switched to the reactor at the 

temperature and the catalyst was heated up to 800 °C (heating rate 10 °C min-1). During 

the experiment, CO and CO2 originating from coke deposited were converted to CH4 

(through a methanizer), and quantified by a gas chromatograph with a flame ionization 

detector (FID). The area under the TPO curve (CO2 signal vs. time) is proportional to the 

total amount of carbon deposited. 

3.2.4. Results and Discussion  

Screening tests were performed on the newly installed reactor system at MCH pressure of 

10 kPa on different compositions of NiZn based catalysts. The catalytic results of MCH 

dehydrogenation using the various ratio of Ni to Zn supported on Al2O3 were shown in 

Figure 3.2. In agreement with the previously established behavior, all various ratio of Ni/Zn 

based catalysts evidently showed outstanding selectivity to TOL (≥ 99%) with close 
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conversion level compared to pure Ni based catalyst. On the other hand, Ni resulted in a 

lowest TOL selectivity (~97%) with BZ and CH4 as the major byproducts, suggesting 

competitive dealkylation of the CH4 group on the MCH and/or TOL.3-5 Comparing our 

results with the previous one done in old reactor system at lower MCH pressure, the 

conversion level is found to be decreased almost one order of magnitude lower.  

 

 
 

Figure 3.2. (a) Conversion of MCH and (b) Selectivity to TOL as a function of time 

for Ni/Al2O3 NiZn0.1/Al2O3, NiZn0.6/Al2O3 and NiZn1/Al2O3, 20 mg of catalysts, 400 

°C for H2 reduction, 300 °C  for reaction, 30 kPa H2, 10 kPa MCH,  3.3 × 10−6 g h 

ml−1.  

 

This could be attributed to the accumulation of hydrocarbon species on the active sties 

which can result in a reduction in conversions. Moreover, this investigation differs 

considerably from those reported in the previous chapter. It relatively involves a different 

ratio of H2 to MCH in the feed which could make a difference in conversion level. The most 

promising research findings that the excellent selectivity was well maintained even at 

higher pressure. NiZn0.6 and NiZn1 showed almost comparable performance in terms of 

conversion and selectivity. However, NiZn0.6 based catalysts was selected for further 

investigation. For good comparison of TOL selectivity at different conversion levels, the 
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space velocity was changed by varying the catalyst amount loading in the reactor.  A 

comparison of the TOL selectivity as a function of conversion is given in Figure 3.3.  

 
 

Figure 3.3. Selectivity to TOL as a function of MCH conversion  for NiZn0.6/Al2O3. 

5, 20, 100, 200 and 500 mg of catalysts, 400 °C for H2 reduction, 300 °C for reaction, 

30 kPa H2, 20 kPa MCH, 8.3 × 10−7 - 8.3 × 10−5 g h ml−1.   

 

Selectivity of  NiZn0.6 catalysts, the selectivity to TOL reaches nearly 100% for each 

conversion level (at a given space velocity) at MCH pressure of  20 kPa kept which point 

to the selective TOL formation (dehydrogenation product) and inhibition of side reactions 

to CH4/benzene (hydrogenolysis products. The activity of the catalyst for MCH is quite 

low at low space velocity (higher amount of catalyst). This poor conversion level may 

result from blocking the available active sites by hydrocarbon species from reactant or 

products at higher pressure6. Table 3.1 sumarizes the the metal content obtained by ICP 

and metal dispersion quantified by a CO pulse adsorption technique for various ratio of Ni 



96 

 

to Zn based catalysts. According to the ICP analyses, the  ratios of Zn to Ni were found to 

be in the range (0.1-1 mole ratio). 

Table 3.1. Metal content and CO chemisorption for mono-metallic Ni and bi-metallic 

(NiZn0.1, NiZn0.6 and NiZn1) catalysts supported on Al2O3. 

 

Sample 

Metal content (wt %) 
Zn/Ni 

(mole ratio) 

CO ads. 

(μmol g−1) 

Dispersion 

(%) Ni Zn 

Ni/Al2O3
a 6.7 0 0 69.9 6.1 

NiZn0.1/Al2O3
a 6.5 0.8 0.11 48.3 4.4 

NiZn0.6/Al2O3
a 4.7 3.0 0.57 11.3 1.4 

NiZn1/Al2O3 1.3 1.4 0.95 2.4 1.1 

 

a Data is taken from chapter 2, it is presented here again for only comparsion purpose with 

NiZn1/Al2O3.  

We found in chapter 2 that CO chemisorption property for Zn/Ni ratio from 0.1 to 0.6 was 

reduced (see Table 3.1). Further decrease in the metal chemisorption properties per Ni was 

also observed by increasing the molar ratio of Zn/Ni to 1 reaching 2.4 μmol g−1. This 

observation further supports our previous results in (Chapter 2). It was shown that Zn is 

preferred to be located in the surface of Ni atoms and to avoid interaction with the CO 

molecules based on the weak chemisorption properties by the Zn monometallic catalyst.1,7 

Typical STEM images for the NiZn1 based catalysts after reduction at 400 °C are shown 

in Figure 3.4. The STEM for the other Zn/Ni ratios was already provided in chapter 2. The 

XRD patterns of the reduced Ni, Zn and the various ratio of Zn/Nil (0.1-1 molar ratio) 
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samples supported on Al2O3 are shown in Figure 3.5.  Both XRD pattern and STEM image 

of NiZn1 (Figure 3.5) were in agreement with the small particle size (ranging from 2 to 5 

nm) obtained in previous chapter. 

 

 

 

Figure 3.4.  STEM images and particle size distribution histogram of the pre-reduced 

fresh catalysts, NiZn1/Al2O3. 
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Figure 3.5. Powder XRD patterns of the reduced mono- and bi-metallic Ni-based 

catalysts: (a) γ-Al2O3, (b) Ni/Al2O3, (c) NiZn0.1/Al2O3, (d) NiZn0.6/Al2O3, 

NiZn1/Al2O3 (e) and (f) Zn/Al2O3. Note  (a), (b) , (c) and (d) are taken from chapter 

2, it is presented here again for comparsion purpose with NiZn1/Al2O3.  

 

 

Based on our endeavor for finding the suitable Zn/Ni ratio that provides the high 

performance toward MCH dehydrogenation, the NiZn0.6 was still considered to be the 

suitable ratio and therefore was selected further investigations. Next, some 

characterizations were also done on the spent NiZn0.6 catalysts to identify any variation of 

the catalysts after testing. Figure 3.6 showed STEM analysis for the fresh and spent 
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catalysts after the catalytic testing for 2 h and 24 h. The bimetallic nanoparticles NiZn0.6 

correspond to the bright dots in the STEM mode in all of the catalysts, The distribution of 

these bimetallic nanoparticles were measured and found to be almost identical (ca. 2-5 nm) 

irrespective of these samples, this means no apparent differences found between the fresh 

and spent catalysts.  

  

  

Figure 3.6. Representative STEM images and particle size distribution histogram of 

the NiZn0.6/Al2O3 catalysts, (a) used (after 2 h reaction), and (b) used (after 24 h 

reaction).  

 

 

This may suggest that the catalysts are still catalytically active toward MCH 

dehydrogenation reaction. No coke was observed by STEM which may suggest that the 

capability of the STEM at high magnification (small scale) could not detect the little 

amount of coke that may exist. The STEM image for fresh NiZn0.6/Al2O3 is provided in 
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chapter 2. Elemental mapping by electron energy loss spectrum (EELS) analysis was 

employed to further characterize the structure and composition of the used NiZn0.6/Al2O3 

catalyst and confirm the distribution of Ni and Zn atoms. From Figure 3.7, it was observed 

that Al (blue), Ni (red), and Zn (green) atoms are all dispersed in the matrix.  

 

 

 

Figure 3.7. Elemental mapping by EELS of used sample for Al map (blue) , Ni map 

(red), Zn map (green) and Al, Ni and Zn as composite map for the corresponding 

STEM image (top left) shown in bottom right.  

 

XRD was also carried out on the spent catalysts to determine any change in crystal/ particle 

size after the catalytic testing as shown in Figure 3.8. The peak positions of all the catalysts 

are found to be comparable. Consistent with the small particle size obtained from the 

STEM images, the metallic (or alloy) peaks of both catalysts were not clearly visible and 

overlapped with the peaks of the γ-Al2O3 support as reported8. 
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Figure 3.8. Powder XRD patterns of the (a) Al2O3, NiZn0.6/Al2O3, (b) pre-reduced 

fresh,  (c) used (after 2 h reaction) and (d) used (after 24 h reaction). 

 

The deposited coke produced during the reaction could block the active metal site, thus we 

need to identify any kind of coke if existing. To investigate the nature and amount of coke, 

TPO analysis was implemented on the fresh and spent -alumina catalysts. As can be seen 

from Figure 3.9, the TPO curves possess peak, representing the deposition of coke on the 

active sites (300–500 °C). The pre-reduced fresh NiZn/Al2O3 catalyst with no reaction 

exhibits almost no TPO peaks, which is logical. The TPO analysis out on supported 
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material after the reaction at the same reaction condition showed a broad O2 consumption 

in the range (300-500 °C) with a total amount of coke which was about 0.5%.  

 

Figure 3.9. TPO profiles of the pre-reduced fresh and spent NiZn0.6/Al2O3 catalysts.  

