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Coal, biomass and natural gas are traditional energy carriers whose conversion via the 

Fischer-Tropsch process can be used to generate multiple hydrocarbon products such as 

fuels and fine chemicals. At the center of the Fischer-Tropsch process is the catalyst 

used for converting the syngas to hydrocarbons. Generally these catalysts using Co or 

Fe active sites are supported on high surface area inert materials such as silica and 

alumina. Our procedure in this thesis was to study some of the fundamental processes 

that affect Fischer-Tropsch catalysts (i.e. catalyst reduction, Ru as a reduction promoter 

and deactivation) using a so-called nanoreactor. This was done by loading metallic 

nanoparticles on either side of the nanoreactor surface. In this work hollow carbon 

sphere nanoreactors were mainly used as the catalyst support of choice to evaluate the 

processes mentioned above.  First the effect of the hollow carbon sphere porosity on 

Fischer-Tropsch synthesis was evaluated using encapsulated Ru nanoparticles. Limited 

mass transfer limitations were observed on the mesoporous nanoreactor, thus 

suggesting the encapsulated nanoparticles were as accessible to reactants as the Ru 

nanoparticles loaded on the outside of the hollow spheres.  

Using mesoporous hollow carbon spheres the effect of hydrogen spillover on Co 

Fischer-Tropsch nanoparticles using a Ru promoter was evaluated by controlling the 

nanoparticle intimacy [of Ru and Co] by exploiting the hollow carbon sphere 

morphology. Primary hydrogen spillover was found to be more favorable in enhancing 

the Co nanoparticles extent of reduction and Fischer-Tropsch activity. However, 

secondary hydrogen spillover from the Ru nanoparticles to Co nanoparticles on the 

carbon shell was responsible for a complete reduction of the cobalt oxide when 

compared to an unpromoted Co Fischer-Tropsch catalyst on the hollow carbon spheres. 

It was also shown that the secondary hydrogen spillover led to the formation of highly 

hydrogenated products during Fischer-Tropsch synthesis.  

In terms of catalyst stability, the nanoparticles, by virtue of being embedded inside the 

carbon nanoreactor shell, showed good stability against sintering and re-oxidation by 

added water during process conditions. Furthermore a simple design of a highly sinter 

resistant catalyst is presented by making a compact nanoreactor on a titania supported 

Co Fischer-Tropsch catalyst.    

This study illustrates the benefit of rationally designing and characterizing materials for 

a comprehensive understanding of important catalytic reaction processes; in this case 

our focus was on the reduction behavior and stability of Fischer-Tropsch catalysts.    
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1.1. Synthetic oil production and Fischer-Tropsch catalysts 
With the increasing global energy demands [1], it is imperative that existing technologies 

for energy generation be optimized to enhance their efficiency with little environmental 

damage, whilst new advanced technologies are being developed.  Fischer-Tropsch products 

offer an alternative to crude oil products, the Fischer-Tropsch fuels also burn in a cleaner 

way than typical crude oil fuels because of their high purity and good quality [2].      

Since the discovery of the Fischer-Tropsch reaction, a quest to make catalysts with better 

activity and selectivity has always been interlinked with the industrial development of the 

Fischer-Tropsch process. This is evidenced by the different Fischer-Tropsch commercial 

set-up by different companies, whose catalyst systems are quite diversified [3, 4]. In the 

first half of the 20
th

 century Germany through Ruhrchemie was the leader in the 

industrialization of the Fischer-Tropsch process using Co catalysts [3, 5]. In South Africa, 

Sasol has used different catalysts systems for a profitable use of Fischer-Tropsch synthesis, 

using both Co and Fe catalysts ranging from low to high temperature Fischer-Tropsch 

synthesis depending on the source of syngas used and the desired end products [3, 6]. 

Further developments in catalysts research by Sasol and Shell has resulted in the 

commissioning of Fischer-Tropsch plants based on Co supported on oxidic supports at 

places such as Qatar, Malaysia and Nigeria, whereby natural gas is used as the syngas 

source. Several companies especially in China are also exploring and developing catalysts 

materials for commercialization of the Fischer-Tropsch process.  
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Table 1.1: Global Fischer-Tropsch plants and their catalyst systems [3, 6]. 

Company Country Technology 
Catalyst main 

components 
Year 

Sasol South Africa Sasol I Precipitated Fe 1955 

Sasol South Africa Sasol II Fused Fe 1980 

Sasol South Africa Sasol III Fused Fe 1982 

PetroSA South Africa Sasol 2 and 3 Fused Fe  1993 

Shell Malaysia SMDS
a 

Co/ SiO2 1993 

Sasol/Qatar 

petroleum 

Qatar SPD
b 

Co/Al2O3 2006 

Shell/Qatar 

petroleum 

Qatar SMDS Co/ SiO2  2012 

Sasol/Chevron and 

Nigerian Petroleum 

Company 

Nigeria SPD Co/Al2O3 2014 

a
SMDS = Shell middle distillate synthesis process 

b
SPD = Sasol  slurry phase  distillate process 

 

1.2. Project background and details 

Catalytic processes play an important role in the chemical industry for the production of 

many products that are vital for the sustenance of our civilization and our way of life [7-9]. 

The economic benefits of these catalytic processes have been realized using both 

homogenous and heterogeneous catalysts [8, 9]. In heterogeneous catalysis the Fischer-

Tropsch synthesis (FTS) stands out as a premier catalytic reaction that has not only been 

economically beneficial. It is due to the intensive study of this process that the field of 

heterogeneous catalysis has significantly advanced [10-12].  

The rich history of FTS can be traced back to the 1920s when Han Fischer and Franz 

Tropsch observed the hydrogenation of carbon monoxide to liquid hydrocarbons at high 

pressures [10]. Since then significant advances of this technology have been made in terms 

commercialization and development of new optimized catalysts and reactors. The FTS 

process is an XTL (i.e. X = coal natural; gas or biomass) technology thus has an inherent 

ability to be modified to produce a variety of high value products such as a cleaner fuel 
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(that is environmentally friendly than crude oil fuel) and a multiplicity of essential daily 

life chemicals [13-15]. 

With the latest discoveries of more coal and natural gas reserves of which it is predicated 

they will last for the next 100 years (coal) and 30 years (natural gas), and the abundant 

biomass whose technology for converting to syngas (i.e. hydrogen and carbon monoxide) 

has improved over the years and its forecast to even get better [ [16-18]. As a result of these 

determining factors, there has been an increased interest in the modification and 

development of new Fischer-Tropsch catalysts with better activity, selectivity and stability. 

The development of new Fischer-Tropsch catalysts inadvertently interlinks with materials 

chemistry that deals with a rational design and synthesis of advanced functional materials 

[11, 13-15]. 

The development of these catalysts is generally aimed at understanding and improving the 

fundamental processes that affect the performance of the metal sites used in Fischer-

Tropsch synthesis. These includes a myriad of processes that have been and are being 

studied in detail such as structure sensitivity, catalyst activation and deactivation, sintering, 

and selectivity control etc. [12, 14, 15, 19]. 

Of particular interest is the reducibility of the catalysts and the role that the reduction 

promoters (using Pt, Ru, Re, Au, etc.) play in the activation catalyst of catalytic active 

sites. Several studies have suggested that promotion on these Fischer-Tropsch synthesis 

catalysts (mainly Co and Fe) by reduction promoters can be attributed to their ability to 

spillover hydrogen atoms from their surfaces to the Co or Fe metal or metallic oxides (even 

the catalyst support) [20]. In the literature there have been several attempts to evaluate the 

effect of spillover mechanisms (primary and secondary) in Fischer-Tropsch catalysts in 

relation to the promoter and promoted metal intimacy. Interesting results were observed for 

promoters such as gold and platinum [21], and spillover the processes were observed using 

the platinum promoter metals while on a gold promoter it was not necessarily evident [21]. 

In this previous and other study the hydrogen transporting layer might have been long and 

not necessarily well suited for hydrogen atom transportation [22-24]. This therefore pointed 

to a need for further development of model catalysts that are suited for delineation of both 

primary and secondary spillover processes, for evaluation of their effects on Co Fischer-

Tropsch catalytic activity and selectivity. Mesoporous hollow carbon spheres (MHCS, 

nanoreactors) provide good model catalysts supports for making catalytic nanoreactors in 

which the promoter and promoted metal’s intimacy can be successfully manipulated in the 

nanoscale (using the hollow sphere carbon shell) to study the effect of both the secondary 

and primary hydrogen spillover processes. Working with Ru (as a promoter) and Co (as the 

promoted FTS active metal) porous nanoreactors with metal nanoparticles could be 

prepared in good yield. The method for synthesizing the hollow carbon spheres was 

adapted to encapsulate either Co or Ru, with the carbon shell serving as a physical barrier 

between the Co and Ru metal for secondary hydrogen spillover studies.    
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Thus the project focused on the synthesis and characterization of encapsulated metal 

nanoparticles in hollow carbon spheres and related materials for Fischer-Tropsch 

evaluation. Although the literature is replete with methods for preparing metal 

nanoparticles encapsulated inside hollow carbon spheres [25], these methods involved the 

encapsulation of noble and platinum group metals, therefore to the best of our knowledge 

there has been no reports on the efficient encapsulation Co or Fe nanoparticles inside 

hollow carbon spheres. In this project a method was devised using a pseudo-soft template 

method to encapsulate Co nanoparticles.  

Stability of Co Fischer-Tropsch catalysts against sintering and re-oxidation under reaction 

conditions is also an important aspect to be considered in catalyst development [19]. Thus 

these novel Co nanoreactors’ stability (when compared to Co loaded outside the MHCS) 

was also evaluated using in situ techniques under simulated Fischer-Tropsch conditions 

(i.e. co-feeding water in the presence of syngas). As catalysts prepared using the hollow 

carbon sphere nanoreactors (or carbon nanomaterials, although good for fundamental 

catalysts studies) have hardly been used in large scale Fischer-Tropsch synthesis, a 

compact nanoreactor using titania as the support was designed to make a sinter resistant 

Fischer-Tropsch catalyst by coating the Co nanoparticles supported on titania with a thin 

layer of porous silica shell.  

Because a major part of this project involved materials synthesis of the catalysts, numerous 

characterization techniques were employed. Electron microscopy and powder X-ray 

diffraction techniques proved to be essential in understanding the catalysts structure and 

physico-chemical properties, as has been the case in materials science studies involving a 

synthesis of carbon materials and related ones.   
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1.3. Aim and objectives  

A development of new materials for understanding and improving catalysts is one of the 

ongoing challenges in materials science. Therefore the key aim of this study was to 

perform Fischer-Tropsch catalytic reaction inside nanoreactors with controlled 

morphologies and porosities, with a goal of exploiting these functional materials to 

understand fundamental factors that affect FTS catalysts as it relates to reduction, oxidation 

and sintering.  With this in mind the objectives of this thesis are as follows:     

i. Developing a synthesis method for encapsulating Ru nanoparticles inside highly 

porous hollow carbon spheres using a modified Stӧber method.  

ii. Providing a novel and optimum non Stӧber general synthetic technique for 

decorating cobalt nanoparticles (or any non-noble and non-platinum group 

metal) inside porous hollow carbon spheres.  

iii. Preparation of novel Co Fischer-Tropsch catalysts using Ru promoter whereby 

the Co and Ru intimacy is controlled by exploiting the hollow carbon spheres 

morphology.   

iv. Understanding effect of Ru promoter on Co nanoparticles reduction and 

Fischer-Tropsch synthesis, in light of the metals relative location on the 

support, and evaluating the predominant hydrogen spillover mechanism and its 

effect in Fischer-Tropsch Synthesis.     

v. Study and evaluate the sinter and re-oxidation resistant capabilities of the 

prepared catalytic nanoreactors 
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1.4. Thesis outline 

References for the entire thesis are listed at the end of the manuscript; this was done 

because some of the references are repeated in different individual chapters. 

Chapter 1 details background and justification for the study and the thesis’s main 

objectives. 

Chapter 2 and 3 covers Fischer-Tropsch synthesis literature and the recent advances in 

the synthesis of hollow carbon spheres their pore structure and applications in 

heterogeneous catalysis.  

Chapter 4 gives details of the characterizations techniques used in this thesis and some of 

the experimental procedures. 

Chapter 5 presents the synthesis of Ru nanoparticles inside hollow carbon spheres with 

different porosities and their behavior under Fischer-Tropsch synthesis. This chapter has 

been published as; Tumelo N. Phaahlamohlaka et al. Catalysis Today 275 (2016): 76–83. 

Chapter 6 studies the use of mesoporous hollow carbon spheres to separate the effects of 

both the primary and secondary hydrogen spillover in Co Fischer-Tropsch synthesis. This 

chapter has been published as; Tumelo N. Phaahlamohlaka et al. ACS Catalysis 2016, 7, 

(2017): 1568–1578. 