 

However, both spent catalysts after 2 and 24 h of reaction displays peak in the range 100-

200 °C, which could not be observed in the case of the pre-reduced fresh NiZn/Al2O3 

catalyst and only support. For further investigation and to identify the source of peak that 

was appeared at lower temperature, TPO was measured on the spent NiZn/Al2O3 catalyst 

after the dehydrogenation reaction at lower temperature (100 °C) which means zero 
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conversion level. The result displays peak in the range 100-200 °C which considered very 

low temperature for coke formation9. This peak may imply that adsorption of MCH 

molecules species that not strongly bind to the catalyst. The total amount of coke was 

measured and found to be as expected very small for reduced fresh catalyst (0.2%), whereas 

it was slightly higher and comparable for both spent catalysts (0.7%). This suggests that 

the catalyst performance remain active and stable leaving the coke level unchanged even 

after 24 h reaction.  
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3.3. Summary 

The following could be drawn as a conclusion of this chapter: We confirmed that a NiZn 

bimetallic supported on Al2O3 catalyst displayed exceptional performance for the selective 

dehydrogenation of MCH to TOL even at higher pressure up to 20 kPa. The excellent 

performance obtained by NiZn catalyst was accompanied with a slightly reduction in MCH 

conversion level at higher MCH pressure. The study did not provide any evidence for the 

presence of neither major amount of coke nor growth or sintering of metallic particles. The 

cause of reduced conversion level could be attributed to accumulation of hydrocarbon 

molecules on active sites. Studying the kinetics of MCH dehydrogenation would be crucial 

to give more understanding on the nature of catalysts surface.   
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CHAPTER 4 

Distinctive Kinetics on Ni-based Bimetallic Catalysts for Hydrogen Evolution via 

Selective Dehydrogenation of Methylcyclohexane to Toluene 

 

4.1. Introduction 

Hydrogen (H2) is an environmentally attractive fuel and a primary energy carrier, 

especially when produced from renewable energies. It links a host of energy sources to 

various mobile application and should enable a secure and clean energy future.1-4 It can be 

correspondingly released for a use in a fuel cell to power an electrical engine with a superior 

efficiency.5,6 The key to use H2 on a large scale, however, relies on its safe and efficient 

storage, transportation and distribution. Liquid organic hydride, such as 

methylcyclohexane (MCH) – toluene (TOL) cycle, stores H2 in the form of chemical bonds, 

and is highly effective for long-distance transport and successive use as a H2 source for, 

e.g., fuel cells.7-9 The H2 supply cost from liquid organic hydrides is reported to be 20 and 

30% lower than compressed hydrogen and liquefied hydrogen, respectively.10 In spite of 

its technical, economical, and environmental advantages, the implementation of this 

technology still suffers from a high H2 release energy, due to the large dehydrogenation 

enthalpy.11,12 Moreover, the development of a highly active and selective dehydrogenation 

catalysts with low deactivation rate is crucial for industrial applications. Therefore, the 

development of a mechanistic kinetic model for the selective dehydrogenation of MCH to 

TOL (without introducing the undesired breaking of the exocyclic C-C bond of TOL) over 

any developed catalyst is the first step to tackle these technical restrictions, which provides 
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insight into the reaction mechanism and can be accurately extrapolated beyond the range 

of experimental data.  

Ni-based bimetallic catalyst has been reported in previous chapter to offer an attractive 

solution for the selective dehydrogenation of MCH to TOL, which may potentially compete 

with Pt based catalyst.13 We reported that the NiZn0.6/Al2O3 catalyst exhibits an exceptional 

performance with a slightly reduced conversion coupled with superb selectivity compared 

to that of the corresponding Ni/Al2O3 catalyst.13 

The detailed mechanistic understanding is required to enhance the performance of the NiZn 

catalyst. The kinetics and reaction mechanism of MCH dehydrogenation to TOL over Pt-

based catalysts were extensively investigated over the past decades by many researchers.14-

20 Literature derives different rate expressions over Pt/Al2O3. Pioneer works by Sinfelt and 

coworkers14-15 reported zero reaction order with respect to both MCH and H2 under the 

following conditions (temperature range of 315 - 372 °C, MCH partial pressure of 7 - 222 

kPa, and H2 partial pressure of 111- 415 kPa).The activation energy was found to be 33 kJ 

mol-1. These kinetics led to a proposal for the rate determining step being desorption of 

TOL. Jossens and Petersen16 and Van Trimpont et al.17 consistently suggested that MCH 

dehydrogenation exhibits to be first order kinetics with respect to MCH at low MCH partial 

pressure (< 50 kPa) but gradually drops to zero order with increasing MCH partial pressure.  

The activation energy measured by Van Trimpont et al.17 under the following conditions 

(temperature range of 309 - 410 °C, MCH partial pressure of 15 - 150 kPa, and H2 partial 

pressure of 400- 2000 kPa was found to be 133 kJ mol-1 In some research studies, a TOL 

inhibition effect was reported,14,16,21,22 while the others suggested the absence of TOL 

inhibition.17,23 As per Jossens and Petersen16, product inhibition is observed below 80 kPa 
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H2 partial pressure. The effect can be expressed empirically as toluene concentration to the 

negative fraction order. Under the reaction conditions of 350 °C and 53 kPa H2 pressure, 

1.3 - 4 kPa MCH. Jossens, Petersen and Jothimurugesan et al.21 demonstrated that the 

retarding effect of toluene on the dehydrogenation rate is due to the competitive adsorption 

between MCH and toluene for the available active sites on the catalyst surface. The 

inhibition effects of adsorbed hydrogen on the MCH dehydrogenation rate were also 

reported at high H2 partial pressure (> 500 kPa).17,23 Van Trimpont et al.17 indicated that 

the negative order with respect to H2 is not ascribed to competitive hydrogen adsorption on 

the metallic active site but it is originated from the contribution of a dehydrogenated 

surface intermediate in the rate-determining step.  

The kinetics of MCH dehydrogenation over bimetallic catalysts, such as Pt-Re/Al2O3, has 

also been investigated by many researchers.17,22-25 Similarly to dehydrogenation by 

Pt/Al2O3, contrasting conclusions emerge from literature also from the kinetic analysis of 

MCH dehydrogenation over Pt-Re/Al2O3. Van Trimpont and coworkers17 reported similar 

zero dependency of MCH partial pressure on the dehydrogenation rate was observed, while 

Re addition makes the rate insensitive to H2 partial pressure, consistent with the report by 

Jothimurugesan and co-workers. The activation energy was also measured in range from 

325 - 425 °C, MCH partial pressure of 2-15 kPa, and and H2 partial pressure of 15 - 85 kPa  

found to be 51.9 kJ mol-1.21 The activation energy measured by Pal and his colleagues24 

and found to be 56.4 kJ/ mol, which is very close to the one described by Jothimurugesan 

et al.21 The partial substitution of Pt by Re was considered to alter the rate-determining step 

from dehydrogenation of methylcyclohexadiene into TOL to the dehydrogenation of MCH 

into methylcyclohexene.17 TOL inhibition over Pt-Re/Al2O3 is also a matter of argument. 
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Some studies stated the presence of TOL inhibition,17,21 while the others reported no TOL 

inhibition.18,22 For example, the toluene inhibition effect was stated by Van Trimpont et 

al.17 over bimetallic Pt-Re/Al2O3  under the following conditions (temperature range 354- 

446 °C, MCH partial pressure of 15- 150 kPa, and H2 partial pressure of 400- 2000  

kPa),and the reaction order with respect to TOL is negative and attributed to strong toluene 

adsorption on the surface of active metal. This suggests that in the case of bimetallic 

catalyst, the mechanism could be changed from the one reported for the monometallic Pt 

based catalysts.17, 26
  

The majority of the literature on the kinetics of dehydrogenation of liquid organic hydrides 

is focused on Pt-based catalysts, whereas very little information is provided in the literature 

for the dehydrogenation using Ni-based catalysts27. It was reported that the Ni catalysts led 

to loss of selectivity to desired aromatic products by forming CH4 (cracking products).28 

As for the Pt-based catalysts, controversy in the reaction kinetics also exists in the literature 

for the Ni-based catalysts. Focusing on the kinetics of cyclohexane (CH) dehydrogenation,  

it was reported27 that BZ has inhibition effect on the dehydrogenation rate, but H2 does not, 

while other researchers reported an opposite effect.29-31 Balandin made a comparative 

kinetic study of dehydrogenation of CH and MCH over Pt and Ni catalysts and measured 

similar activation energy.30,32 For instance, R. Ross and J. Valentine measured  the 

activation energy  over Ni-on-silicon catalysts for cyclohexane dehydrogenation 

(temperature range 150 - 220 °C), of 30 ±2 kcal mole-1, which is very close to the one 

described by Sinfelt and coworkers.14 Nevertheless, no existing literature has focused on 

studying the kinetics of liquid organic hydride dehydrogenation over bimetallic Ni based 

catalysts. 
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It should be mentioned that there have been two cases proposed for the reaction mechanism 

for MCH dehydrogenation;31, 33,34 in case I, if the MCH adsorption is reversible, aromatic 

would be anticipated to relocate the surface intermediate relatively readily and inhibit the 

rate strongly. So the reaction take place according to this model:  

Adsorption of MCH (M) (equation 4.1): 

1* *kM M       (4.1) 

Surface reaction and desorption of TOL (T) (equation 4.2): 

2* *kM T        (4.2) 

Hence (equation 4.3):   

1
2

11
M

M

k P
r k

k P


                                                                           (4.3) 

As for the case II, if the MCH adsorption is irreversible and proceed through a number of 

steps that are not significant to adsorbed TOL which is considered the most abundant 

surface intermediate (masi) and leaves surface irreversibly, aromatics would then compete 

only on equal terms with adsorbed TOL and inhibit the rate. 

Adsorption of MCH (M) (equation 4.4): 

1
* *

k
M M       (4.4) 

Several irreversible steps to form T*, the masi T* then desorb (equation 4.5): 

2
* *

k
T T        (4.5) 

So, the reaction take place according to this model becomes (equation 4.6); 
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The aim of this work is to investigate the kinetics of dehydrogenation of MCH over our 

developed bi- metallic Ni-Zn based catalyst and compare it with the corresponding reaction 

order on Pt and Ni based catalyst. This includes some experimental and computational 

characterizations to give insight for the nature of surface, main reaction mechanism and 

cause of minor deactivation.  