Chapter 7 presents a facile synthesis of Co nanoparticles inside hollow carbon spheres for 

further hydrogen spillover studies using Co and Ru nanoparticles. 

Chapter 8 looks on the stability of the encapsulated Co nanoparticles under high water 

contents using an in situ magnetometer. 

Chapter 9 studies the stability of Co against sintering on a compact Fisher-Tropsch 

nanoreactor using oxidic supports and a porous silica shell. 

Chapter 10 gives overall conclusions and recommendations for future studies on the use of 

carbon nanoreactors to study important Fischer-Tropsch processes.   
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Contemporary issues in Fischer-Tropsch 

Synthesis 
 

 

 

Figure 2.1: Generalized process scheme for Fischer-Tropsch Synthesis technology, from 

raw materials to final products adapted from [15]. 
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2.1. General introduction 

Fischer-Tropsch synthesis is a valuable catalytic process that is used to produce liquid fuels 

and chemicals from synthesis. Over the past 80 years this process has yielded significant 

economic benefits for some countries and multinational companies. It has also benefited 

and advanced the science of heterogeneous catalysis because of the reaction complexity, 

and fundamental discoveries in the catalytic process of Fischer-Tropsch synthesis have had 

far reaching effects on the understanding of other catalytic process [10, 11, 26-28]. It is 

defined as a surface-catalyzed polymerization process that uses CHx monomers formed by 

hydrogenation of adsorbed CO to produce hydrocarbon products with varying chain length 

and functionality. The synthesis gas, which is a mixture of the carbon monoxide and 

hydrogen, can be obtained from natural resources like coal, natural gas and biomass 

(Figure 2.1). With the world’s confirmed reserves of natural gas and coal far surpassing 

that of crude oil it is not surprising that the Fischer Tropsch process is still a valued process 

as a future energy resource or alternative [29, 30].  

The Fischer-Tropsch process produces hydrocarbons and water as the main products. The 

main hydrocarbons formed are linear alkanes and alpha olefins. Several oxygenates such as 

aldehydes and alcohols are also produced during the synthesis process together with some 

branched hydrocarbons.  

Typical operational conditions in terms of pressure and temperature range from 5-60 bar 

and 200-350 ℃ respectively. The reaction is also an exothermic process producing large 

amounts of heat [10, 31]. Although the process is defined as a polymerization process it is 

not a traditional polymerization reaction because, (1) the monomers are formed in-situ (2) 

primary products can [and do] undergo secondary reactions (3) and rates of surface 

reactions depend on the formation of C1-C4 units [53]. The Fischer-Tropsch kinetic models 

are closely related to the mechanistic details of the chemical reaction. Because of the 

complexity of the reaction mechanism, FT reaction kinetics have also become very 

complex [31]. The FT reaction can be simplified as: 

                          CO + (𝟏 +
𝐦

𝟐𝐧
 )H2 → 

𝟏

𝐧
 CnHn  +  H2O    ∆𝐻𝑅,240 ℃  = -153.7 kJ/mol 

Where, n and m are the average carbon and hydrogen numbers of the hydrocarbon products 

respectively.  

The main reactions involved in FTS can be summarized as; 

(1) Paraffin formation: 

nCO + (2n + 1)H2 →  CnH2n + 2 + nH2O 

 

(2) Olefin formation: 

nCO + 2nH2 ↔ CnH2n + nH2O 
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(3) Water-gas shift (WGS) reaction: 

CO + H2O ↔ CO2 + H2 

(4) Boudouard reaction: 

2CO → C + CO2 

Cobalt, iron and ruthenium are the main metals that can catalyze the Fischer-Tropsch 

process on a commercial scale. However, ruthenium is expensive thus most Fischer-

Tropsch studies for possible commercialization are performed on iron and cobalt catalysts. 

Iron catalyst can be operated at low hydrogen to carbon monoxide ratios because of the 

water gas shift reaction that lowers the amount of CO in the reaction vessel and increases 

the hydrogen content. Co is generally the preferred catalyst for hydrogen rich feed because 

it catalyzes the synthesis of predominantly wax enriched hydrocarbons. In many studies 

these catalysts are dispersed on supports such as silica, alumina, titania and several carbon 

materials using several catalyst preparation methods (e.g. deposition-precipitation, 

incipient wetness impregnation and loading of pre synthesized nanoparticles).  

 

2.2. Product Distribution 

2.2.1. Anderson-Schulz-Flory distribution  

The Fischer-Tropsch synthesis product distribution shows a strong regularity, since the 

mechanism of the process resembles a polymerization reaction of monomer species (*CH2 , 

*CO) for chain growth [32, 33]. Chain propagation and termination probabilities are 

relatively constant and are independent of the chain length. However, catalyst properties 

can play a vital role in the product distribution [33, 34]. A relation for describing the molar 

product distribution of the Fischer-Tropsch synthesis was derived by Friedel and Anderson 

[35] and a similar relationship was developed by Flory [36]. This relation is now known as 

the Anderson-Schulz-Flory (ASF) distribution [31].  

It is written as: 𝑚𝑛 = (1 +  𝛼 ) × 𝛼𝑛−1  which can be expressed in terms of a weight 

distribution: 𝑊𝑛 = 𝑛(1 +  𝛼)2 × 𝛼𝑛−1   

where mn is the mol fraction of hydrocarbon with carbon number n, Wn is the weight 

fraction of hydrocarbon with carbon number n. The chain growth probability (𝛼) can be 

physically interpreted as the ratio of the rate of chain propagation to the sum of rate of 

chain propagation and termination rates for each carbon number.  

i.e. 𝛼 = 
∑ 𝑚𝑖
∞
𝑖=𝑛+1

∑ 𝑚𝑖
∞
𝑖=𝑛

 = 
𝑟𝑝𝑟𝑜𝑝

𝑟𝑝𝑟𝑜𝑝+ 𝑟𝑡𝑒𝑟𝑚
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The value of 𝛼 is usually almost constant for all carbon numbers, thus the FT product 

spectrum can be described to some extent by a single α value. 

 

Figure 2. 2: ASF model for FT product selectivities. 

  

The inherent nature of polymerization processes implies that product yields can be 

predicted as shown in the Figure 2.2 above with yields to different products dictated by the 

value of 𝛼.  The most preferred value is for the commercial FT reaction   ≥ 0.8 to provide  

enough hydrocarbons in the fuel range (C6-C18) and wax that can also be hydrocracked into 

middle distillate products [37]. 

2.2.2. Non-Anderson-Schulz-Flory distributions 

It has been realized that the ASF model for the Fischer-Tropsch synthesis product 

distributions provides only a broad generalization. Many product distributions in the 

literature have been found not to follow the ASF distribution model to the product 

distribution produced.  Typically high methane and low ethane/ethene selectivities are 

always observed [31]. 

Different explanations for this phenomenon have been put forward for the observed 

anomalies and include. 

: Analytical difficulties due to experimental artefacts [38].  

: Different active sites responsible for different chain growth probabilities [39, 40]. 
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 : Different termination mechanisms [41] 

Further, it has been suggested that secondary reactions such as re-adsorption reactions of 

olefin products can lead to deviation from the ASF model. This is an accepted to proposal 

to explain deviations from the ASF distribution [31], but it has not gone forward without 

being challenged [42]. 

The olefin re-adsorption hypothesis has been used successfully to model the kinetics for 

hydrocarbon distributions by many authors [43, 44]. This model also explains the 

exponential decrease in the olefin paraffin ratio with increasing carbon number. The 

secondary reactions that lead to the deviation of the product spectrum for the ASF model 

and low olefin paraffin ratio are generally believed to be dependent on the olefin chain 

length. Three different proposals have been outlined in an effort to explain chain length 

dependent processes. 

(1) Diffusion limitations with increasing olefin carbon number [45, 46]. 

(2) Increasing physisorption strength with olefin carbon number [47]. 

(3) Product solubility in wax [48]. 

 

The suggested process conditions that  affect Fischer-Tropsch product selectivity have been 

summarized as shown in Table 2.1  as reported by Schulz [49]. 

Table 2:1: Process conditions that affect FT selectivities;  

Parameter
a 

𝛼 O/P ratio Carbon deposition CH4 selectivity 

Temperature   ↑ ↓ ↓ ↑ ↑ 

Pressure          ↑ ↑ - - ↓ 

H2/CO ratio    ↑ ↓ ↓ ↓ ↑ 

Conversion      ↑ - ↓ ↑ ↑ 

Space velocity ↑ - ↑ - ↓ 
a
↑:Increase, ↓: Decrease and -: No clear relation. 

2.3. Possible Fischer-Tropsch mechanisms 

The Fischer-Tropsch reaction has been classed as a polymerization reaction because of the 

wide range of linear products with different chain lengths that result from the process. In 

this reaction carbon monoxide and hydrogen are converted into high molecular weight 

hydrocarbons with multiple carbon atoms from a single carbon atom source [28, 32]. 

However, the complexity of the Fischer-Tropsch process mechanism arises because the 

resulting polymerization products are distributed over a wide range from hydrocarbon with 

one carbon (i.e. methane) to large molecular hydrocarbons well above carbon number fifty 

(i.e. waxes). To compound this problem other minor products with distinct functionalities 

deviating from normal hydrocarbons (paraffins) are also formed during the Fischer-

Tropsch synthesis. These include olefins, oxygenated hydrocarbons and branched 
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hydrocarbons amongst other products. It should be noted that all these products are formed 

concurrently with the main Fischer-Tropsch products at similar reaction conditions [28, 

31]. Although all these Fischer-Tropsch product classes still form via a polymerization-like 

mechanism, this means certain reaction steps have to occur to yield different products. For 

chain polymerization reactions these steps include, (1) adsorption of reactants (2) chain 

initiation (3) chain growth or propagation (4) and the termination step [50]. Studies on 

Fischer-Tropsch mechanisms are still ongoing and many studies using model catalysts in 

surface science, theoretical or density functional theory and microkinetic studies are 

involved in an effort to elucidate the most probable Fischer-Tropsch mechanism [27]. 

It is for this reason that at the moment there exist no single all-encompassing Fischer-

Tropsch mechanism that can individually explain the observed Fischer-Tropsch product 

spectrum in its entirety. Over the years a number of mechanisms have been postulated to 

explain formation of the different classes of Fischer-Tropsch products and also to develop 

experimentally sound kinetics of the reaction [32, 40, 51]. Burtron Davis [32, 52] has 

detailed some of the most credible reaction mechanisms that have been hypothesized in the 

literature. Surveying the literature shows that three major mechanisms can be listed as 

follows: 

1. Carbide (carbene) mechanism 

2. Oxygenate (enol) mechanism  

3. CO insertion mechanism  

 

The Carbene mechanism also known as the carbide mechanism is the earliest of the 

postulated Fischer-Tropsch mechanisms [32]. C1 units are formed on the catalyst surface 

after dissociation of chemisorbed CO. The resulting metal carbide is then furthermore 

hydrogenated to CHx species by the hydrogen atoms that are also formed by dissociatively 

adsorbing on the catalyst surface. In this mechanism CH3 units are the assumed chain 

initiators and CH2 units on the catalyst surface are the polymerization species. The CH2 

units are therefore inserted between the metal-carbide bonds of CH3 or alkyl species for 

chain propagation process. The resulting surface species can terminate to form Fischer-

Tropsch products, such a step can occur via several routes: 

(1) Addition of a hydrogen atom to form normal alkanes. 

(2) Removal of a 𝛽-hydrogen from the adsorbed growing chain to form an 𝛼-olefin. 

Several studies have confirmed the carbide mechanism. For example, Iglesia and co-

workers used experimental and theoretical analysis (DFT calculations) to provide evidence 

for this mechanism on Fe based catalysts in which the CO molecule on the surface is 

completely activated to form a metal-carbide without the help of hydrogen atoms and most 

of the resulting oxygen atoms are then removed by forming carbon dioxide [53]. Surface 
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science studies by Weststrate et al. on a Co(0001) surface suggest the CO bond scission 

occurs on the surface defects, thus confirming the first step of the carbide mechanism [54]. 

The chain propagation step via CH2 has been experimentally verified by Brady et al., 

whereby CH2 (produced from CH2N2) monomers were co-fed into a Fischer-Tropsch 

reactor with the syngas. Upon addition of the monomers the alpha value was reported to 

have increased from 0.24 to 0.51, hence hinting to an increased chain propagation kinetics 

relative to the termination step [55]. In a study by Nijs and Jacobs it was concluded that the 

carbide route was only responsible for the formation of methane product [56]. However, at 

present the carbide mechanism, because of the requirement for direct CO dissociation, is no 

longer considered to be major mechanism under normal Fischer-Tropsch process. The high 

energy barrier for dissociating CO without the assistance of hydrogen is seen as a step that 

makes the mechanism unfavourable [51, 57]. 