 

4.2. Experimental 

4.2.1. Synthesis Method 

NiZn0.6/Al2O3 and Ni/Al2O3 catalyst used in this study were prepared  using a homogenous 

deposition precipitation method (the detailed synthesis procedure  and relevant 

characterizations is provided in the chapter 2).13 The commercial 1 wt% Pt/Al2O3 was 

obtained from Sigma-Aldrich, 3.2 mm, pellets and used for comparison. 

 

4.2.2. Kinetic Study   

A long term life test was conducted on the developed catalyst NiZn0.6/Al2O3 at 300 °C for 

approximately 400 h under the following conditions (100 mg of catalysts, 400 °C H2 

reduction, 300 °C reaction, 30 kPa H2, 10 kPa MCH, 1.7 × 10−5 g. h ml−1). All experiments 

were carried out in a in a flow type mode reactor and testing at atmospheric pressure. Each 

catalyst used in the study were first pelletized and packed in a U-shape tubular quartz 

reactor (more details is provided in chapter 2). Prior to the test, the catalysts were reduced 

in situ for 30 min at 400 °C (673.15 K) under a flow of H2 (99.99999%, H2 generator NMH2 
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300 DBS analytical instrument, 30 ml min−1) and Ar (purity 99.9999%, 30 ml min-1). 

During the catalytic reaction, the catalysts were tested for activity in high MCH pressure 

with a total pressure up to 100 kPa in a setup previously described elsewhere (chapter 3). 

Since most studies have been applied using Pt and Ni based catalysts, the same experiments 

were carried out using a commercial Pt/Al2O3 and in house synthesized Ni/Al2O3 catalysts 

for comparison.  

The effect of H2/MCH partial pressure 

The H2 MCH partial pressure dependence were investigated at 300 °C by varying the H2 

(5-40%) partial pressure and holding other experimental variables fixed constant (partial 

pressure of MCH kept (10%) balanced with Ar), and inversely when studying the MCH 

partial pressure. The MCH partial pressure was varied in the range from (1.5-20%) partial 

pressure keeping constant partial pressure of H2 (30%) balanced with Ar. The products of 

the dehydrogenation reaction were first subjected to quantification analysis by an online 

gas chromatograph (GC-8A Shimadzu) with Chromosorb W AW-DMCS equipped with a 

flame ionization detector (FID). To assure accurate catalytic activity, the kinetic study has 

been taken after 12 hours so in this interval the catalyst has already been stabilized.  

The effect of temperature 

This experiment was conducted under isothermal conditions at a temperature range 300- 

360 °C (633.15 - 573.15 K) and atmospheric pressure and the relevant activation energy 

was measured accordingly. The feed composition was kept constant and consist of 10 kPa 

of MCH and 30 kPa of H2, balanced with Ar. 
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4.3. Results and Discussions 

4.3.1. The Life Time Test 

The developed catalyst NiZn0.6 supported on Al2O3 was subjected to A long-term 

evaluation test as an extended study to evaluate three key factors (activity, stability and 

selectivity) for approximately 100 h. Interestingly, the results showed that the developed 

catalyst was thermally stable, relatively unchanged despite a loss of 25% of its activity and 

maintaining the same high selectivity of > 99% during the investigated period as can be 

seen in Figure 4.1.  

 

  
 

Figure 4.1. Life time test of the NiZn0.6/Al2O3 catalyst during 100 h, Conversion of 

MCH and (b) Selectivity to TOL. 100 mg of catalysts, 400 °C H2 for reduction, 300 

°C for reaction,  30 kPa H2, 10 kPa MCH, 1.7 × 10−5 g h ml−1.  

 

4.3.2. The Effect of MCH Partial Pressure  

Figure 4.2 (a) showed a comparison of conversion level a function of MCH partial pressure 

at 300 °C for Pt/Al2O3, Ni/Al2O3 and NiZn0.6/Al2O3, respectively. It was observed that all 

of three catalysts behave similarly with respect to MCH partial pressure dependence. It can 

be seen that the MCH conversion has a negative effect with increasing the MCH partial 
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pressure. Interestingly, the selectivity remain almost the same for each individual catalysts 

with the presence of trace amount of BZ and CH4 as the main byproducts. A comparison 

of catalytic results of MCH dehydrogenation at 300 °C using Pt, Ni and NiZn0.6 supported 

on Al2O3 is shown in Table 4.2.     

 

 

Figure 4.2. (a) Conversion of MCH, (b) Rate of MCH and (c) TOF as a function of 

MCH partial pressure using Pt/Al2O3, Ni/Al2O3 and NiZn0.6/Al2O3, 20 mg of 

catalyst, 400 °C for H2 reduction, 300 °C for reaction, 30 kPa H2, 1.5-20 kPa MCH, 

3.3 × 10−6 g h ml−1. 

 

As for the rate, insignificant enhancement of the conversion rate was observed with 

increasing the MCH partial pressure up to 5 kPa Figure 4.2 (b) This may be due This may 

be due to weak adsorption of MCH on the active site in the presence of small concentrations 

of MCH along with sufficient amounts of H2 (30 kPa). However the saturation occurs at 
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higher MCH partial pressure (≥ 10 kPa), and approaches to a linear relationship for the 

reaction rate. This suggests that the catalyst losses some of its activity due to of 

accumulation of strongly adsorbing species from the reactant stream or adsorbed toluene, 

which might block some of surface active sites. Moreover, the formation of these 

hydrocarbon molecules or radical from MCH or possibly TOL by different degree of 

dehydrogenation would inhibit the dehydrogenation rate as reported by several 

researchers.14-16,22, 26,35  

Table 4.2. The effect of MCH partial pressure on the catalytic performance. 

Catalyst 

 

Conversion 

(%) 

Carbon selectivity 

(%) 

TOL BZ CH4 

Pt/ Al2O3 5-32 99.98 0.01 < 0.1 

Ni/Al2O3 2-13 92.8-98 1.5-6 1.2-0.4 

NiZn0.6/Al2O3 1.6-8 99.4-99.7 0.2-0.5 < 0.1 

 

Consequently, the reaction is a fraction order with respect to MCH partial pressure ranging 

from 2.5 to 7 kPa but becomes zero order at higher concentrations of MCH. Figure 4.2 (c) 

shows turnover frequency (TOF), which is corresponding to the rate of MCH conversion 

per available Pt or Ni site, as a function of MCH pressure measured by TEM.  It is apparent 

that the TOF of the Pt/Al2O3 (~1.4 s-1 ± 0.1) was one order of magnitude higher than that 

of mono- and bi- metallic Ni based catalyst (0.04 s-1 ± 0.01). In fact, he TOF obtained for 

Pt/Al2O3 was higher than the reported value by Sinfelt.15 
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4.3.3. The Effect of H2 Partial Pressure  

H2 partial pressure dependence were carried out in the kinetic region with relatively low 

MCH conversions (below 10%). Figure 4.3 (a) shows the catalytic activities as a function 

of varying the H2 partial pressure in MCH dehydrogenation reaction over the Pt, Ni-Zn0.6, 

and Ni supported on Al2O3 catalysts. It should be observed that all catalysts had the same 

trend and showed minor gradual decrease when decreasing the partial pressure of H2 over 

the range of investigation (5-40 kPa). As for the selectivity to TOL, it still remains the same 

for each individual catalyst with minor loss apparently originated from formation of more 

cracking products mainly BZ and CH4 at lower H2 partial pressure. Table 4.3 below lists a 

comparison of catalytic results of MCH dehydrogenation at 300 °C using Pt, Ni and Ni-

Zn0.6 supported on Al2O3. The response of the MCH dehydrogenation rate to the change in 

H2 partial pressure for Pt/Al2O3, Ni/Al2O3 and NiZn0.6/Al2O3, is shown in Figure 4.3 (b). 

As it can be seen that the rate of dehydrogenation was found to be not highly influenced 

by varying H2 partial pressure. The reaction order for Pt/Al2O3 was measured accordingly 

and found to be almost zero order dependence. This means that the amount of H2 introduced 

to the reactor with MCH in the case of Pt/Al2O3 did not have any effect on the reaction rate. 

It is however essential having sufficient amount of H2 in order to maintain a constant 

catalyst activity. Generally, the rate of dehydrogenation was enhanced with increasing H2 

pressure. This observation may contradict the general principles of the MCH 

dehydrogenation as H2 is a “product of dehydrogenation”. Nevertheless, the same 

observation was reported by Rohrer and Sinfelt36 and Jossens and Petersen16 on Pt/Al2O3 

catalyst. 
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Figure 4.3. (a) Conversion of MCH, (b) Rate of MCH and (c) TOF as a function of 

H2 partial pressure using Pt/Al2O3, Ni/Al2O3 and NiZn0.6/Al2O3, 20 mg of catalyst, 

400 °C for H2 reduction, 300 °C for reaction, 5-40 kPa H2, 10 kPa MCH, 3.3 × 10−6 

g h ml−1. 

 

 

 

Table 4.3. The effect of H2 partial pressure on the catalytic performance. 

Catalyst 

 

Conversion 

(%) 

Carbon selectivity 

(%) 

TOL BZ CH4 

Pt/Al2O3 9.4-10.7 99.9 0.1 <0.1 

Ni/Al2O3 1.9-4.6 97.3-97.8 1.7-2 0.3-0.7 

NiZn0.6/ Al2O3 1.6-4.3 99.4-99.7 0.2-0.5 0.4-0.2 
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The reason behind the above statement which may indicates that the presence of H2 is 

essential H2 which facilitates in MCH adsorption/ TOL desorption, and further undergoes 

surface reaction and help to produce more TOL. Figure 4.3 (c) shows TOF as a function of 

H2 as a pressure. Comparable TOFs were observed for each individual catalyst as 

mentioned in previous section (4.3.2).   