The enol mechanism was formulated about 25-30 years after the discovery of the Fischer-

Tropsch reaction [32, 58]. In this mechanism adsorbed CO molecules are hydrogenated to 

oxmethylene groups (CHOH), which are the chain initiation units. Chain propagation then 

proceeds via condensation of the oxymethylene units followed by the removal of water. 

Chain termination can then occur to form an aldehyde by alkylhydroxycarbene desorption 

or by 𝛽-elimination of water to form olefins. The olefins can also be re-adsorbed and 

hydrogenated to form alkanes. 

The hydrogen assisted dissociation of CO as envisaged in the enol mechanisms has been 

well documented. King and co-workers showed, using DFT calculations on a Co(0001) 

surface, that it is easier to form a CHOH monomer on the surface than to directly CO 

dissociate CO to form a metal carbide [57]. Monomer formation on Fe and Co surfaces was 

experimentally and theoretically evaluated by Ojeda et al. [53]; in this study the hydrogen 

assisted cleavage of CO was postulated to be the main initiation step to form CHOH units, 

which was then followed by the chain propagation steps.  

The third mechanism called the CO insertion mechanism emphasizes on the chain 

propagation step. In this mechanism the growth of the hydrocarbon chains occurs by an 

insertion of adsorbed CO monomers on an already formed metal-alkyl bond. The 

mechanism also explains the synthesis of oxygenate (aldehydes and alcohols) and normal 

hydrocarbon yields, based on the resultant termination steps.  

Evidence for this mechanism has been widely reported in literature. Theoretical work by 

Zhuo et al. [59] showed that chain growth propagation by CO on a Co(0001) surface was 

energetically favourable compared to the propagation step that required CO hydrogenation. 

Hence, the CO insertion turnover frequency was found to be about two times faster than the 

hydrogen assisted growth and four times faster than the direct CO activation mechanism.  

Experimental work by Schweicher and co-workers [60] using chemical transient kinetics to 

change gas compositions during the FT process under atmospheric pressure provided 
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evidence for the CO insertion mechanism. In their work it was observed that the chain 

growth probability (𝛼) decreased when the CO partial pressure was lowered and showed an 

increase when the CO partial pressure increased. This was not the case for atomic surface C 

(i.e., CHx monomers) coverages. Xiang et al. [61] were able to selectively synthesize long 

chain alcohols from syngas on a specially designed CoCuMn catalyst. It was suggested that 

the most applicable mechanism for the Fischer-Tropsch synthesis in their case was the CO 

insertion mechanism as it is also energetically feasible and can also explain the observed 

catalyst selectivity.  

2.4. Fischer-Tropsch catalyst deactivation 

Fischer-Tropsch catalysts gradually lose activity under reaction conditions. The loss is 

dependent on multiple factors that occur on the catalyst surface and within the bulk 

structure. The reduction of a catalyst lifetime from ideal periods can be especially 

cumbersome in industrial applications because a regular change in a catalyst performance 

can potentially reduce the process’s profitability over time [19, 62]. Numerous studies have 

attempted to understand the mysteries of the catalyst deactivation phenomena in Fischer-

Tropsch Synthesis in an effort to define the prominent mechanisms or processes that are 

responsible for the loss of activity. The graphic below shows the possible deactivation 

mechanisms that can occur Co Fischer-Tropsch catalysts (Figure 2.3) [63].     

 

 

 

Figure 2. 3: Emphasis on Co FTS deactivation processes as assessed by Saib et al. [63].  
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Sintering of the active phase is one of the main deactivation processes on Fischer-

Tropsch catalysts. This occurs by thermal modification of the active nanoparticles which 

changes the nanoparticles morphology and sizes resulting in the loss of active sites [64] . 

Work by Eschemann and de Jong, reported on the deactivation of a Co/TiO2 catalyst 

prepared by incipient wetness impregnation and deposition precipitation, with different Co 

loadings (8% and 16 wt/wt%).  By evaluating the Co nanoparticle size distribution before 

and after Fischer-Tropsch synthesis (220 ℃ and 20 bar), the loss of activity was correlated 

with the Co nanoparticle growth. This effect was especially prominent at high CO 

conversion. At high CO conversion the activity of  the catalysts called IWIS16S ( made by 

incipient wetness impregnation, initial Co size = 8.3 nm and 𝜒𝐶𝑂 = 70.4%) and DPA16 

(made by deposition precipitation, initial size = 8.0 nm and 𝜒𝐶𝑂= 61.4%) dropped. The 

final/initial cobalt time yield ratio was measured to be below 0.8, and a corresponding 

average particle sizes of the spent catalysts after 200 h time on stream was of 9.4 nm for 

IWI16S and 10.1 nm for DPA16. Although activity loss could be correlated with 

nanoparticle sintering the authors cautioned that the deactivation could be occurring 

through sintering in tandem with other processes as illustrated in Figure 2.3. Increased 

crystallite size (from  3-9 nm to 20-50 nm) after 100 h (at 340 ℃, 20 bar, H2/CO = 1) was 

also observed to be a source of catalytic deactivation on an Fe Fischer-Tropsch catalysts 

supported on carbon nanofibers [65]. At high CO conversions the water partial pressure is 

also expected to play an influential role on the  nanoparticle sintering in Fischer-Tropsch 

synthesis [66, 67]  

Poisoning of Fischer-Tropsch catalysts is prompted by the adsorption of molecules 

containing heteroatoms such as sulphur, chlorine and nitrogen. The strong adsorption of 

these impurities is not easily reversible hence leading to a reduction in the catalyst number 

of active sites and consequently the Fischer-Tropsch activity [19, 68]. Borg et al. studied 

the effect of impurities (H2S, (CH3)2S, Cl and NH3) on Fischer-Tropsch catalysts 

(Co/Al2O3, promoted with Re) by mimicking synthesis gas derived from biomass. The 

study showed that chlorine did not lower Co activity, while sulphur induced significant 

deactivation. This was dependent on steric hindrance around the sulphur atom and nitrogen 

in low quantities did not affect catalysts activity and selectivity [68].             

Catalyst deactivation by surface reconstruction in Fischer-Tropsch Synthesis is caused by 

the interaction of the nanoparticles with adsorbates that change the active site configuration 

–this is because of the invasive nature of the adsorbates (i.e. O, CO, C. etc) [19]. 

Deactivation (which occurs indirectly) by this process has been studied using model planar 

surfaces. STM work by Wilson et al. [69] showed that a Co(0001) surface undergoes 

severe reconstruction (by an etch-regrowth mechanism, forming triangular Co nano-

islands) after exposure to syngas at 250 ℃ and 4 bar. Similar observations on the formation 

of triangular islands [on Co(0001)] upon introduction of carbon monoxide were made by 

Banerjee et al., by means of density functional theory calculations [70] 
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Carbon deposition on Fischer-Tropsch catalyst as a result of carbon monoxide 

dissociation to form stable metal-C species during the reaction also reduces catalyst 

activity. It has been suggested that the formation of a cobalt carbide phase or the formation 

of small graphene domains (i.e. polymeric carbon) are responsible for the loss of activity 

[71, 72]. Karaca et al. [71], showed through the use of in situ PXRD that the formation of 

cobalt carbide (on a CoPt/Al2O3 catalyst) under Fischer-Tropsch conditions (20 bar H2/CO 

=2 and 220 ℃) was responsible for the loss of activity after the catalyst had spent a long 

period in the reaction chamber. A comprehensive study of the carbon deposition by 

Moodley et al. [62] determined that this carbon was deposited on both the support and the 

active sites and was hydrogen resistant. The carbon deposition was influenced by both 

reaction temperature and gas composition. Fouling of catalytic sites also can also occur 

due to the formation of wax and other hydrocarbon products that potentially reduce 

gaseous reactants diffusion. Hence deactivation by this process is by physical surface 

coverage and not necessarily due to chemisorption of carbonaceous species [19, 63] 

Deactivation by attrition is mostly observed on unsupported catalysts; attrition is the 

breaking of the particles either via abrasion or fragmentation and is more prominent in 

slurry and fluidized bed reactors [73, 74]. O’Brien and co-workers [74] studied the attrition 

of Fe catalysts promoted by K and Cu under Fischer-Tropsch conditions in a slurry reactor. 

Deactivation by attrition was more prominent on the unsupported Fe particles as they 

disintegrated from 30-50 μm to 1-3 μm (as studied using TEM) after 24 hours under 

reaction conditions. The work furthermore indicated the necessity of using a binder in the 

form of silica to prevent catalysts deactivation by attrition when compared to the use of 

alumina or magnesia as binders.          

Oxidation of active sites in Fischer-Tropsch reactions is a plausible deactivation 

mechanism that has been investigated with great interest. It has been suggested that water 

being the main product of the FT process, is also responsible for the re-oxidation of the 

catalytic sites [75, 76]. Thermodynamic studies by Van Steen et al. [76] shed light on the 

size dependency of nanoparticle oxidation by water (Figure 2.4). In this study it was shown 

that Co nanoparticles with sizes below 4 nm were more susceptible to oxidation to Co(II)O 

even at low water to hydrogen partial pressure ratios. The re-oxidation process of Co 

nanoparticles was further studied by an in situ magnetometer under Fischer-Tropsch 

synthesis conditions; two catalysts with different Co crystallite sizes (4.5 and 9. 5 nm) were 

employed. At low conversion the Co catalysts did not show any loss of magnetization 

hence indicating that no re-oxidation of the nanoparticles had occurred. However, at high 

CO conversion - simulated by co-feeding water - the Co crystals with crystallite size of 4.5 

nm significantly lost the magnetization and corresponding Fischer-Tropsch activity when 

compared to the Co catalysts with a size of 9.5 nm. The  implication was that deactivation 

by re-oxidation is only significant on small Co crystallites in Fischer-Tropsch synthesis 

[77]. 
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Figure 2. 4: Size dependent stability region of Co and CoO under different water hydrogen 

partial pressures [76]. 

 

Similar work on Co nanoparticles using pre-synthesized monodisperse Co3O4 nanoparticles 

with supported on Stӧber silica spheres showed that small Co nanoparticles (3.2 nm) 

oxidized easily in comparison to Co crystallite with larger crystallites (5.3 nm) under 

simulated Fischer-Tropsch condition (i.e. 99% CO conversion) [78]. Although water has 

also been shown to play a role in other deactivation mechanisms on Fischer-Tropsch 

catalysts (sintering and restructuring), its effect on oxidation of Co catalysts, regardless of 

particle size can never be discounted even though the effects are more pronounced at high 

CO conversions and on small crystallite sizes.     

2.5. Influence of particle size on the Fischer-Tropsch reaction 

Active metal nanoparticles have been shown to be structure sensitive in Fischer-Tropsch 

synthesis. Thus active sites on different sized nanoparticle under Fischer-Tropsch 

conditions give different activities in terms of turnover frequencies as well as different 

selectivities. The different surface atomic configurations, called ensembles, due to the 

different particles sizes are responsible for this phenomena [79-82]. Numerous studies on 

the structure sensitivity of Co nanoparticles in FTS have been reported. In a study by Wang 

et al. [83], the authors claimed no intrinsic Co particle size effect in Fischer-Tropsch 

reaction for Co particles between 1 to 11 nm on model catalysts prepared under ultrahigh 

vacuum on a silica support. The low turnover frequency by the Co crystallites with size in 

the range of 1-3 nm was attributed to Co re-oxidation by water. However, Bezemer et al. 

[79] evaluated the influence of Co crystallite sizes (range 2.6-27 nm) in the Fischer-

Tropsch reaction on carbon nanofiber supports. In this study the reaction was performed at 

two pressure and temperature regimes of 1 bar/220℃ and 35 bar/210 ℃. It was observed 
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that the TOF was dependent on Co nanoparticle sizes below 6 nm and 8 nm. High methane 

selectivity and lower degree of reduction was also associated with small Co nanocrystals 

under FTS conditions. A comprehensive study by Fischer et al. [82] using cobalt oxide 

nanoparticles prepared by the reverse micelle method with different crystallite sizes (Co 

sizes; 3.7, 4.7, 6.0, 8.2 and 9.3 nm) and supported on alumina was performed to evaluate 

the structure sensitivity of Co catalysts in FTS. In this scenario it was determined that the 

catalyst chain growth probability and the FTS product olefinicity were not affected by Co 

crystallite size. However, selectivity towards branched hydrocarbons and methane 

increased with decreasing Co crystallite size, while the catalyst turnover frequency 

increased with particle size without plateauing in the Co sizes ranges that were studied.   

 An X-ray absorption spectroscopy study by Tuxen et al. [84] revealed that the dissociation 

of carbon monoxide on Co crystallites is dependent of their sizes. In this study Co 

nanoparticles of different sizes were prepared by a colloidal method (with average sizes of 

4, 10 and 15 nm) and supported on gold foil. An in situ XAS cell was used to test the 

catalysts for dissociative CO adsorption and revealed CoOx phases for nanoparticles with 

sizes of 10 and 15 nm (as seen from the O-K edge and Co-L edge) upon exposure of CO on 

the metallic nanoparticles. The CoOx phases on these catalysts signified dissociative 

adsorption of the CO to C and O on the nanoparticle surfaces. This suggested that small 

nanoparticles adsorbed more CO molecularly, leading to their low FTS turnover frequency. 

The CO cleavage step has been suggested to be one of the rate determining steps in the 

FTS mechanism. A similar study was performed by Herranz and co-workers [75] in which 

Co nanoparticles with a size range between 3 and 25 nm were tested in a syngas 

environment (3CO/10H2/20Ar). The data showed that both the dissociation of hydrogen 

and CO on the nanoparticles was structure sensitive as the catalyst turnover frequency 

increased, with Co average size stabilizing at sizes above 10 nm. 

Den Brejeen [85] and co-workers used steady state isotopic transient kinetic analysis 

(SSITKA) techniques to study the effect of Co crystallite size (range of 2.6-16 nm) in 

Fischer-Tropsch synthesis on carbon nanofiber supports.  The results were consistent with 

data reported by others in the literature [79, 82, 86]. To rationalize the observed data using 

SSITKA based on the CO, OHx and CHx coverages, it was proposed that low CO surface 

coverage and high residence times of CHx intermediates were responsible for the low TOF 

on the Co smaller nanoparticles (< 6 nm). Furthermore irreversible bonding of CO on these 

small nanoparticles was associated with an increased localization of the Co atom valence 

electrons, resulting in the lower turnover frequency.  

Other Fischer-Tropsch active metals such as Ru and Fe have also been shown to be 

structure sensitive in Fischer-Tropsch synthesis [87-90]. Quek et al. [88], Figure 2.5 used 

unsupported Ru nanoparticles in the range of 1-5 nm to study the effect of their sizes on 

Fischer-Tropsch synthesis in an aqueous environment at low temperature (i.e. 150 ℃). In 

this study the Ru nanoparticle sizes were prepared by varying the reduction method, the  
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synthesis temperature and the Ru precursor. The nanoparticles had a high degree of 

reduction (> 80%). It was observed that the crystallite turnover frequency increased with 

particle size and levelled off between 2.3 and 3.7 nm. This was followed by an increase 

when the Ru sizes were above 4 nm. The C4+ hydrocarbons and oxygenates showed an 

increase when the Ru particle size was between 2.3 and 5.2 nm, with Ru nanoparticles with 

an average particles size of 1.2 nm displaying a high methane selectivity, when compared 

to the methane selectivity of Ru nanoparticles with sizes between 2.3 and 5.2 nm. The work 

by Gonzalez-Carballo and co-workers [91], suggested two reaction regimes in which the 

Ru crystallite size influence existed during Fischer-Tropsch synthesis. At steady state the 

turnover frequency increased with crystallite size reaching a maximum at a Ru size of 

approximately 10 nm. However, when the TOF was measured at the start of the reaction 

the turnover frequency was observed to increase with Ru nanoparticle size up to 71 nm. 

The authors attributed this to the rearrangement of Ru surface sites with time on stream 

during Fischer-Tropsch synthesis. This suggested the existence of CO dissociation sites, 

step edges on Ru nanoparticles with sizes > 10 nm, which deactivated over time under 

reaction condition.  

  

 

Figure 2. 5: Effect of Ru nanoparticle size on the Fischer-Tropsch reaction selectivity [88]. 
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Park et al. [90] studied the influence of Fe nanoparticle size in Fischer-Tropsch synthesis 

and obtained similar results as observed on Co and Ru catalysts. The iron oxide (Fe2O3) 

nanoparticles with different crystallite sizes (2.0, 1.5, 6.1, 9.0 and 12.0 nm) were prepared 

by a solvothermal method using different synthesis temperatures to vary their sizes. It was 

shown that the particle size greatly influenced the iron oxide interaction with the support 

and the catalyst reduction or carburization. The Fischer-Tropsch turnover frequency 

increased with Fe particle size from 2.4 nm to 6.1 nm, remaining almost constant up to 11.5 

nm. Also the methane and C2-C4 selectivity increased with Fe crystallite size, due to the 

smaller Fe nanoparticles ability to preferentially dissociatively adsorb hydrogen rather than 

carbon monoxide. The water gas shift reaction (i.e. conversion of CO to CO2) was found to 

relate to the catalyst activity, as it followed the same trend as CO conversion rate.   

From the data in the literature it is thus seen that the effective size that gives high intrinsic 

activity (i.e. TOF) on Co Fischer-Tropsch Synthesis catalysts has been established. This 

has been neatly summarized by Van de Loosdrecht et al. and Van Helden et al. [27, 80]-  A 

size between 6-8 nm has been shown to optimal in FT reactions (Figure 2.6). 

 

Figure 2. 6: A summary of several studies showing a particle size dependency of turnover 

frequency in Co Fischer-Tropsch Synthesis [27, 80]. 

Several studies [79, 82] have associated the structure sensitivity of Co nanoparticles in 

Fischer-Tropsch Synthesis with the presence of ensembles of defect sites that are more 

catalytically active. These are the so called B5 ensembles as articulated by Van Hardeveld 

Hartog [81] they used a hard packing statistical model to calculating surface atoms in a 

nanoparticle, and the efficient sites were shown to be size dependent and to possibly play 
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an important role in CO adsorption and dissociation in Fischer-Tropsch catalysts. Recently 

a theoretical work by Van Helden et al. [80] was conducted to determine whether the 

ensemble site composition was dependent on the Co (fcc) crystallite size. The designed 

model was able to 1) generate realistic and thermodynamically favorable Co nanoparticles 

of different sizes, and 2) define and count different surface sites (B3, B4, …Bn sites, where 

n is the number of atoms in the ensemble).  

 

Figure 2. 7: Surface sites on Co nanoparticles as defined by Van Helden and co-workers 

model [80]. 

With these model the surface sites of several nanoparticles with sizes in the range of 0.7 to 

11 nm were identified and counted; below 1 nm it was found that the 2B3 sites were 

dominant, while above 1 nm there was an increase in the B4 sites, before reaching a stable 

value was found just below 2 nm. The B5/B6 sites were seen to increase with a further 

increase in Co crystallite size. However, the B5-A and B6 site concentration levelled off at 

sizes above 4 nm, whereas the B5-B ensembles gradually increased up to 8 nm. Because the 

2B3 and B4 ensembles have a higher energy barrier for CO dissociation that the B5 and B6 



Literature review 
 

  
23 

ensembles it was suggested that the TOF frequency variation in Fischer-Tropsch synthesis 

with particle size might have a direct correlation the surface site dependency on the Co 

nanoparticle size (Figure 2.7).   

The origin of this structure sensitivity has also been attributed to the propensity of the small 

Co nanoparticles to undergo oxidation by water under Fischer-Tropsch synthesis conditions 

[66, 76, 85] as well as electronic effects that affect the CO and H2 dissociation rates [85].  

2.6. Fischer-Tropsch Catalysts supports 

 

The effects that have been described above (deactivation, mechanisms and structure 

sensitivity) in Fischer-Tropsch studies and that relate to different active sites have been 

studied on different catalytic supports. The function of a catalyst support is to help disperse 

catalyst nanoparticles and hence circumvent severe nanoparticle agglomeration. 

Furthermore, an ideal Fischer-Tropsch catalyst support should also have and maintain good 

mechanical strength under reaction conditions and have a high surface area together with 

sufficient porosity to reduce mass transfer limitations [15, 92-94].  

The supports have also been shown to have different impacts on the behavior of Fischer-

Tropsch nanoparticles owing to variable support-metal interactions that are dependent on 

their chemical composition [95]. For instance, Jacobs and colleagues studied the effects of 

catalysts supports on a Co Fischer-Tropsch catalyst loaded using incipient wetness 

impregnation on different supports (Al2O3, SiO2, TiO2 and ZrO2). This study showed that 

Co catalysts reduction decreased following the trend SiO2 > TiO2 > Al2O3. The variable 

degree of reduction was attributed to the different degree of metal support interactions 

induced on the Co nanoparticles [92]. Storsæter et al. studied cobalt nanoparticles 

supported on SiO2, Al2O3 and TiO2, it was observed that the Co crystallite and reducibility 

were dependent on the support pore size up to a given value. The support dependence was 

also be attributed to the metal-support interactions influenced by the support pore size [93]. 

An issue with oxidic catalyst supports is their metal support interactions with the Fischer-

Tropsch metal to form an inactive (and irreducible) metal oxide such Co2AlO4 [96], 

CoTiO4 [97] or Fe2SiO4 [98]. To circumvent this problem catalysts have been modified 

with promoters to allow the reduction of the active metal to occur at lower temperatures 

[99]. 

In several cases the use of inert catalysts supports such as carbon materials has been 

sufficient to overcome these strong metal support interactions. The advantage of using 

carbon as a support related to the reduced metal support interactions in Fischer-Tropsch 

catalysts. This permits a more significant number of the exposed active nanoparticles 

surface atoms to take part in the catalytic reaction [11, 100, 101]. 
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2.6.1. Use of carbon as support in Fischer-Tropsch synthesis 

The carbon atom is able to form many stable carbon materials using a combination of both 

sp
3
 and sp

2
 hybridized orbitals. Because of the versatility of the carbon atom that arises 

from the stability carbon using the two hybridizations states, several allotropic forms of 

carbon exist. They have desirable properties that can be exploited in materials chemistry. It 

is the combination of the sp
3
 and sp

2
 carbons in different amounts that gives the resulting 

carbon materials their shapes, physical properties and electronic properties (Figure 2.8) [86, 

100, 102, 103]. This has led to their widespread use in many heterogeneous catalytic 

reactions. The early reports on the use of carbon materials as supports in Fischer-Tropsch 

synthesis can be traced back to the 1980-1990s, with the studies mostly focused on the use 

of activated carbon, glassy carbon and carbon black [100].  

 

Figure 2. 8: Carbon material polymorphs [101]. 

Carbon materials as catalyst supports despite some drawbacks (i.e. low density and cost of 

production) have several advantages that make them desirable for application in Fischer-

Tropsch catalytic evaluation both for fundamental studies and possible industrial 

applications. 

These are [100, 101, 104-107]:  

1. Limited strength of metal support interactions that allow an increased degree of 

reduction of catalyst active sites. 

2. Modifiable pore structure and surface area 

3. Resistance towards both acid and basic environments. 

4. Controllable surface polarity by functionalization methods and doping with 

heteroatoms such as nitrogen, boron, sulphur or phosphorus. 

5. Stability at high temperatures, with easy recovery of the active metal after catalytic 

reaction. 

Detailed reviews on the use of carbon materials in Fischer-Tropsch Synthesis can be found 

in these references [100, 101]. Amongst the carbon materials that have gained traction for 

application in Fischer-Tropsch synthesis are carbon nanomaterials such as nanotubes, 
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nanofibers, spheres and graphene. These carbon materials have been prepared by a variety 

of methods using gas and liquid phase carbon precursors employing synthetic techniques 

such as the chemical vapor deposition and high pressure solvothermal synthesis [108, 109].  

Several studies have shown that the modification of these carbon materials do have 

substantial impacts on supported Fischer-Tropsch metallic sites. These are the carbon 

material morphology, doping and functionalization, location of active sites on the support 

and the pore structure [86, 100, 110, 111]. 

These carbon materials provide good model supports for understanding several processes 

affecting catalytic systems. In the work by Bezemer and Den Brejeen as well as the group 

of De Jong [79, 85], carbon nanofibers prepared using Ni catalysts were used as supports 

for Co nanoparticles to study the effect of Co nanoparticles on the process. Carbons have a 

low metal support interaction so a comprehensive study on the size effect was made 

possible yielding results that have had far reaching effects on the design of FTS catalysts 

for industrial applications. In another work by Xiong and co-workers [86], it was revealed 

that carbon nanotubes and carbon spheres generally have the same effect (due to similar 

surface properties) on the Co nanoparticles as it was shown that on both these supports the 

catalytic turnover frequency followed the same trend with regards to the influence of Co 

crystallite size. 

Further to the modification of the metal support by varying the support interactions, it has 

been suggested that the carbon support lattice can be doped using nitrogen to increase the 

active nanoparticles interaction. This would prevent sintering significantly affecting the 

metal support interactions observed in oxidic supports that lower the catalyst degree of 

reduction [112-114].  