Nevertheless, it was reported for Pt/Al2O3 that a certain layer of carbon on metal surface 

could be useful for keeping constant activity and stability.37,38 As for Ni/Al2O3 and the 

developed NiZn0.6/Al2O3 catalysts, both exhibited almost similar behavior with respect to 

H2 partial pressure dependence. It was observed using both catalysts that the rate declined 

slightly when decreasing the concentration of H2 which reflects a positive kinetic positive 

order (nearly half order) with regard to H2 pressures. This suggests a different tendency for 

H2 partial pressure compared to our developed system. This is could be due to the fact that 

the hydrocarbons chemisorption on metals is accompanied by extensive decomposition to 

form H-deficient surface residues as claimed in the literature.36 Moreover, the nearly half 

order of H2 could be also caused by dehydrogenation of TOL which produces a H-deficient 

surface species.39 Therefore, the role of introducing sufficient amount of H2 seems to be 

one of residue removal thus maintaining the metallic surface to be more effective for 

catalytic reactions. It was also noted that the activity of NiZn0.6/Al2O3 catalysts declined 

gradually by decreasing the amount of H2 from 40 to 5 kPa. The cause of this reduction in 

activity could be due to formation of H- deficient surface residue which might lead to 

deactivation eventually as reported previously.21   



119 

 

 

Figure 4.4. Conversion of MCH as a function of time NiZn0.6/Al2O3, 20 mg of 

catalyst, 400 °C for H2 reduction, 300 °C for reaction, 5-40 kPa H2, 10 kPa MCH, 

3.3 × 10−6 g h ml−1. 

 

However, the deactivated catalyst could be partially reactivated by switching H2 partial 

pressure from lower value 5 to 30 kPa as it can be seen in Figure 4.4. This may suggest the 

following19,36 (a) H2 acts as a promoter which continuously clean the surface of metallic 

active sites and minimizes catalyst deactivation, (b) the presence of a reversible structure 

that that can be reactivated by introducing sufficient amount H2 in the feed, while other 

part is challenging to be removed, or (c) the presence of sufficient amount of H2 is crucial 

as it could help in eliminating the adsorbed hydrocarbon from the surface by 

dehydrogenation that in could inhibit the chemisorption of MCH40.  

Overall, a zero order with respect to H2 pressure for Pt based catalysts was determined. 

However, both Ni and NiZn0.6 based catalysts behave similarly and exhibited a nearly half 

order with respect to H2 pressure. It was also observed that al catalysts behave similarly 

with respect to MCH partial pressure a fraction order over the whole pressure range 
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investigated and zero order at higher MCH pressure. Based on our findings, a unique 

reaction mechanism as involved in the MCH dehydrogenation is found using our developed 

NiZn0.6/Al2O3 catalyst that is relatively altered to that reported for the Pt/Al2O3.
14

 Figure 

4.5 presents schematic illustration of proposed mechanism for MCH dehydrogenation over 

bimetallic NiZn based catalyst.  

 

 

Figure 4.5. Proposed mechanism for MCH dehydrogenation over bimetallic NiZn0.6 

based catalyst. 

 

Our finding suggests that the dehydrogenation reaction may preferentially proceeds on CH4 

group of MCH (cleavage of the MCH C-H bond from the methyl group) which as this 

position is easy to be broken comparing to the aromatic ring itself as discussed in the 

litreture.22,41,42 After formation of the adsorbed TOl, there might be two cases; either TOL 

is produced or possibly it could produce H-deficient molecule instead by dehydrogenation 

of TOl (losing one H from TOl molecules). If the latter occurs, it would be strongly attached 

to the available metal surface sites of the NiZn catalyst which might require more H2 to be 

desorbed and formed TOL. Understanding the mechanism requires further detailed 

investigation. 
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4.3.4. The Effect of Temperature 

In the present study, the temperature dependence for MCH dehydrogenation were 

investigated. The TOF profile was changed with temperature as shown in the Arrhenius 

plot (Figure 4.6). It exhibits an increasing trend of the TOF with increasing temperature. It 

was confirmed that the TOF for the Pt/Al2O3 was nearly one order of magnitude higher 

than our developed Ni based catalysts. The activation energy (Ea) for the reaction over the 

three catalysts (Pt/Al2O3, Ni/Al2O3 and NiZn0.6/Al2O3) were measured by applying the 

Arrhenius equation below from an Arrhenius plot of In k vs. 1/T (equation 4.7). 

 (4.7)     

 

    ln / 1/ ln(

:    constant       

:           

:        

 :      

a

a

k E R T A

k rate of a chemical reaction

R is the universal gas constant

E is the activation energy

A is the pre exponential factor

  





122 

 

 

Figure 4.6. Temperature dependence for MCH dehydrogenation, TOF as a function 

of Arrhenius plot for Pt/Al2O3 Ni/Al2O3 and NiZn0.6/Al2O3 catalysts, 400 °C for H2 

reduction, 300-360 °C for reaction, 30 kPa H2, 10 kPa MCH, 3.3 × 10−6 g h ml−1. 

 

The activation energy for Pt/Al2O3 and Ni/Al2O3 were also considerably measured as they 

are widely investigated (particularly Pt/Al2O3). Noticeably, it was found that the activation 

energies were 58.6 (±6) and 71.7 (±7) kJ mol-1, respectively. An activation energy of 80 

(±8) kJ mol-1 was obtained for NiZn0.6/Al2O3. It was evident that the activation values for 

Pt/Al2O3 and Ni/Al2O3 found to be lower comparing to the one obtained for NiZn0.6/Al2O3 

system. It should be noted that the value obtained for Pt/Al2O3 was in close agreement with 

the literature, in particular to the value of 58.6 kJ mol-1 reported by Pacheco and Petersen 

over 0.3 %Pt - 0.3 %Re/Al2O3 catalyst.21,22,24,39 The higher activation energy obtained for 

our developed NiZn0.6/Al2O3 catalyst could be attributed to a different heat of  adsorption 

and desorption. 
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4.4. Summary 

The following could be drawn as a conclusion of this chapter: The review of the literature 

has revealed that there is an enormous disagreement in proposing the kinetic mechanism 

of the MCH dehydrogenation reaction. There is no agreement on the rate-determining step 

and the inhibition caused by the toluene. Describing the kinetic mechanism depends on the 

range of operating conditions as well as the catalyst used in the study. The developed 

NiZn0.6 supported catalyst relatively exhibited high thermal stability and selectivity up to 

100 h. The kinetic analysis of MCH dehydrogenation reaction reveals a zero order kinetics 

with respect to MCH pressure at high pressure (≥ 10 kPa) for the three catalysts.  However, 

the catalysts behave differently with respect to H2 pressure. Nearly zero order kinetics for 

Pt supported catalyst were observed, whereas it was found nearly first order kinetics were 

observed for NiZn0.6 and Ni and based catalysts. The Ni based catalysts have noticeable 

deactivation at lower concentrations of H2. However, the deactivation could be partially 

prevented by the addition of sufficient amounts of H2. Our finding suggests a distinctive 

reaction mechanism on the surface of Ni based catalyst compared to what was reported in 

the literature. It may demonstrate the essential role played by H2 in maintaining the active 

metallic surface from the H-deficient surface species that could be produced via further 

dehydrogenation of TOL. 
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CHAPTER 5 

Kinetics on Ni-based Bimetallic Catalysts via Selective Dehydrogenation of 

Cyclohexane to Benzene 

 

5.1. Introduction 

The previous chapter have investigated the distinctive kinetics on Ni-based bimetallic 

catalysts for selective dehydrogenation of MCH to TOL. The developed catalyst was 

subjected to long term deactivation tests and the activity and selectivity of the catalyst was 

compared with conventional and commercial Pt/Al2O3 and in-house synthesized pure 

Ni/Al2O3 catalyst. This was followed by carrying out Kinetics study that involved studying 

the effect of reactant partial pressure including MCH and H2 as well as studying the effect 

of temperature to determine the activation energy. This investigation was very helpful to 

propose the reaction mechanism over NiZn supported catalyst and compare it with the 

corresponding conventional Pt/Al2O3 and in-house synthesized pure Ni/Al2O3 catalyst.  

Here in this chapter, we investigated the kinetics of cyclohexane (CH) dehydrogenation to 

benzene (BZ) over the Pt, Ni and bimetallic Ni-Zn0.6 based catalysts and compared to that 

of the corresponding MCH reaction. CH dehydrogenation could be also a potential 

approach for H2 storage. However, like the dehydrogenation of MCH, the CH 

dehydrogenation is endothermic reaction as shown in equation 5.1.           

 6 12 6 6 2C H C H 3H    
1

rxn 206 kJ molH    1              (5.1) 
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It is not preferred due to issue associated to environmental regulations as reported 

previously in chapter 1.2,3 This study would be very interesting as the products of both 

reactions (TOl and BZ) are obviously closely related species. For that purpose, a 

combination of experimental and computational characterizations would be involved 

in order to give insight for the impact of absence methyl group on dehydrogenation of 

CH to BZ on the main reaction mechanism. As reported previously, the hydrogen 

evolution rate from cycloalkanes greatly is influenced by the reaction temperature and 

the nature of the catalysts involved. Noble metal catalysts, particularly Pt metallic 

catalysts, have been investigated intensively and have shown high catalytic activities 

to the dehydrogenation of cycloalkanes.4-6 Moreover, few studies were also done on 

non-noble metal-based catalysts, particularly Ni, are attractive due to their low cost and 

similar catalytic activity.1 However, the data available in the literature for the kinetics 

of cyclohexane dehydrogenation over Ni based catalysts disclose inconsistent order 

dependence for the various parameters on the reaction rate. Blanding7 investigated the 

absence of retardation by H2 but retardation by benzene whereas Ross and Valentine8 

described a contrary effect. Viswanathan and Yeddanapalli9 deliberated the kinetics of 

cyclohexane dehydrogenation on three various nickel catalysts. The dehydrogenation 

reaction exhibited a first order dependence with regard to partial pressure of CH, zero 

order dependence on benzene and a first or fractional order dependence on H2 partial 

pressure.  