Yang and co-workers [113] studied the effect of nitrogen doping of ordered mesoporous 

carbon (OMC) on cobalt Fischer-Tropsch catalysts. The ability of the CoO nanoparticles to 

auto-reduce on the carbon support was found to increase with the nitrogen content to a 

certain level, possibly due to the increased defects on the carbon supports. Thus the 

conversion of CoO to Co using CO occurred at lower temperatures in relation to the CoO 

supported on the unpromoted carbon support. Furthermore, nitrogen doping allowed for a 

more uniform distribution of the Co nanoparticles when compared to the undoped carbon 

support. The Co Fischer-Tropsch activity was found to be dependent on the metal support 

interaction and Co particle sizes, both of which were influenced by the amount of nitrogen 

in the carbon support. From the study the authors concluded that pyridinic nitrogen served 

as the anchoring sites for Co nanoparticles, increasing the metallic dispersion and support 

interaction. With regards to carbon surface modification for use in Fischer-Tropsch, several 

other methods have been employed generally employing wet oxidizing agents (i.e. HNO3, 

H2SO4, KMnO4, H2O2, etc.) [106, 115, 116]. Motchelaho et al. [106], modified surface of 

carbon nanotubes using nitric acid with different concentrations, for application as a 
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support in Fischer-Tropsch synthesis. Use 55% HNO3 acid to modify the CNTs surface 

resulted in a support with a rougher texture that had an increased negative charge due to a 

greater number of oxygen functionalities when compared to CNTs functionalized using 

30% HNO3 and functionalized CNTs. The resulting oxygen functionalities allowed better 

dispersion of Fe nanoparticles hence yielding a catalyst with a high Fischer-Tropsch 

activity and low methane selectivity. Schulte et al. found that the N atoms served as better 

anchoring sites for Fe nanoparticles than O atoms of functionalized carbon nanotubes 

[105]. The effect of the location of Fischer-Tropsch nanoparticles on these carbon 

nanomaterials was demonstrated by Chen et al. using carbon nanotubes with inner 

diameters in the range of 4-8 nm. Iron oxide (Fe2O3) nanoparticles (2-10 nm) were 

confined inside the CNTs by capillary forces using iron nitrate solution  [111]. An in situ 

XRD analysis under both hydrogen and carbon monoxide showed that iron oxide 

nanoparticles inside the CNTs channels reduced at lower temperatures. The encapsulated 

Fe nanoparticles easily formed iron carbide resulting in higher Fischer-Tropsch activity and 

C5+ selectivity than the catalysts where the Fe nanoparticles were placed on the CNTs outer 

surface. These confinement effects have been attributed to the pyramidalization angle on 

the carbon bonds that change with the carbon material morphology, and the misalignment 

of the 𝜋 orbitals. Hence the nanoparticles inside and outside the carbon nanotubes have a 

different interaction with the 𝜋 electron density as it shifts from the concave to the convex 

surface [110]. Nanoparticle confinement also limits the nanoparticles ability to sinter 

during reduction and Fischer-Tropsch synthesis (i.e. drange after FT recation was 4-14 nm 

for Fe-in-CNT and 8-22 nm for Fe-out-CNT), and this can increase the lifetime of the 

catalysts. The pore structure of carbon nanomaterials in Fischer-Tropsch synthesis has been 

evaluated by Xie et al. using CNTs [117]. CNTs with average pore sizes of 5, 11 and 17 

nm had Co3O4 nanoparticles filled inside the channels (10Co-in-CNT(5), 10Co-in-

CNT(11), 10Co-in-CNT(17)). The CNTs with pore size of 5 nm had high BET surface area 

and the supported cobalt oxide nanoparticles displayed a smaller average particle size (4.2 

nm). The crystallite sizes increased with pore size. The catalytic activity and stability 

increased with decreased support pore size, as the Co nanoparticles supported on CNTs 

with pore size of 17 nm had a faster deactivation rate. In this study the catalyst selectivity 

was not significantly affected by the support pore structures as the catalyst methane and 

C5+ selectivity were in the range of 9-10% and 79-83% respectively. 

2.7. Fischer-Tropsch synthesis promoters 

Several elements [Mn, Pt, Ru, and K etc.] have been investigated to study their abilities as 

catalytic promoters in Co or Fe based Fischer-Tropsch synthesis [92, 118-120]. These 

promoters have diverse effects on the Fischer-Tropsch catalysts which can be both 

beneficial but some can also poison a catalyst surface [19]. The promoter effects can 

however be influenced by other variables such as the catalyst preparation methods and the 

Fischer-Tropsch reaction conditions been employed. It is commonly agreed that promoters 

are used for the following reasons [121, 122].  
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(1) To assist the reduction of the metal oxide species and to reduce metal support 

interactions.  

(2) To increase the number of accessible metal active sites for the catalytic process.  

(3) To stabilize catalysts against deactivation and  

(4) To enhance catalyst selectivity. 

Promoters have been generally divided into two groups; structural and electronic promoters 

(Figure 2.9). Structural promoters affect the formation of and stability of the active phase 

while electronic promoters directly affect the active phase and electronic structure which 

changes the chemisorption capabilities [123].  

 

Figure 2. 9: Two classes, structural and electronic promoters. 

Noble metals such as ruthenium (which can act as a Fischer-Tropsch metal) are in essence 

both electronic and structural promoters in cobalt based Fischer-Tropsch synthesis [124]. It 

has been observed that the ruthenium helps to enhance the catalytic activity of the cobalt 

catalyst. This has been explained by suggesting that the ruthenium acts as a facilitator to 

enhance a lower temperature reduction of the cobalt oxide species and to keep the cobalt 

surface clean. This helps keep the number of exposed cobalt atoms high during the Fischer-

Tropsch synthesis, and thus avoid high temperature activation of the Co nanoparticles, thus 

avoiding possible sintering by thermal degradation [121, 125]. Overall the ruthenium 

promoter serves to decrease the reduction temperature of the cobalt oxide species during 

the activation process leading to higher active site dispersion. Schulz et al. observed, using 

in-situ XANES that addition of ruthenium to Co/SiO2 led to an easy reduction of the cobalt 

oxide (37.5% Co) while the unpromoted Co/SiO2 did not reduce to Co during the in situ 

reduction steps at 450 ℃ [126]. Park et al. employed a ruthenium promoter as an electronic 

promoter by preparing Co-Ru nanoparticles using oleic acid as a capping agent. The 

nanoparticles were loaded on γ-Al2O3. The catalyst showed high C5+ selectivity (> 80 %) 

and lower olefin to paraffin ratio because of the enhanced olefin re-adsorption induced by 

the ruthenium promoter [121]. The proposed acceptor sites are the active Fischer-Tropsch 
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sites such as cobalt or iron [121, 127]. Rodrigues et al. reported that addition of a 

ruthenium promoter to a Co/SBA-15 catalyst for Fischer-Tropsch synthesis increased the 

C5+ selectivity to 80% because of the synergistic effect by the ruthenium promoter resulting 

from the easy reducibility of the Co active phase [122]. An in situ X-ray absorption study 

by Hong et al. [128], suggested that the Ru promoter ions get entrapped inside the cobalt 

oxide phase (i.e. Ru atoms replace some Co atoms in the oxide lattice, as the ions have 

equal atomic sizes, between 61 and 68 pm). These Ru atoms were then observed to 

promote the reduction of the cobalt oxide phases to form a Co-Ru bimetallic catalytic 

phase, and the promoter effects [on Co3O4 reduction] were independent of the Ru loading. 

The preparation procedure for these catalysts also proved vital for retaining ample amounts 

of Ru on the Co, as it was observed that some of the Ru was lost by gasification during 

catalyst preparation, during drying and during the calcination step. Fischer-Tropsch 

evaluation revealed higher activity for the promoted catalyst, with the catalyst prepared by 

impregnation using an organic additive (sorbitol, CoRu-sorb/SiO2) giving a higher activity 

than the one prepared without an additive (CoRu/SiO2).        

In Fischer Tropsch synthesis hydrogen spillover is generally inferred to explain the 

promoter effects of noble metals such as platinum, rhenium and ruthenium in Fischer-

Tropsch synthesis.  

2.8. Hydrogen spillover mechanism and its effects in heterogeneous catalysis 

The hydrogen spillover process was first reported in 1964 for a Pt/WO3 material as 

evidenced by the reduction of WO3 to a blue WO3-x material (x= number of oxygen atoms 

lost [23, 129]. This spillover process has great implications in heterogeneous catalysis and 

for hydrogen storage in the hydrogen economy for application in fuel cells.  

Hydrogen spillover is defined as the transportation of hydrogen atoms formed by 

decomposition of a hydrogen molecule on an initial surface (called the initiator) onto a 

subsequent surface (i.e. acceptor) that does not under the same conditions (mostly pressure 

and temperature) dissociate hydrogen molecules to their corresponding active sites [23, 

130]. The spillover of hydrogen atoms is completely feasible when the initiator and 

acceptor are in direct contact. However, a second possible spillover mechanism in which 

the components are separated by a carrier is also possible. This leads to the existence of 

two mechanisms called primary and secondary spillover respectively (Figure 2.10).  The 

kinetics of the spillover process is dependent on the materials on which the processes take 

place.  
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Figure 2. 10: Schematic showing the two hydrogen spillover processes in a promoted 

heterogonous catalysts system [131]. 

Conner Jr and Falconer pointed out that the diffusion of the spilled over species over a 

surface is dependent on the electronic interactions of the surface and the active species. 

Invariably the transfer will then require a formation of a weak but sufficiently strong bond 

(either through Van der Waals interactions or localized bonding). These interactions are 

also thought to be affected by  the manner in which the active species interact with the 

initiator and acceptor components at the interface [130].  

Molecular orbital energy studies on the spillover of hydrogen atoms to non-reducible 

supports such as SiO2 and Al2O3 suggest a higher energy barrier for the process to occur 

favourably [132]. In an extensive review of hydrogen spillover, Prins argued that the H-D 

exchange studies did not necessarily provide sufficient proof of hydrogen spillover. The 

transport of hydrogen on the support was not energetically favoured, partly because 

irreducible supports were used, and the support-hydrogen atom bond energy was found to 

be generally less than the H2 molecule dissociation energy of 218 kJ.mol
-1

  that is required 

to keep the hydrogen atoms from combining again after dissociation [23]. 

However, hydrogen spillover has been observed on many materials and the most accepted 

or proposed hydrogen spillover is the Bucket-Brigade mechanism which is similar to the 

Grotthuss mechanism (Figure 2.11) [133].  The mechanism suggests a transfer of hydrogen 

atoms by the successive formation of oxygen-hydrogen-oxygen networks on a surface with 

hydroxyl-like terminations [21, 130, 133, 134]. 
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Figure 2. 11: Bucket-brigade surface migration in hydrogen spillover. Movement of 

hydrogen is only possible by the hydrogen bond forming-breaking exchange from Me
I 
to 

Me
II
 [131]. 

After witnessing the effect of hydrogen spillover on the hydrogenation of benzene on the 

surface of an aluminosilicate (NaA, pore size between 0.3-0.4 nm)  that had 1 nm Pt 

nanoparticles encapsulated inside the dense zeolite framework, Im and colleagues then  

used density functional theory calculations to show that the surface hydroxyls (i.e. sites 

generated by Bronsted acid sites) on the aluminosilicate surface play a crucial role in the 

process of hydrogen spillover as shown in the Figure below.  

In this mechanism defect sites are generated by a movement of protons from the framework 

interior, followed by the “defect” movement in the framework. Here adding a H radical is 

added to a defect site and this result in the formation of a three centered O-H-O bond (i.e. 

Bronsted acid). Migration of this O-H-O, by a polaron conduction mechanism eventually 

allows the cationic defective site to be reached. Any contact with an electron gives 

hydrogen radical that is then involved in the reaction (it’s the spilt-over hydrogen).  The 

mechanism then suggests that spillover on to the non-reducible aluminosilicate becomes 

feasible because of the O-H and O-H-O connectivity exchange with low energy barrier 

(Figure 2.12) [135].   
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Figure 2. 12: Hydrogen spillover mechanism as proposed by Im and Co-workers [135]. 

 

Beaumont et al. studied the reaction kinetics of hydrogen spillover by increasing the Pt and 

Co spacing in the hydrogenation of carbon dioxide. In this work pre-synthesized Co (10 

nm) and Pt (12 nm) colloidal nanoparticles were supported on mesoporous silica (MFC-

17), to make Co/MCF-17, CoPt/MCF-17 and Pt/MFC-17. A mechanical mixture of the 

Co/MFC-17 and Pt/MFC-17 gave similar hydrogenation turnover frequency as found for 

the CoPt/MFC-17 catalyst, which was prepared by mixing the colloidal solution of the Co 

and Pt nanoparticles. The high methane TOF of these two catalysts was attributed to the 

promoter effects of the Pt nanoparticles by hydrogen spillover on to the silica support. The 

hydrogenation kinetics of this systems were evaluated by calculating the activation 

energies from Arrhenius plots (at 60 bar, Trange = 200-300 ℃). A lower activation energy 
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was obtained for the catalysts prepared from a mechanical mixture (Co/MCF-17 + Pt/MCF-

17), suggesting diffusion limited movement of hydrogen active species from the Pt to Co 

nanoparticles (migration distance of about 400-500 nm) through the support material [136].  