It is commonly believed that the existence of a methyl substituent on the benzene ring 

lead to stabilization of  the adsorbed π complex with the resulting introduction of a 

higher energy barrier for aromatic ring hydrogenation. Therefore, It has been stated that 



129 

 

the hydrogenation rate has tendency to decrease in the order benzene > toluene > p-

xylene > m-xylene > o-xylene.10  

In the literature, sixteen different reaction models were assessed for benzene and 

toluene hydrogenation over a group of supported Pt catalysts. For benzene 

hydrogenation on the Pt surface, only one model was matching with all the data-that 

which proposed by Lin and Vannice11,12 derived the addition of the first H atom to the 

aromatic ring as the rate-determining step (RDS). However, the simultaneous 

formation of a predominant H-deficient surface species was deliberated the most 

abundant reaction intermediate (MARI). This model also defined hydrogenation of 

toluene on Pt. and the H-deficient species was shown to be the phenyl (Or tolyl) 

group.13,14 Moreover, Maatman et al.15 suggested that the dehydrogenation reaction of 

cyclohexane on Pt/Al2O3 may be controlled by a surface reaction including reaction 

intermediates such as cyclohexene or cyclohexadiene. Furthermore, Blakely and 

Somorjai16, have reported that the loss of first hydrogen molecule is considered as the 

rate-determining step for dehydrogenation of cyclohexane reaction over a platinum 

single crystal surface. Saeys et al.17supported the above experimental findings by 

performing DFT calculations for dehydrogenation of cyclohexane on a single Pt 

crystal. It has been proposed that the relative reduction rate is influenced by the steric 

interference caused by the methyl substituents inhibiting ready attack of the hydrogen 

on the benzene nucleus or by steric interference by the methyl groups with activated 

adsorption of the benzene ring on the active catalyst surface. This latter form of 

hindrance has to be reflected in the relative ease of adsorption of different 

methylbenzenes on the active site of the catalyst surface. It was found that the ease of 
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adsorption decreases, with the increase in steric hindrance. Consequently, a 

measurement of the relative ease of adsorption of benzene and its methyl substituted 

derivatives should facilitate one to examine the relation between steric influence on 

adsorption and reduction rate.18 We reported that the NiZn/Al2O3  catalyst exhibits an 

exceptional performance coupled with superb selectivity compared to that of the 

corresponding Ni/Al2O3 catalyst.19 This has been mostly ascribed to the generation of 

selective surface by poisoning of the unselective step sites of Ni by Zn, as predicted by 

DFT.19 Nørskov and coworkers described the selectivity of NiZn alloy catalyst for the 

hydrogenation of acetylene in the presence of ethylene.20 The proposed mechanism was 

based on the adsorption properties of ethylene, which can be particularly competitive 

at step sites and other low-coordinated sites on the catalyst surface and these reactive 

sites could be poisoned by the addition of Zn. This assumption proposes that Zn could 

alter the Ni surface by poisoning low-coordinated C-C bond breaking sites.21-24  

 

5.2. Experimental 

5.2.1. Synthesis Method 

NiZn0.6/Al2O3 and Ni/Al2O3 catalysts used in this study were prepared in a similar manner 

described previously (the detailed synthesis method and relevant characterizations is 

provided in in chapter 2).19 Relevant information about the source of the commercial 1 

wt% Pt/Al2O3 used is also mentioned in chapter 4.  

 



131 

 

5.2.2. Kinetic Study   

We systematically investigate the kinetics of CH dehydrogenation on the prepared 

NiZn0.6/Al2O3 catalysts. Firstly, life tests have been conducted to evaluate the activity and 

selectivity. Then, we studied the effects of H2 /CH partial pressures and temperature on the 

dehydrogenation of CH. The kinetic studies in this chapter were performed in the same 

manner as in chapter 4. Here, we use CH as reactant instead of MCH (chapter 4) to 

investigate its influence on the mechanism of dehydrogenation.  

 

5.2.3. Computational Details  

We performed electronic structure calculations based on Density Functional Theory (DFT) 

using the revised Perdew-Burke-Ernzerhof (revPBE) exchange-correlation functional as 

implemented in the VASP code25-28. Plane-wave basis sets (with a kinetic energy cutoff of 

350 eV 29) describe the valence electrons: 10 electrons of Ni (3d84s2) and 12 electrons of 

Zn (3d104s2). We employed a 0.1 eV smearing of the Fermi-level and (8×8×8) K-points for 

bulk calculations and (4×4×1) for surfaces. The core electrons were replaced by projector 

augmented wave (PAW) pseudopotentials.30,31 The relaxation of the atomic positions in 

the supercell occurred until the energy differences were smaller than 0.01 eV/Å. With this 

setup, we simulated the electronic structure of Ni/Zn alloys using the cluster expansion 

(CE) method.32,33 This method consists on the search for stable substitution of Ni atoms by 

Zn atoms in Ni nanoparticles (NP). We considered 55 and 147 Ni atoms NP.34,35 To 

investigate the possible impact of Zn alloying on the electronic structure of Ni, we 

compared the density of states (DOS) of Ni/Zn alloys with increasing Zn content. Namely, 

we considered Ni/Zn compositions of 100/0, 75/25, 50/50, 25/75, 0/100. The structure of 
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Ni/Zn alloys were modeled using the special quasirandom structures (SQS) proposed for 

the study of properties of fcc-based alloys.36 To investigate the preferential sites for Ni 

substitution by Zn atoms we considered a cluster and a surface model. The cluster model 

was represented by Ni55 and by Ni147 NPs. For the Ni55 NP we compared the icosahedral 

and the cuboctahedral geometries.37,38 Since the icosahedral geometry is more stable than 

the cuboctahedral geometry by 3.75 eV, we considered only the former geometry for the 

Ni147 NP. As VASP is a periodic code, these NPs were placed in a repeating cubic box with 

an edge large enough to prevent interactions between the images (more than 10Å between 

successive images). The surface model was represented by slabs of four atomic layers 

corresponding to the (100) facet of Ni. We used a p (3×3) supercell with a vacuum in the 

direction perpendicular to the surface of 12 Å. To investigate different aspects of MCH to 

TOL conversion, we compared the relative stability of various key intermediates, which 

can be formed in the course of the reaction, adsorbed on the (100) facet of Ni. 

 

 

5.3. Results and Discussion 

5.3.1. The Life Time Test 

 

Figure 5.1 exhibit the stability and the selectivity of the NiZn0.6 based catalyst as a 

function of time on stream for CH dehydrogenation reaction that was performed for 

approximately 100 h. The results revealed that the developed catalyst was thermally stable, 

fairly unaffected in spite of losing of 11% of its activity and maintained constant high 

selectivity which was nearly 99.9%. A slight enhancement in catalyst conversion level 

(nearly 3% higher) and selectivity (about 99.9%) was observed for CH dehydrogenation 
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comparing to its performance for MCH dehydrogenation (chapter 4). This may be ascribed 

to the absence of other side reactions. 

 

Figure 5.1. Life time test of the NiZn0.6/Al2O3 catalyst during 100 h, Conversion of 

CH and (b) Selectivity to TOL. 100 mg of catalysts, 400 °C for H2 reduction, 300 

°C  for reaction,  30 kPa H2, 10 kPa CH, 1.7 × 10−5 g h ml−1  

 

 

5.3.2. The Effect of CH Partial Pressure  

The conversions  (wt%) are plotted as a function of CH partial pressure (kPa) for Pt/Al2O3, 

Ni/Al2O3 and NiZn0.6/Al2O3, respectively are presented in Figure 5.2 (a). As it can be seen 

that all of three catalysts have similar tendency with respect to CH partial pressure 

dependence. We found that the concentration of CH was inversely proportional to the 

amount of CH converted. We observed a gradual decay in CH conversions with the increase 

in the partial pressures of CH. We obtained BZ as the major product with a selectivity of 

99.9% on all the measured catalysts. The catalytic performance of Pt, Ni and NiZn0.6 

supported on Al2O3 when subjected to various CH partial pressure at 300 °C are shown in 

Table 5.1. 
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Table 5.1. The effect of CH partial pressure on the catalytic performance. 

Catalyst 

 

Conversion 

(%) 

BZ selectivity 

(%) 

Pt/ Al2O3 5.98-38.98 99.9 

Ni/Al2O3 2.29-10.55 99.9 

NiZn0.6/Al2O3 2.64-19.28 99.9 

 

 

 

The plot of forward reaction rate (µmol g-1 s-1) against CH partial pressure (kPa) for 

Pt/Al2O3, Ni/Al2O3 and NiZn0.6/Al2O3 catalysts are illustrated in Figure 5.2 (b). We 

observed an acceleration of initial rate at low partial pressures of CH up to 5 kPa which 

then reached the steady state at higher CH pressures (5-20 kPa) and become 

independent. Our results demonstrate that nearly zero to fraction order dependence of 

CH partial pressure on the CH dehydrogenation reaction. This results are in accordance 

to that observed for MCH dehydrogenation (Chapter 4). This may indicate that the 

metallic surface was covered with benzene based on chemisorbed properties of benzene 

which can be removed by the H2 present in the stream.6,9,39 To quantifies the specific 

activity per available metallic active sites, the turnover frequency (TOF) measured by 

TEM. TOF as a function of MCH pressure is presented in Figure 5.2 (c). The TOF of 

the Pt/Al2O3 (~1.5 s-1 ± 0.10) was in good agreement with reported value by Sinfelt.40  

Remarkably, we found that TOF of the Pt/Al2O3 was one order of magnitude higher 

than that of mono-metallic Ni (0. 04 s-1 ± 0.003), and bi- metallic NiZn based catalysts 

(0.04 s-1 ± 0.5, depending on pressure).  
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Figure 5.2. (a) Conversion of CH, (b) Rate of CH and (c) TOF as a function of CH 

partial pressure using Pt/Al2O3, Ni/Al2O3 and NiZn0.6/Al2O3, 20 mg of catalyst, 400 

°C for H2 reduction, 300 °C for reaction, 30 kPa H2, 1.5-20 kPa CH, 3.3 × 10−6 g h 

ml−1. 

 

To quantifies the specific activity per available metallic active sites, the turnover frequency 

(TOF) measured by TEM. TOF as a function of MCH pressure is presented in Figure 5.2 

c). The TOF of the Pt/Al2O3 (~1.5 s-1 ± 0.10) was in good agreement with reported value 

by Sinfelt.40  Remarkably, we found that TOF of the Pt/Al2O3 was one order of magnitude 

higher than that of mono-metallic Ni (0.04 s-1 ± 0.003), and bi- metallic NiZn based 

catalysts (0.04 s-1 ± 0.5, depending on pressure).  
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5.3.3. The Effect of H2 Partial Pressure  

In this section, we vary the partial pressures of H2 to understand the relevance of H2 on 

dehydrogenation of CH. Figure 5.3 (a) displays conversion of CH and (b) rate as a function 

of H2 partial pressure using Pt/Al2O3, Ni/Al2O3 and NiZn0.6/Al2O3. For Pt/Al2O3 catalyst, 

the plots were generally found to be constant within the pressure range investigated which 

suggests that the H2 is kinetically irrelevant hence the amount of H2 was not crucial to keep 

the catalyst activity. For mono- and bi metallic Ni based catalysts, a slight improvement in 

conversion level and rate were achieved by the presence of more H2 in the stream. A 

comparison of catalytic performance based varying H2 partial pressure using Pt, Ni and 

NiZn0.6 supported on Al2O3 is presented in Table 5.2. 

Table 5.2. The effect of H2 partial pressure on the catalytic performance. 

Catalyst 

 

Conversion 

(%) 

BZ selectivity  

(%) 

Pt/ Al2O3 10.3 99.9 

Ni/Al2O3 2.7-4 99.9 

NiZn0.6/Al2O3 2.4-3.7 99.9 

 

 

Turnover frequency TOF as a function of H2 pressure is shown in Figure 5.3 (c). The results 

as discussed previously can be classified into two cases: the first case, the TOF of the 

Pt/Al2O3 (~1.4 ± 0.03 s-1) which was almost close to the reported one.40 it was found by 

comparison that TOF of the Pt/Al2O3 was one order of magnitude higher than that of Ni 

based catalysts. On the other hand, comparable TOFs with similar pressure dependencies 



137 

 

were obtained for mono-metallic Ni (0. 03 ± 0.01 s-1), and bi- metallic NiZn based catalysts 

(0.04 ± 0.1 s-1, depending on pressure). 

 

 

 

Figure 5.3. (a) Conversion of CH, (b) Rate of CH and (c) TOF as a function of H2 

partial pressure using Pt/Al2O3, Ni/Al2O3 and NiZn0.6/Al2O3, 20 mg of catalyst, 400 

°C for H2 reduction, 300 °C for reaction, 5-40 kPa H2, 10 kPa MCH, 3.3 × 10−6 g h 

ml−1. 

 

However, it decrease in both catalysts when decreasing H2 pressure below 10 kPa. We may 

conclude, therefore, that the kinetics order in CH dehydrogenation for the three catalysts 

were of zero to fraction order with respect to H2. This results can be ascribed to the 

constructive role of H2 in removing chemisorbed benzene that could cover the catalyst 

surface after reaction as mentioned previously in this chapter.6,9  
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5.3.4. The Effect of Temperature 

In the current study, the TOF was correlated with temperature as given in Figure 5.4. It 

exhibits that the TOF profile was altered by the temperature. The TOF tend to increase 

with increasing temperature.  

 

 

 

Figure 5.4. Temperature dependence for CH dehydrogenation, TOF as a function of 

Arrhenius plot for Pt/Al2O3 Ni/Al2O3 and NiZn0.6/Al2O3 catalysts, 400 °C, H2 

reduction, 300-360 °C, 30 kPa H2 ,10 kPa CH, 3.3 × 10−6 g h ml−1. 

 

 

The activation energy (Ea) for the reaction over the three catalysts (Pt/Al2O3, Ni/Al2O3 and 

NiZn0.6/Al2O3) were measured in a manner similar to that one mentioned in chapter 4. It 

was found that the activation energy for a Pt/Al2O3 and Ni/Al2O3 were close that were 45 

(±5) and 44(±4) kJ mol-1, respectively. These values were lower compared to the values 

obtained for MCH dehydrogenation over the same catalysts. This suggests difference heat 
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of adsorption. However, an activation energy of 57(±6) kJ mol-1 was attained for 

NiZn0.6/Al2O3 which noticeably found to be higher to the activation values for Pt and Ni 

based catalysts. The higher activation energy acquired for our developed NiZn0.6/Al2O3 

catalyst may possibly be due to a different heat of adsorption and desorption. In terms of 

TOF, it was one order of magnitude higher for Pt based catalyst comparing to Ni based 

catalysts which is similar to the results obtained for MCH dehydrogenation.  

 

5.3.5. DFT Calculation Results 

Impact of Zn on the Electronic Structure of Ni.  

Having acquired enough experimental evidences, we endorsed in a series of DFT based 

calculations to have a more detailed insight at molecular level. We started by considering 

the potential impact of Zn alloying on the electronic structure of Ni, by investigating the 

density of states (DOS) of Ni/Zn alloys of composition 100/0, 75/25, 50/50, 25/75 and 

0/100, using special quasirandom structures (SQS) from literature.36 Analysis of the total 

and projected DOS for the various structures analyzed, see Figure 5.5 as an example, 

indicates that the d band of pure Ni and Zn is centered at sharply different energies, -2.0 

and -7.6 eV, respectively. In addition, the width of these d-bands is 4 eV and 1.5 eV, 

respectively. This prevents their hybridization, resulting in two well separated Ni and Zn 

d-bands in the three considered alloys. By investigating the density of states (DOS) of 

various composition of  Ni/Zn alloys (100/0, 75/25, 50/50, 25/75 and 0/100), it was 

suggested that the experimental differences between pure Ni and Ni/Zn alloys cannot be 

ascribed to a modification of the electronic structure of Ni induced by Zn. 
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Figure 5.5. Total and projected DOS for a 50/50 Ni/Zn alloy. 

 

 

Geometry of stable Ni/Zn structures 

To understand the preference of Zn to be embedded in the bulk or at the surface of a regular 

Ni structure, we recall briefly calculations we performed on a cluster model consisting of 

55 Ni atoms NP with icosahedron geometry.19 Specifically, we modeled Ni54Zn NPs, with 

the Zn atom replacing a single Ni atom at one of the 4 symmetry unique positions of an 

icosahedron Ni55 NP. Our calculations indicated that substitution of a Ni atom by a Zn atom 

occurs preferentially at one of the 12 equivalent corners of the second shell around the 

central atom, with substitution of a Ni atom in the central position of one of the 20 

equivalent edges of the second shell around the central atom only 0.01 eV higher in energy. 

Clearly higher energy was calculated when Ni substitution occurs at one of the 12 

equivalent positions in the first shell around the central atom, 1.63 eV, or at the center (the 
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core) of the nanoparticle, 1.51 eV.19 Further, in the same work we also calculated the 

substitution energy in regular (100), (111) and (211) Ni surfaces. According to calculations, 

the geometry of lowest energy corresponds to substitution of one Ni atom by a Zn atom at 

the top of the step of the (211) surface, followed by substitution of one Ni atom of the (100) 

surface, 0.11 eV higher in energy.19 Close in energy is substitution of a Ni atom at the 

middle position of the step on the (211) surface or at the (111) surface, 0.11 and 0.18 eV 

higher in energy, respectively. Substitution of a Ni atom at the bottom of the step on the 

(211) surface is at clearly higher energy, 0.41 eV.19 

To extend the conclusions derived on single Ni substitution in Ni55 NPs or regular Ni 

surfaces to larger systems, presenting a higher Zn content, we performed a comprehensive 

search for stable configurations when n Ni atoms are replaced by n Zn atoms in Ni 

nanoparticles. We considered the cluster expansion (CE) method to replace Ni by Zn atoms 

up to reach a 50% of Zn concentration on a Ni147 nanoparticle. Within the CE approach, 

the n Ni atoms are substituted one by one. Each time a new atom Zn atom is added, 

substitution of all the Ni atoms is tested and only the geometry giving the lowest energy is 

kept for addition of further Zn atoms. Consistently with results on the Ni54Zn NP, the first 

Zn atom is placed at the surface of the Ni147 nanoparticle, with a small preference (0.01 

eV) for one of the corners. Up to 12 Zn atoms substitution occurs at the 12 corners of the 

Ni nanoparticle, see Figure 5.6. For higher concentration of Zn (more than 12 atoms), 

substitution of Ni atoms preferentially occurs at the center of the facets, until the 20 facets 

are filled in the Ni115Zn32 NP, see Figure 5.6. This is consistent with the conclusion on the 

Ni55 NP that Ni substitution by Zn occurs preferentially on the surface of the NP. However, 

it is worth noting that the Ni115Zn32 NP shows no Zn atom at along the edge, despite 
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calculations on the Ni54Zn NP indicated minimal energy difference between geometries 

presenting the Zn atom on the corner or on the edge. 

 

 

Figure 5.6. Lowest energy structures of 147 atoms NiZn NP with different Zn 

concentrations. Ni in gray, Zn in blue. 

 

Considering that adding a Zn atom on one of the edges of the Ni115Zn12 NP of Figure 5.6 

would lead to the formation of a Zn-Zn bond, this suggests that geometries with two vicinal 

Zn atoms, thus forming a Zn-Zn bond, are disfavored relative to geometries presenting Ni-

Zn bonds only. To test this hypothesis we calculated 3 possible geometries for the Ni145Zn2 

NP presenting one Zn at one of the corners, and the second Zn either at: i) another corner; 

ii) at the center of the facet; iii) along one of the edges and forming a Zn-Zn bond with the 

Zn atom at the corner. Differently, the first two geometries do not present any Zn-Zn bond. 