In another work the mobility of hydrogen on both reducible (TiO2) and non-reducible 

(Al2O3) surface was studied and verified using in situ X-ray absorption spectroscopy 

(XAS) by Karim et al. [24]. In this work nanolithography was used to make model systems 

on a titania or alumina films where the platinum and iron oxide nanoparticles (30 and 60 

nm respectively) were separated by a distance from 0 to 45 nm. Exposing these model 

catalyst system to hydrogen gas at 70 ℃, resulted in the substantial reduction of the iron 

oxide nanoparticles on the titania support (up to 17 % degree of reduction). However, the 

reduction process on the alumina film was dependent of the separation distance between 

the platinum and iron oxide nanoparticles. The work of Karim and colleagues enforces the 

necessity of reducibility of the hydrogen transporting layer to allow hydrogen spillover 

over long distances. 

In heterogeneous catalytic reactions it has been shown that hydrogen spillover does assist 

in the reduction of  molecules as has been observed for CO2 [136, 137], benzene conversion 

To cyclohexane [135], and styrene to ethylbenzene [138]. For example Beaumont et al. 

evaluated the role of Pt in the hydrogenation of carbon dioxide on Co catalysts by in situ 

NEXAFS. The study used catalysts were Co, Co-Pt bimetallic and Co + Pt nanoparticles 

supported on MFC-17 silica support. High values of methane production were observed on 

the Co+Pt/MFC-17 catalyst. Since all the catalysts were optimally reduced at 450 ℃, the 

high turnover frequency of this catalyst was attributed to the Pt nanoparticle ability to 

dissociate significant amounts of hydrogen that transferred to the nearby Co nanoparticles 

with chemisorbed CO2 resulting in high hydrogenation rates [137]. In Fischer-Tropsch 

synthesis Nabaho and colleagues studied hydrogen spillover over a milled alumina support 

using a Co catalyst with Pt and Au promoters. Hybrid catalysts of Pt/Al2O3 and Co/Al2O3 

were used as a model catalyst in which the Co and Pt nanoparticles could be separated. 

TPR studies of the catalysts showed that the bimetallic CoPt catalyst and the hybrid 

catalyst (i.e. Pt/Al2O3 and Co/Al2O3) reduced at low temperatures when compared to the 

TPR profile of the unpromoted catalysts. The Pt promoter affected the transformation of 

CoO to Co by lowering the reduction temperature. Fischer-Tropsch activity of the hybrid 

catalysts (hybrid Co-Pt/Al2O3) was greater than that of Co/Al2O3. These also corresponded 

to the hybrid catalysts highly hydrogenated hydrocarbons for the Pt promoted catalysts due 

to hydrogen spillover leading to a hydrogen rich environment increasing hydrogenation 

rates on the unsaturated hydrocarbon[131]. An analogous study using Au as the promoter 

yielded insignificant spillover effects because of the inability of Au to dissociate hydrogen 

as easily as Pt metal [139].    
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3.1. Background  

The increasing interest and continued growth of nanotechnology and nanoscience as an 

umbrella field incorporating many scientific fields (chemistry, physics, material science, 

etc.) has yielded many great innovations. This includes, among many others, the 

development of new generation techniques like scanning tunneling microscopy (STM) and 

atomic force microscopy (AFM) [140, 141] ,the fabrication of carbon nanomaterial only 

solar cells [142] and the current intensive research focused on electronic properties of 

single/few layer graphene that promises to revolutionize the future of the electronics 

industry [143]. However, even though great attention has focused on these major 

“newsmakers” in the nanotechnology world there have been other major offshoot 

developments with, just as much scientific relevance as the ones mentioned above. This 

involves the development of carbon nanotubes and nanofibers as fillers in the composite 

industry [144, 145], in waste water purification [146] and in catalysis as catalyst supports. 

The discovery and the application of quantum dots as energy harvesting entities for solar 

cells have also not gone unnoticed [147].  

Over the last two decades the use of nanoreactors to make pharmaceuticals for drug 

delivery [148] and in catalysis to prevent nanoparticle agglomeration [149] has led to the 

development of new materials to make these nanoreactors (Figure 3.1). These hollow 

nanoreactors have also found increasing applications in other areas of study such as in 

lithium-ion batteries, as sensors and as antibacterial agents [150].  

 

Figure 3. 1: Typical nanoreactors that have been prepared. 

In essence this concept of nanoreactors is part of an ongoing pursuit by the nanotechnology 

community to mimic the bio-compartmentalization as observed in living cells whereby 

diffusional and mass transport effects help in maximizing the efficiency (activity and 

selectivity) of the chemical processes in the cell [151]. A key component of any 

nanoreactor is the control of porosity as the porosity controls the movements of chemical 
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species in and out of the nanoreactor compartment. The nanoreactors frequently reported in 

the literature involve hollow spheres made of different materials such as titania, silica and 

graphitized carbon [150]. Figure 3.2 derived from data in SciFinder shows the growth in 

the number of publications using the word “nanoreactor” thus emphasizing the increasing 

interest in the synthesis and application of these novel materials over the past 14 years in 

various fields of studies.  
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Figure 3.2: Growth in the number of publications dealing with nanoreactors (data obtained 

using SciFinder, February 2014) 

3.2. Synthesis of nanoreactors 

In the discussion to follow the term nanoreactors will refer to hollow spheres with different 

porosities (i.e. nonporous, micropores and mesoporores), in particular hollow carbon 

spheres. 

The hollow spheres have been synthesized using a variety of different techniques; this 

typically starts with the use of templates as the structure directing agents. The templating 

method generally involves at least three steps: (1) preparation of the template (2) direct 

synthesis of the desired material on the template surface and (3) template removal. 

Templates can be soft and hard colloidal templates and can even be non-colloidal 

templates. The hard physical templating method has proven to be the most valuable and 

reproducible way of making hollow nanostructures such as titania, silica and carbon 

spheres while the hard chemical templating method has also been applied for making 

hollow silica spheres. In hard physical templating the template does not form part of the 

resulting structure as it can be totally removed by etching or by some other decomposition 
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method. However, in the hard chemical templating method the initial template material is 

transformed into the final product [152].  

3.2.1. Hollow silica spheres 

Hollow silica spheres were the earliest of the reported hollow nanostructures. Because 

silica is abundant and environmentally friendly, coupled with the hollow silica spheres’ 

outstanding properties (excellent mechanical and thermal stabilities) [148, 153, 154]. Great 

research innovations in the synthesis and modification of these materials have been 

advanced.  The synthesis is achieved by the template methods and it is to be noted that both 

the hard and soft templating methods have been used with great success [152]. The hard 

physical template method has been applied by Caruso et al. and many other authors using a 

layer-by- layer approach to make hollow silica spheres on  a positively charged polymer 

template by an assembly of the negatively charged silica particles [155]. A sol-gel method 

has been the most employed method of the direct synthesis methods because they allow a 

synthesis of monodisperse hollow structures [152, 156, 157] Chen et al. used the sol gel 

method to make monodisperse hollow silica spheres by using monodisperse polystyrene 

(PS) spheres as a template and TEOS as the silica source [158]. In this synthesis procedure 

the TEOS (with a cationic monomer) was hydrolyzed using ammonia solution to deposit 

the silica particles onto the PS template. The concentration of the ammonia solution and 

TEOS affected the kinetics of the synthesis process and consequently determined the shape 

and shell thickness of the hollow silica structures [158]. This kind of sol-gel method has 

also been applied using different templates from that of PS [152]. Carbon spheres have 

been used as templates for making rattle type hollow mesoporous silica spheres with Pd 

nanoparticles inside [159, 160]. A method was reported by Chen et al. whereby silica was 

deposited on to a Pd/C composite using a modified a sol-gel method to form Pd/C@mSiO2 

followed by thermal heating (in nitrogen) at 400 ℃ and carbon removal by  oxidation at the 

same temperature to give a Pd@mSiO2 [160]. Although a great number of the synthesis 

techniques are centered on the hard physical templating method, hollow silica spheres with 

mesopores have also been made by the hard chemical templating method [148, 161] . 

Zheng et al. performed a surface protected etching process on silica spheres to form 

york/shell SiO2@void@SiO2 particles. This was achieved by forming silica (SiO2@SiO2) 

particles with the inner core and outer shell coated with a PVP polymer ( Mw = 50000). 

Selective etching using NaOH results in the removal of the unprotected SiO2 and the 

resultant composite material that formed was a SiO2@void@SiO2 [162]. The hard chemical 

template method is generally based on the use of structural difference of the silica species. 

In this procedure solid silica spheres (from TEOS) are coated with a mesoporous silica 

shell made from a different silica source (i.e. from TEOS and C18TMS), and during the 

etching process the inner core is first dissolved leaving a hollow mesoporous silica sphere 

[161]. 
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Figure 3. 3: Scheme showing some of the etching strategies employed in the hard chemical 

templating method [148]. 

Other template methods such as soft templating methods for making hollow silica spheres 

have also been reported. These include methods such the one step reverse-phase micro-

emulsion [152, 163], and surfactant assisted templating procedures [148]. However, it is 

difficult to obtain narrow particle size distributions and to obtain a narrow pore size 

distribution using this approach [148].  

 3.2.2. Hollow Titania Spheres 

Titanium oxide is known as one of the best semiconducting materials for applications in 

photocatalysis and energy storage [164-166]. This is partly due to its wide energy band gap 

[167] and the fact that it is nontoxic and a chemically resistant material. Coupled with these 

properties the hollow morphology of a titania sphere makes it material of great interest, 

hence the increasing effort to find novel ways of making hollow mesoporous titania [168]. 

The synthesis of these titania spheres involve the aggregation of small titania clusters 

reacting on a template or any other structure directing agent [165, 169]. In the synthesis of 

the hollow titania nanostructures a hard template method is the most viable route as it 

allows control of the resulting material morphology. Wang et al. fabricated hollow titania 

structures (for testing in lithium ion batteries) of different shapes (peanuts, pseudocubes, 

capsules and ellipsoids) using a hydrothermal method using TiF4 as the titania precursor. In 

that study 𝛼-Fe2O3 of different shapes were used as templates [169]. Different titanium 

precursors (titanium t-butoxide, titanium fluoride, titanium oxysulphate, etc.) can also be 

employed to synthesize the hollow titania spheres using different methods such as the 

conventional sol-gel method or even the solvothermal methods [150, 164, 165]. The 

porosity of these materials is important to control if they are to be applied in various fields 
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such as catalysis and drug delivery systems. The templates used during the synthesis 

process are usually functionalized with porogens (i.e, surfactants) to allow a formation of 

mesopores on the titania shell [150]. This was observed in the two methods employed  by 

Joo et al. in which spherical silica templates functionalized with hydroxypropyl cellulose 

resulted in the synthesis of mesoporous hollow titania spheres [164]. The work of Wang et 

al. employed unfunctionalized Fe2O3 to uniformly form hollow titania structures with a low 

surface area (i.e. having a small number of mesopores) [169].         

3.2.3. Hollow carbon spheres 

Carbon nanomaterials have been unquestionably at the forefront in the advancement of the 

nanotechnology initiative. One of the these carbons that have been studied are the hollow 

mesoporous carbon spheres partly because of the versatility and robustness of the carbon 

material (its graphitic nature, tunable porosity, etc.) that allows the hollow spheres to be 

applied and studied in many areas of material science [170, 171]. The synthesis procedures 

to make hollow carbon spheres can be grouped according to the hard and soft template 

methods (templates include silica, metal or metal compounds and polymer latex spheres) 

[172, 173]. This arises since a direct formation of the spherical hollow nanostructures is not 

favoured thermodynamically [152]. Since in most cases the template surface and the 

carbon source are not usually compatible, functionalization of the templates or any other 

modification of the surface with electrostatic groups or functional groups helps to make the 

template surface compatible with the carbon source [173]. These modifications can also 

help in fine-tuning the resulting porosity of the hollow carbon spheres. For example Chen 

et al. managed to synthesize mesoporous hollow carbon spheres (MHCSs) by a chemical 

vapour deposition (CVD) method using solid silica spheres modified with a mesoporous 

silica shell (sSiO2@mSiO2, using C18TMS as a surfactant). The MHCSs fabricated at 800 

℃ with shell thickness of 90 nm had a high surface area of  948 m
2
.g

-1
 and a pore volume 

of 0.3824 cm
3
.g

-1
 due to the use of the mesoporous template [174]. Nanocasting methods 

have also been used to make hollow carbon spheres with a thin shell thickness (4 nm), as 

reported by Liu et al. They reported a synthesis using method dopamine as the carbon 

source by simply immersing the spherical silica templates in the dopamine aqueous 

solution followed by carbonization and the removal of the silica template [175]. Hollow 

carbon spheres can be produced hard template method using different methods such as the 

CVD method [176] the solvothermal method followed by carbonization at high 

temperatures [177, 178] and even direct carbonization in nitrogen of the carbon source 

without any solvothermal treatment [175]. Soft template methods for making hollow 

carbon spheres are gaining momentum because of the reduction of the number of steps 

involved in the synthesis process in comparison to the hard template method. However, 

control of the particle size distribution is a challenge using this method [173]. The shell 

thickness of hollow carbon sphere has also be tailored by varying the template mesoporous 

shell thickness or the concentration of the carbon source [174, 179, 180]. Chen et al. used 
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the C18TMS/silica ratio to tune the shell thickness of hollow spheres from 25-90 nm while 

keeping all other reaction conditions the same [174]. Many carbon sources ranging from 

gaseous ones like acetylene and ethylene [174], to polymers such as PVA and phenolic 

resins [181] have been employed in the synthesis of hollow carbon spheres; in essence any 

carbon source that can interact and is compatible with the template and can easily undergo 

carbonization may be used as a carbon source. Given the porous nature of the hollow 

carbon spheres, removal of the template is easy, either by chemical dissolution as in the 

case of silica spheres [175] or thermal removal of polymer latex templates [178].  

3.3. Application of hollow spheres (nanoreactors) in catalysis 

Mesoporous hollow spheres offer a great advantage in material science, as noted above. 

Catalysis is one of the growing fields of study in which the mesoporous hollow spheres 

have been studied and their hollow morphology exploited [149]. The porous structure of 

the hollow spheres can provide efficient mass transport pathways through the 

nanostructure’s interior voids. This yields yolk/shell composites wherein the active sites 

(i.e., metal nanoparticles) are encapsulated inside the hollow spherical nanostructure (e.g. 

silica, carbon etc.) [149, 182]. The hollow morphology is also useful when studying the 

catalytic activity of different nanoparticles because the particles can be tested inside the 

inert shells with a possibility of limited metal support interaction and any other 

deactivation mechanism that can arise through particle sintering [183, 184]. Controlled 

synthesis of the metal nanoparticle yolk or rattle type carbon composites for application in 

catalysis are usually achieved by the core-shell-shell method. In this metal nanoparticles 

are coated inside (or loaded outside) a template that serves as a sacrificial layer to be used 

for encapsulating the metal nanoparticles. This is then covered by a porous carbon shell to 

form metal core@void@MHCS after template (MHCS = mesoporous hollow carbon 

spheres) [149, 185].  
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Figure 3. 4: General core-shell-shell route for making metal@hollow mesoporous carbon 

composites [185]. 

Several studies have shown the potency of these systems in catalysis. Liu et al.  prepared an 

Au@mesoporous-C catalyst using a one-step core-shell-shell method for the reduction of 

ortho-nitrophenol. The encapsulated gold nanoparticles displayed high catalytic activity 

with greater than 99% conversion observed within ten minutes of the reaction progress. 

The catalysts also showed good recyclability without any loss of any activity (after 5 

cycles) hence showing that the carbon shell served as a protective capsule that prevented 

any deactivation of the active catalytic sites [185]. Galeano et al. used the hollow 

mesoporous carbon spheres in an effort to document the effect of particle size for a 

catalytic CO oxidation reaction in air, it was observed that the catalytic composite Au@C 

(particle size ~ 7 nm) had high activity for CO conversion in comparison with 

encapsulated Au NPs of particle size ~ 14 nm [186]. Particle size studies with these 

nanostructures are advantageous because the support effects can be eliminated because due 

to the use of graphitic hollow carbon spheres. Many other metal nanoparticles such as 

rhodium, platinum etc. have also been encapsulated within mesoporous carbon shells for 

catalytic applications and showed significant performance. They showed little sign of 

diffusion limitations because the porosity of the hollow mesoporous carbon shell could be 

fashioned with great success to allow easy flow of reactants and products [183, 187]  

3.4. On the porosity of hollow carbon spheres 

The concept of using nanoreactors in chemical and catalytic reactions is relatively new in 

the nanotechnology initiative; it is however a very promising field for performing chemical 

reactions whereby mass transport limitations can be imposed on the reactions of interest 

[188-191]. 
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Of these nanoreactors, hollow carbon spheres have received great attention over the years. 

This is because of their variable functionality that has attracted interest from many research 

fields for technological and scientific applications. The hollow carbon spheres have found 

applications in batteries, as electrodes for use in supercapacitors, gas adsorption systems, 

for use as nanoreactors in catalysis and in drug delivery systems [188, 192-196]. The 

structural architecture of these materials give them a distinct space in material science in 

relation to carbon materials such as carbon nanotubes/fibers and even solid carbon spheres. 

The reason is that even though the hollow carbon spheres have a  carbon shell which gives 

them almost all the advantages offered by carbon nanomaterials, it is however the hollow 

interior of these materials that can be exploited, this added factor gives them the interesting 

properties for potential use in many fields of science and technology.  

It’s because of the hollow morphology that tailoring the porosity of these materials has 

become an important aspect in the synthesis of hollow carbon spheres that will allow easy 

and controllable access of reactants in and out of the hollow carbon spheres. 

3.4.1. Types of pores observed in hollow carbon spheres 

The main method for analysing the pore structures of hollow carbon spheres in the 

literature is by the use of nitrogen adsorption-desorption (Figure 3.4). It is with these 

techniques that the total surface area of the material can be estimated using the BET 

(Braunner-Emmet-Teller) equations. The pore size distributions are also calculated using 

DFT (density functional theory) techniques or the BJH (Barret-Joyner-Halenda) and other 

several equations using data obtained from the material’s adsorption isotherms [178, 197-

199]. 
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Figure 3. 5: Adsorption isotherm and its general features descriptive of the analyzed 

material [199]. 

Several studies have reliably employed these techniques to accurately study and distinguish 

the hollow carbon sphere porosity. For example, Nongwe et al. [198] were able to decipher 

the difference in the hollow carbon porosity using N2 adsorption-desorption. The material 

had different pore size distributions that varied with the synthesis procedure employed. 

One material showed significant mesoporosity as evidenced by type IV adsorption and pore 

size distribution calculated by the BJH method (pore diameter of ~ 5.7 nm) and the carbon 

shell structure from TEM analysis images, while the other hollow carbon spheres displayed 

a type II adsorption isotherm indicating significant the nonporosity of the carbon shells in 

question.   
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Figure 3.6: TEM images, N2 adsorption-desorption isotherms and BJH pore size 

distribution of non-porous hollow carbon spheres (a,b,c) and mesoporous hollow carbon 

spheres (d,e,f), adapted from [198]. 

In essence the hollow carbon spheres can be produced with a myriad of pore structures. 

Non-porous, microporous, mesoporous and macro-porous materials have been synthesized 

based on the templates and the types of porogen that were employed [178, 180, 198]. 

Hollow carbon materials with interlinked pores are often prepared due to the inability of 

the current synthesis procedures to adequately control the porosity of the resulting carbon 

shells. Nonetheless, hollow carbon spheres with > 90 % mesoporisity have been prepared 

by Qiao et al. [180] with the carbon materials exhibiting type-IV adsorption isotherms. 

Fang et al. [200] was able to prepare hollow carbon spheres with a  high surface area (639 

m
2
.g

-1
) that is predominantly microporous (i.e., pore size < 2 nm) as observed by the pore 

size distribution analysis using the BJH method. Mesoporous hollow carbon spheres (SA = 

1286 m
2
g

-1
) were also synthesized using a modified from the one that was used to make the 

microporous spheres. The broad pore size distribution was centred on 30 nm, an 

observation that was also confirmed by TEM analysis. An example of hollow carbon 

spheres with both micro and mesopores was revealed by Zhang et al. [195]. In the 

abovementioned study porous hollow carbon spheres with a BET surface area of 1520 

m
2
.g

-1
 were prepared. The materials displayed a wide pore size distribution in the range of 

1-25 nm as evidenced by the BJH and adsorption (combination of Type I and IV) isotherm 

plots. Xu et al. [201] fabricated ultrahigh surface area (SABET = 3022 m
2
.g

-1
) hollow carbon 

nanospheres. These spheres displayed a type I and IV N2 adsorption isotherm with the high 

surface area originating from the micro and mesopores at 0.6, 1.2 and 2.5 nm.  

(a) 

(d) 

(b) 
(c) 

(e) (f) 
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The porosity of the spheres can be controlled to some extent. In general type I/IV nitrogen 

N2 adsorption-desorption isotherms are observed for most of the hollow carbon spheres 

synthesized to date. They usually have high surface area. This shows that hollow carbon 

spheres with micro-mesopore arrangements can be easily prepared. Nonetheless, 

predominantly nonporous, microporous and mesoporous hollow carbon spheres have also 

been fabricated.    

3.4.2. Tailoring of the hollow carbon sphere porous nature 

As described above, hollow carbon spheres can and have been fashioned with different 

pore structures. It however should be noted that the different pores can only be attained 

when different synthetic procedures are used. This can be done by varying the template 

(hard, soft or self-template), type of pore-former and even the carbon precursor. In this 

section several ways in which porosity of hollow carbon spheres can be manipulated will 

be described (see Table 3.1 and Figure 3.7). 

 

Figure 3. 7: Methods that can be exploited to control hollow carbon spheres pore structure. 

3.4.2.1. Control using templates 

The use of templates in the synthesis of hollow carbon spheres is indispensable. It is the 

template that shapes the resulting morphology of the hollow sphere [152, 176, 177, 198, 

202]. It is thus not unprecedented that even the porosity of hollow carbon spheres can be 

tuned using the template. Stӧber silica spheres are the most commonly used template and 

have been modified in several ways to make sure that the porosity of hollow sphere can be 

tailored to be either porous or non-porous. For example, Chen et al. [192], managed to 

synthesize mesoporous hollow carbon spheres by a chemical vapour deposition method 

using solid silica spheres modified with a mesoporous silica shell (SiO2@mSiO2, C18TMS 

pore structure 
control
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used as a surfactant). The MHCSs fabricated at 800 ℃ with shell thickness of 90 nm had a 

high surface area of 948 m
2
.g

-1
 and a pore size distribution of 1.22 and 1.46 nm due to the 

use of the mesoporous template. It has also been observed that the use of silica spheres 

without any modification, using a porous shell, results in the formation of nonporous 

hollow carbon spheres with low a specific surface areas of less than 50 m
2
.g

-1
 [176, 198]. 

The Stӧber silica spheres in most cases are modified using surfactants such as 

CTAB/CTAC and C18TMS to give a highly porous silica template which can therefore be 

used to make the porous hollow carbon spheres [184, 202].      

 Another spherical template that has been commonly used is the polystyrene sphere. This 

template can be easily removed by annealing at high temperatures after coating with a 

carbon shell without the need to use strong acids or bases. The microporous hollow carbon 

spheres result because the template decomposition leaves the hollow carbon sphere void 

[178]. Han et al. [203]  managed to prepare highly microporous hollow carbon spheres with 

a surface area of 213 m
2
.g

-1
 using polystyrene spheres as the hard template and aniline as 

the carbon source. Soft template methods not only avoid complex synthetic routes but can 

also be used to control the hollow carbon sphere porosity based on the self-assembly of the 

surfactants. The pore size distribution of the hollow carbon spheres is dictated by the type 

of surfactant used. Wang and co-workers [187] formed a soft template emulsion using 

P123 and sodium oleate (i.e, non-ionic and ionic surfactants). Subsequent the hydrothermal 

polymerization of dihydrobenzoic acid and formaldehyde on the soft-template, followed by 

annealing in an Ar environment gave hollow carbon spheres with Pt nanoparticles 

encapsulated inside. Microporous hollow carbon spheres (BET SSA = 540 m
2
.g

-1
) with a 

small amount of mesopores at 3.1 nm were obtained. The ionic surfactants are known to 

template micropores and small mesopores while the non-ionic surfactants template large 

mesopores [204]. The microporous nature of the above mentioned hollow carbon spheres 

can then be attributed to the use of the amount and type of ionic surfactant relative to the 

non-ionic surfactant that is used.  This was demonstrated by Yang et al. [205] when using a 

non-ionic surfactant (Pluronic F127) as a soft template to prepare mesoporous hollow 

carbon spheres (SSA = 431 m
2
.g

-1
) with an average pore size of approximately 10 nm. In 

this case the carbon shell was hydrothermally prepared on a soft template using α-

cyclodextrin as the carbon source followed by carbonization under Ar at 900 ℃.       