According to calculations, the geometry presenting the two Zn atoms at the corner is the 

most stable, followed by the geometry presenting the second Zn atom at the center of the 

facet, 0.21 eV higher in energy, and finally by the geometry presenting the second atom 

along the edge, thus forming a Zn-Zn bond, which is further 0.04 eV higher in energy. This 

indicates that the energy penalty required to form a Zn-Zn bond is severe enough to push 
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Zn atoms at the center of the facets, despite having them on the edges would be intrinsically 

more stable. Consistently with these considerations, increasing further the Zn concentration 

(more than 32 atoms) results in geometries presenting Zn atoms also in inner shells. 

Concluding this part, our analysis of Ni/Zn NPs and slabs converge on the point that Ni 

substitution by Zn occurs preferentially at low coordinated Ni atoms at the surface of the 

NP or slab, such as corners or edges of NPs, and atoms at the top of the step on the (211) 

surface. This conclusion can be easily extended to include any defect on the (100) and 

(111) surfaces resulting in low coordination at the Ni atom. Further, our calculations 

indicated that formation of Zn-Zn bonds is unfavored relative to dispersion of the Zn atoms 

in the Ni matrix, with formation of only Ni-Zn bonds. Overall, these conclusions can be 

related to the larger radius of Zn relative to Ni, 1.34 versus 1.24 Å, respectively, which 

prevents accommodating easily Zn into the regular fcc structure of Ni. 

 

Thermodynamics of TOL and BZ dehydrogenation. 

Considering that experiments indicated an almost linear dependence on H2 pressure of the 

kinetics of MCH to TOL dehydrogenation, and substantial no impact of H2 pressure on CH 

to BZ dehydrogenation, we investigated the thermodynamics of the initial dehydrogenation 

of TOL and BZ on Ni. We started by comparing the geometry and adsorption energy (Eads) 

of TOL and BZ on a regular (100) Ni surface, see Figure 5.7.  

As expected, both molecules assume a flat adsorption geometry to maximize interaction 

between the aromatic -skeleton of the adsorbed molecule with surface atoms. Top view 

of the optimized geometries show that 4 of the C atoms of the aromatic ring of both TOL 

and BZ are on top of a Ni atom, while the two other C atoms, in a relative para position, 
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are bridging between two Ni atoms, see Figure 5.7. In the case of TOL the most stable 

geometry correspond to have the Cipso atom, which is the C atom bonded to the methyl 

group, on top of a Ni atom. According to calculations BZ, with a Eads of 1.64 eV, binds 

slightly stronger than TOL (Eads of 1.54 eV) on the Ni (100) surface. This can be ascribed 

to a small deviation from optimal interaction between the aromatic ring of TOL and the Ni 

surface due to the presence of the CH3 in TOL, as evidenced by the slightly longer 

adsorption distance of the Cipso atom of TOL from the Ni mean plane, relative to the 

distance of the C atoms of a corresponding atom of BZ, and by the slightly higher out of 

plane bending of the Me group of TOL relative to a H atom in BZ, see Figure 5.7. 

 

Figure 5.7. Geometry of TOL and BZ adsorbed on the Ni (100) surface. The shortest 

Ni-Cipso distance for TOL, and a similar Ni-C distance in BZ is reported, together 

with the Cpara-Cipso-Me angle for TOL, and a similar C-C-H angle in BZ. 
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In a second step we modeled dissociation of a C-H bond from different position of BZ and 

TOL, see Table 5.3. Starting with BZ, analysis of the data reported in Table 5.3 indicates 

that dissociating a C-H bond of BZ, either from a C atom on top of a Ni atom or from a C 

atom bridging two Ni atoms, is a highly endothermic process, consistently with previous 

results from literature.41 Nevertheless, the dissociation energy (Ediss) of a C-H bond from a 

C atom on top of a Ni atom, 0.89 eV, is remarkably lower than the Ediss of a C-H bond 

from a C atom bridging two Ni atoms, 1.34 eV. Focusing on geometry, dissociation of a 

C-H bond from a C atom on top a Ni atom results in a shortening of the distance between 

the C atom and the Ni atom on the surface to 1.87 Å, see Figure 5.8. The BZ ring still is 

parallel to the Ni surface, although the C involved in the dissociation of the C-H bond is 

clearly pulled towards the Ni atom in order to maximize interaction between the sp2 orbital 

of BZ, previously involved in the C-H bond, with the Ni atom on the surface. Differently, 

in case of dissociation of a C-H bond from a C atom bridging two Ni atoms, the BZ ring is 

clearly tilted, with the C atom involved in long bonds with two Ni atoms on the surface, 

and the para C atom more than 2.5 Å away from the nearest Ni atom, see Figure 5.8.  
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Figure 5.8. Optimized geometries resulting from dissociation of a first C-H bond of 

BZ (top) and TOL (bottom).  

 

In both cases the dissociated H atom is placed in a hollow site. These geometrical 

differences evidence a stronger Ni-C -bond and a stronger interaction between the 

aromatic ring and the Ni surface when C-H dissociation occurs from a C atom on top of a 

Ni atom, and explain the remarkably lower Ediss. For this reason, in the case of TOL we 

only focused on dissociation of aromatic C-H bonds from C atoms on top of a Ni atom. 

Moving to TOL, dissociation of an aromatic C-H bond of TOL is again endothermic, with 

Ediss in the 0.8-0.9 eV range, which is close to what calculated for dissociation of a C-H 

bond on top of a Ni atom in case of BZ, see above. No meaningful difference is calculated 

between the C-H bonds ortho, meta and para to the TOL methyl group. Differently, 

dissociation of a C-H bond of the methyl group is clearly exothermic, with an Ediss of -0.61 

eV, see again Table 5.3. Analysis of the geometry after C-H dissociation from the methyl 

group reveal that removal of a H atom results in the formation of an exocyclic CH2=C bond 
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that is strongly conjugated with the aromatic ring, see Figure 5.8, as evidenced by the 

decrease in the length of the exocyclic C-C bond from 1.51 Å in adsorbed TOL to 1.47 Å 

after C-H dissociation, and by the almost in plane geometry of the exocyclic C-C bond, 

with a Cpara-Cipso-Cexocylic angle of 179°, versus 159° in the adsorbed TOL, compare Figure 

5.7 and Figure 5.8. Further, the exocyclic C atom of TOL after C-H dissociation is strongly 

interacting with the surface, with a distance from the closest Ni atom of only 2.05 Å, versus 

a distance of 3.21 Å in the adsorbed TOL. The enhanced interaction of TOL with the Ni 

surface after C-H dissociation explains the exothermic character of the first C-H 

dissociation for TOL. Incidentally, dissociation from a methyl group bound to a C atom on 

top of a Ni atom is slightly favored, by 0.07 eV, relative to C-H dissociation from a C atom 

bridging two Ni atoms. Moving to the dissociation of a second C-H bond, in case of BZ is 

again endothermic, and it involves a C-H bond ortho to the first C-H bond, see Figure 5.9, 

with a Ediss of 0.55 eV. Dissociation of the C-H bonds meta and para to the first C-H bond 

is calculated to be 0.17 and 0.21 eV more expensive. As for TOL, dissociation of a second 

C-H bond involves again the exocyclic C atom, and it is endothermic by 1.02 eV.  

 

Figure 5.9. Optimized geometries resulting from dissociation of a second C-H bond 

of BZ (left ) and TOL (right).  
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Dissociation of the aromatic C-H bonds are more than 0.25 eV higher in energy, see Table 

5.3. Overall, the first C-H bond dissociation energy of BZ is clearly an endothermic 

process, which indicates that BZ has a tendency to remain intact after dehydrogenation of 

CH has been promoted by the Ni catalyst. Desorption from the Ni surface is then promoted 

by the high temperature of the process. Differently, the first C-H bond dissociation energy 

of TOL is clearly an exothermic process, which indicates that dehydrogenation of MCH 

does not stop to TOL, but there is a thermodynamic driving force to dehydrogenate further 

to adsorbed C6H5=CH2. In this scheme, the beneficial role of H2 can be rationalized 

considering that high pressure of H2 can prevent C6H5=CH2 formation or, equivalently, can 

promote C6H5=CH2 hydrogenation to TOL. At this point we examined the possible 

pathways connect to the dissociation of the exocyclic C-C bond of TOL. Starting from 

adsorbed TOL, dissociation of CH3 to give C6H5 + CH3 adsorbed on the Ni (100) surface, 

with a Ediss of 1.25 eV, is calculated to be highly endothermic and clearly cannot be 

competitive with C-H dissociation to give C6H5=CH2 + H. More favorable is C-C 

dissociation. For completeness, we also calculated dissociation of the C-C bond from the 

most stable C6H5=CH2 species. As expected, this is again a highly endothermic process, 

with a Ediss of 1.59 eV, although it is only 0.24 eV more expensive than C-C dissociation 

from adsorbed TOL. The overall energy profile describing the reactivity of TOL adsorbed 

on the (100) surface of Ni is reported in Figure 5.10. 

 

 

 

 



149 

 

Table 5.3. First and second C-H dissociation energy, Ediss in eV, from BZ and toluene. 

C-H bond Ediss (eV) 

BZ: C on top of a Ni 0.89 

BZ: C bridging two Ni 1.34 

TOL: Methyl group,  -0.61 

TOL: Cortho on top of a Ni 0.87 

TOL: Cmeta on top of a Ni 0.84 

TOL: Cpara on top of a Ni 0.82 

BZ: 2nd C-H dissociation (ortho) 0.55 

BZ: 2nd C-H dissociation (meta) 0.72 

BZ: 2nd C-H dissociation (para) 0.76 

Toluene: 2nd C-H dissociation (CH2) 1.02 

Toluene: 2nd C-H dissociation (ortho) 1.29 

Toluene: 2nd C-H dissociation (meta) 1.40 

Toluene: 2nd C-H dissociation (para) 1.45 
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Figure 5.10. Energy profile describing the reactivity of TOL adsorbed on the (100) 

surface of Ni. 
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5.4. Summary 

A study combining experimental and theoretical methods were investigated in this chapter. 

From the kinetic investigation for CH dehydrogenation reaction, the effects of feed 

composition including H2 and CH pressures and reaction temperature on conversion of 

cyclohexane were studied. A nearly zero order dependence concerning the CH and H2 

pressures were observed. In comparison with MCH dehydrogenation, therefore, the 

amount of H2 pressure was less sensitive in the case of cyclohexane (CH) dehydrogenation 

in to benzene (BZ) (the absence of methyl group). 

By investigating the density of states (DOS) of various composition of Ni/Zn alloys (100/0, 

75/25, 50/50, 25/75 and 0/100), it was suggested that the sharp difference energies in d-

band of pure Ni and Ni/Zn alloys prevent their hybridization. Therefore, the TOL 

selectivity enhancement cannot be attributed to any adjustment of the electronic structure 

of Ni induced by Zn. The substitution of Ni by Zn even with the clusters expansion takes 

place preferentially at low coordinated Ni atoms at the surface of the NP or slab, such as 

corners or edges of NPs, and atoms at the top of the step on the (211) (100) and 

(111)surfaces. Zn atoms prefers to locate at the 12 corners of the Ni nanoparticle which 

was observed up to 12 Zn atoms substitution. 

In terms of thermodynamics aspects of TOL and BZ, it was found that BZ binds slightly 

stronger than TOL on the Ni (100) surface. This may be due to the presence of a small 

deviation from optimal interaction between the aromatic ring of TOL and the Ni surface, 

owing to the presence of the CH3 in TOL. 
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DFT calculations confirm that the dehydrogenated TOL species at methyl position group 

(C6H5CH2) were strongly adsorbed on the surface which requires additional H2 to 

hydrogenate and desorb TOL.  

The obtained DFT data is in accordance with the critical role of excess H2 present in the 

feed in maintaining the metallic surface active.  

This study elucidates a distinctive mechanism of MCH dehydrogenation to TOL reaction 

over the Ni-based catalysts particularly because the amount of H2 pressure was less 

sensitive in the case of cyclohexane dehydrogenation in to benzene (the absence of methyl 

group). 
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CHAPTER 6 

Conclusions and Outlook 

 

6.1. Conclusions 

Liquid chemical hydrides can comprise high H2 contents and have great potential to be 

used as H2 carrier for easy transport. The liquid phase offers the extraordinary advantage 

of easy handling and enables the current infrastructures for crude oil to be used. MCH-

TOL couple is one of the liquid organic chemical hydride cycles that are lightweight, cost 

effective, suitable melting and boiling points, and have relatively low toxicity and high 

hydrogen densities. The main experimental and theoretical outcomes drawn from the 

course of this research project were summarized. The primary aim of this project was to 

investigate the possibility of developing non-noble mono- or bi-metallic Ni-based catalyst 

to replace Pt catalysts that can have similar catalytic behavior (activity, selectivity, 

durability) for dehydrogenation reaction of methylcyclohexane. The dehydrogenation of 

MCH was studied over a series of non-noble mono- and bi metallic catalysts supported on 

alumina. These include monometallic catalysts (Ni, Ag, Zn, Sn, and In) and bi-metallic 

catalysts (Ni–Ag, Ni–Zn, Ni–Sn, and Ni–In) supported on Al2O3. Starting with 

monometallic catalyst (Ag, Sn, Zn, and In), all catalysts displayed negligible MCH 

conversion, which was possibly due to the lack of catalytically active d-electrons but 

together with the inability to stimulate the undesired C–C breaking event with Ag, Zn and 

In. Ni exhibited a noticeable conversion coupled with low TOL selectivity. Benzene and 

methane was as the major byproducts, suggesting competitive demethylation of the methyl 

group on the MCH and/or TOL. Among the various bimetallic catalysts investigated, it was 
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found that addition of Zn to the Ni provides distinctive findings for selective 

dehydrogenation of MCH to TOL at low MCH pressure (2.4 kPa). The hydrogenolysis 

activity of pure Ni decreases markedly as Zn is introduced to it. Next, the activity and 

selectivity of NiZn supported on Alumina catalyst was examined toward sensitivity to 

chemical composition of Zn/Ni loading in catalyst. We observed that Zn/Ni of 0.6 shows 

effectively high selectivity with only a slightly reduced conversion compared to that of the 

corresponding Ni/Al2O3 catalyst for the dehydrogenation of MCH. Based on DFT 

calculation, the second metal prefer to occupy the unselective step sites where C–C 

breaking preferentially occurs suppress hydrogenolysis activity. This would improve the 

selectivity and maintain Ni atoms in the center of the facets of the nanoparticles carrying 

out the dehydrogenation. 

The second objective was to evaluate the activity, selectivity and stability of the developed 

catalyst at higher MCH pressure up to 20 kPa. An effort was made to achieve this ambitious 

goal as the selectivity for this reaction most likely decreases considerably with an increase 

in reaction pressure particularly in industrial process. Our results indicate that that NiZn0.6 

bimetallic supported on Al2O3 catalyst displayed exceptional performance for the selective 

dehydrogenation of MCH to TOL even at higher pressure up to 20 kPa. The excellent 

performance was accompanied with a further reduction in conversion. There was no 

evidence for the presence of neither major amount of coke nor sintering of metallic 

particles. The cause of reduced conversion level was a result of accumulation of 

hydrocarbon molecules on active sites, which was prevalent at low H2 pressures.  

The kinetics for MCH dehydrogenation performance was evaluated based on the following 

parameters: long-term stability, MCH, and H2 pressure dependence and temperature 
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dependence. The main findings with regard to this section was that the developed NiZn0.6 

supported catalyst relatively displayed high thermal stability and selectivity up to 100 h. A 

zero order kinetic with respect to MCH pressure at high pressure (≥ 10 kPa) for the three 

catalysts was obtained.  However, the catalysts vary in their tendencies with respect to H2 

pressure. Nearly zero order kinetics for Pt supported catalyst were observed, while a nearly 

first order kinetics were described for NiZn0.6 and Ni and based catalysts. An obvious 

deactivation of the mono and bi metallic Ni based catalysts were shown at lower 

concentrations of H2. However, the deactivation could be partially prevented by the 

addition of sufficient amounts of H2. From the kinetic investigations, a distinctive reactions 

mechanism was proposed on the surface of Ni based catalyst compared to that of Pt based 

catalyst. It may describe the conclusive role played by H2 in facilitating desorption of the 

H-deficient surface species that could be produced through further dehydrogenation of 

TOL. 

To support our hypothesis of MCH dehydrogenation mechanism on our developed Ni- 

based catalysts, a study combining experimental and theoretical methods were investigated 

in this chapter. From the kinetic investigation for CH dehydrogenation reaction, the effects 

of feed composition including H2 and CH pressure and temperature on conversion of 

cyclohexane were studied. A nearly zero order dependence concerning the CH and H2 

pressures were observed. In comparison with MCH dehydrogenation, therefore, the amount 

of H2 pressure was less sensitive in the case of cyclohexane (CH) dehydrogenation in to 

benzene (BZ) (the absence of methyl group). 

Considering the density of states (DOS) of various composition of Ni/Zn alloys (100/0, 

75/25, 50/50, 25/75 and 0/100), it was revealed that the sharp difference energies in d-band 

https://en.wikipedia.org/wiki/Reactions_on_surfaces
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of pure Ni and Ni/Zn alloys prevent their hybridization. Therefore, the TOL selectivity 

enhancement by Zn addition cannot be ascribed to any tuning in their electronic structure. 

The substitution of Ni by Zn with clusters expansion occurs preferentially at low 

coordinated Ni atoms at the surface of the NP or slab, such as corners or edges of NPs, and 

atoms at the top of the step on the (211) (100) and (111)surfaces. It was observed that up 

to 12 Zn atoms substitution, Zn atoms prefers to locate at the 12 corners of the Ni 

nanoparticle. 

In terms of thermodynamics aspects of TOL and BZ, it was found that BZ binds slightly 

stronger than TOL on the Ni (100) surface. This may be due to a small deviation from 

optimal interaction between the aromatic ring of TOL and the Ni surface as a result of the 

presence of the CH3 in TOL. 

From the dissociation model, it was shown that the first C-H bond dissociation energy of 

BZ was clearly an endothermic process, while, the first C-H bond dissociation energy of 

TOL was clearly an exothermic process. This pointed out that the MCH dehydrogenation 

actually occur by hydrogenating adsorbed C6H5=CH2. Therefore the useful role of H2 can 

be efficient considering that the high pressure of H2 can prevent the formation of H-

deficient species (C6H5=CH2) or, equivalently, can promote C6H5=CH2 hydrogenation to 

TOL. 

Overall, NiZn demonstrates a potential candidate catalyst for dehydrogenation of liquid 

organic hydrides. However, the development of robust catalysts is further required for 

decreasing the dehydrogenation temperature and for improving the kinetics of the 

dehydrogenation process. The outcomes in this dissertation point to three key areas which 
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could be covered further for the dehydrogenation of MCH over bimetallic NiZn based 

catalyst. 

Improvements to the catalyst by use of promoters potassium (K), sodium borohydride 

(NaBH4) to further improve the selectivity of the catalyst under high pressure and 

temperature operations and reduce the deactivation under high temperature conditions for 

industrial practice.  

Edge sites have lower coordination and, together with corner sites, decrease as the size 

increases. Incomplete planes on faces generate step and kink sites together with associated 

edge and corner atoms. As the size of a metal particle decreases (below 5 nm), more surface 

atoms become available for surface reactions. Moreover, as a metal particle turn into 

smaller, its properties, such as particle morphology, particle electronic structure and 

particle-support interaction could be also adjustment, which all in turn could affect its 

catalytic activity and this effect show to influence on a variety of reactions.  

The kinetic isotope effect is deliberated to be one of the most sensitive tools for the study 

of reaction mechanisms. Isotope effects can be used to determine whether a nucleophilic 

substitution reaction follows a unimolecular or bimolecular pathway.  
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