3.4.2.2. Pore size control using porogens 

Pore formers such as surfactants have successfully been used to form robust high surface 

area hollow carbon spheres. In this synthetic procedure the porogen is mixed with a carbon 

precursor to form pores. As the carbon precursor precipitates onto the template [194, 206], 

the porogen helps in forming porous channels perpendicular to the resulting shell. He and 

co-workers used the method to make highly porous hollow carbon spheres, PolyDADMAC 

was used at the pore-forming agent and resorcinol-formaldehyde as the carbon source. 

Mesoporous carbon with a N2 type IV adsorption isotherm was obtained with a high 
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surface area of up to 1055 m
2
.g

-1
 and a pore size of  4.3 nm [194]. A cationic surfactant like 

CTAB has also been employed to give hollow carbon spheres with sufficient porosity. 

Fang et al. [200] synthesized foam-like hollow carbon spheres using a combination of 

resorcinol-formaldehyde and CTAB. The carbon had a BET surface area of 639 m
2
.g

-1
, 

with a predominantly microporous pore structure which is due to the use of the cationic 

surfactant.    

Qiao and co-workers [180], prepared different carbon spheres using a silica assisted 

method with the TEOS as the silica source and hexdecyltrimethylammonium chloride as 

the template and porogen. Solid, hollow and yolk shell carbon spheres (achieved by 

varying the TEOS/resorcinol ratio) were obtained after carbonization and removal of silica. 

It was observed that all the resulting carbon spheres are mesoporous (as shown by N2 

adsorption-desorption isotherm, type IV and TEM analysis) with surface areas greater than 

600 m
2
.g

-1
. These results thus showed that the CTAC (which was kept constant for all the 

three composites) played a big role in forming mesopores on the carbon sphere surface. 

Large non-ionic surfactants have also been used to control the porosity of hollow carbon 

spheres. In a study performed by Tang et al. [207], mesoporous hollow carbon spheres with 

a pore size of approximately 20 nm and specific surface area of 427 m
2
.g

-1
. A diblock 

copolymer PS-b-PEO was used as the porogen and dopamine as carbon precursor. The 

porogen formed micelles on the polydopamine during its formation around the silica 

template that led to a generation of large observable (by SEM imaging) mesopores on the 

resulting carbon shell after carbonization and template removal by etching (Figure 3.8).       

 

Figure 3. 8: Schematic showing the influence of pore-formers/porogen (PS-b-PEO) on the 

porosity of the resulting hollow carbon spheres [207]. 

3.4.2.3. Control Using the Carbon Source 

The effect of carbon source on hollow carbon spheres porosity can only necessarily 

elucidated when the same template has been employed during synthesis. 
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3.4.2.4. Other pore controlling parameters 

Several other synthetic parameters have also been employed to tailor hollow carbon shell 

porosity and specific surface areas [176]. Numerous studies have reported on the use of the 

carbonization temperature to tune the surface area of the hollow carbon spheres and hence 

the resulting porosity of the material also [200, 201].  
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Table 3. 1: Comparison of different synthesis method for controlling the pore structure of hollow carbon spheres. 

Synthesis method Template Used Carbon Source Porogen/surfactant 
Carbonization T, 

Time (℃, h) 
Pore Structure (nm) 

Surface 

Area 

(m
2
.g

-1
) 

Ref 

Sol-gel melamine-

formaldehyde 

Resorcinol-Formaldehyde CTAB 900,1 Microporous 

 

775 [208] 

Sol-gel Stober-silica Resorcinol-Formaldehyde CTAB 600,2 Microporous 

 

387 [209] 

Sol-gel Stober-silica dopamine Diblock copolymer; 

PS-b-PEO, 

800,2 Mesoporous 

 

427 [207] 

Sol-gel, HTC 100 Stober-silica Resorcinol-Formaldehyde - 750, 2 Mesoporous 

 

859 [210] 

HTC-200 F127-soft 

template 
𝛼-cyclodextrin - 900,6 Highly microporous- 431 [205] 

Sol-gel Silica RF CTAC 800,5 Mesoporous 1098−1312 [180] 

CVD Silica Toluene C18TMS 900, Mesoporous 202 [198] 

CVD Stober silica Toluene - 900 Non-porous 40 [198] 

Hydrothermal-180 Stober silica Glucose - 800,2 Micro-meso and 

macropores 

658 [211] 

Sol-gel Triton-X100-

soft 

Aniline and pyrrole - 900,20 Micro-mesoporous 3022 [201] 

Sol-gel Stober silica RF CTAB 800,4 Microporous 639 [200] 

Sol-gel Aluminosilicate Phenol and formaldehyde C18TMS 850,7 Mesoporous 

( 

1230 [212] 

Sol-gel Fe impregnated 

Stober silica 

Divinylbenzene and azo-bis-

(isobutyronitrile) 

C18TMS 1000,4 Mesoporous 1200 [213] 

Sol-gel Polystyrene 

spheres 

Poly(cyclotriphosphazene-

co-4,40-sulfonyldiphenol) 

- 1000,2 Microporous 

 

719 [214] 

Sol-gel Silica Resorcinol-Formaldehyde - 750,1 Microporous 720 [215] 

Sol-gel Silica Resorcinol-Formaldehyde - 750, 2 Mesoporous 514 [216] 
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3.4.3. Effect of hollow carbon sphere porosity on catalytic reactions 

In this section the effect of hollow carbon spheres porosity on catalytic reactions when 

the active metal sites are placed inside the carbon nanoreactors is surveyed. Because the 

catalytic active sites are inside the nanoreactors it is therefore important to have their 

porosity tailored in such a way that the process would allow the reactants to interact 

with the encapsulated particles [188, 198]. In these systems reactants and products have 

to move solely through the porous channels, hence a molecule’s mobility will be 

determined by nanoreactor’s pores and the molecule of interest effective radius.   

Several catalytic carbon nanoreactors (i.e. yolk shell or reverse bumpy ball structures)  

have been tested in different reactions in which the carbon shell pore structure was 

observed to have significant bearing, particularly on catalytic activity [198, 217]. In a 

study by Nongwe et al. [198], it was observed that a mesoporous carbon allowed easy 

movement of the reactants (p-nitrophenol) into the Au yolk shell carbon nanoreactor. 

The nanoreactor with small pores did not allow such free movement of reactants. This 

gave a very low or no catalytic activity which was attributed to the pore structure of the 

hollow carbon sphere. This study would therefore suggest that it is absolutely 

imperative to have hollow carbon nanoreactors with a useful porous structure to exploit 

the other advantageous properties of hollow carbon spheres in catalysis.   

Metal functionalized yolk shell or even reverse bumpy-ball hollow carbon spheres have 

already been used for applications in many catalytic reactions using predominantly 

noble metal particles such as Pd [218, 219], Rh [184], Ru [217], Pt [183, 193] and Au 

[175, 202, 220]. Reactions tested using these nanoreactors include liquid phase 

reactions such as reduction of nitrophenol [175, 218-220], hydrogenation of olefins 

[183], hydrogenation of aromatic and heterocyclic compound [184], gas phase reactions 

for CO oxidation [202], or CO hydrogenation in Fischer-Tropsch synthesis [217] and 

even for use as electrocatalysts in fuel cells [193]. 

All the above mentioned studies used hollow carbon nanoreactors that possessed well 

defined pore structures (i.e. micro/mesoporous, see Table 3.2), which were sufficient to 

allow free mobility of reagents. 
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Table 3. 2: Some of the reaction performed inside carbon nanoreactors using different 

metals 

Catalyst 
Catalytic 

reaction 

Pore structure 

(nm) 

Specific 

Surface area 

(m2.g-1) 

Reactants Ref 

RGO@Pd@HCS 
Liquid phase 

Reduction 
- - 

Sodium borohydride 

and nitrophenol 
[218] 

Pd@HCS 
Liquid phase 

Reduction 
- - NaBH4 and nitrophenol [219] 

AuPt@HCS Electrocatalysis Mesoporous 837 
electrochemical 

degradation tests 
[193] 

Rh@HCS Hydrogenation 
Micro/mesoporous 

(0.4 and 2.9) 
1370 

aromatic and 

heterocyclic 

compounds and 

hydrogen 

[184] 

Au@HCS Oxidation Mesoporous (3.9) 979 CO/O2 [202] 
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3.1. Materials characterization 

Different techniques were employed in these studies to obtain a full physico-chemical 

evaluation of the materials and catalysts. These included the use of transmission 

electron microscopy (TEM), scanning electron microscopy (SEM) and electron probe 

microanalysis (EPMA) to evaluate the morphology and in some cases the elemental 

composition of the new catalysts. Raman and Fourier transform infrared (FTIR) 

spectroscopies were also employed. Temperature programmed reduction (TPR) and 

pulse chemisorption were indispensable in the studies. Brunauer–Emmett–Teller (BET) 

was the main technique use to evaluate the material’s surface area and porosity. Powder 

X-ray diffraction (PXRD) was an important technique for bulk analysis of the materials, 

especially the different phases found for the catalysts.  

The in operando techniques employed in these studies were the in situ powder X-ray 

diffraction (in situ PXRD) and in situ magnetometer in which the evolution of the 

catalysts were ‘viewed’ during activation and catalyst testing. 

 What follows is a short but detailed description of each characterization 

technique and the instrument that was used.       

 Detailed sample preparations for each characterization technique are described 

in individual chapters where the instruments were used.  

3.1.1. Transmission electron microscopy (TEM) 

This type of electron microscopy technique is the earliest of the microscopies developed 

for imaging particles in the nanoscale range with high resolution [221]. In a TEM 

instrument a beam of high energy electrons is accelerated downwards from an electron 

gun through a thin specimen from whom the interaction of the electron beam with the 

sample is used to visualize its many features (shape, size, chemical composition, etc.). 

As the electron beam passes through the instrument column it is focused using a 

condenser lens into a coherent beam while the condenser aperture reduces spherical 

aberration. The resulting beam then illuminates the specimen and the transmitted beam, 

which are is dependent on the specimen density and its transparency to the electron 

beam. The transmitted beam is focused using an objective lens to form an image on a 

fluorescent screen or a charge coupled device camera, which is then used to capture the 

micrographs of the sample (Figure 4.1) [222]. 
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Figure 4. 1: Schematic of main components found in a TEM instrument. 

Analysis was performed on a Tecnai spirit (T12) transmission electron microscope 

operating at 120 kV (Figure 4.2) 

 

Figure 4. 2: FEI Tecnai T12 TEM instrument. 

3.1.2. Scanning electron microscopy (SEM) 

Similar to the TEM, SEM instruments use energetic electrons to analyze objects 

(yielding a more magnified view than obtained by optical microscopy. However, this 

technique uses a different detection mode than used to collect TEM images. Images in 

SEM, as the incident electrons strike a specimen several signals are generated. 

Secondary electrons (SE) or backscattered electrons (BSE) are also produced; these 

emitted electrons are detected by an electron detector specific for either SE or BSE. 
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Scanning coils positioned above the objective lens control the electron beam and 

position the beam onto surface of the sample. This allows scanning of defined area of 

the sample giving information of the specimen’s topography, morphology and 

composition (Figure 4.3) [223].   

 

Figure 4. 3: Schematic of main components of a SEM instrument. 

 

SEM analysis was performed on a FEI Nova Nanolab 600 FIB/SEM instrument 

operating at 30 kV (Figure 4.4). 

 

 

Figure 4. 4: FEI Nova Nanolab 600 FEG-SEM/FIB instrument. 
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3.1.3. Electron probe micro-analysis (EPMA) 

An electron probe micro-analyzer is a microbeam analytical instrument used for an in 

situ non-destructive chemical analysis of solid samples [224]. An EPMA instrument 

functions like a SEM with an added function for chemical analysis of small areas of the 

sample by wavelength dispersive spectroscopy (WDS). A wavelength dispersive X-ray 

spectrometer (WDS) uses crystals that allows for a detection of specific X-ray 

wavelength or energies [225]. 

An EPMA instrument is composed of four main parts: (1) an electron source, (2) 

electromagnetic lenses located in the column of the instrument, (3) sample chamber 

with movable sample stage, and (4) a multiplicity of detectors arranged around the 

sample chamber. A diagram of an electron-probe microanalyzer is shown in Figure 4.5. 

 

Figure 4. 5: Schematic of an electron probe microanalyzer [224]. 

EPMA analysis was performed using a CAMECA SX5-FE EPMA, equipped with 5 

wavelength dispersive X-ray spectroscopy (WDS) detectors and 12 crystals to select X-

ray wavelengths for specific elemental compositions. Elemental mapping was also 

performed using a FEG-SEM (CAMECA), a component of the EPMA instrument 

(Figure 4.6). 
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Figure 4. 6: CAMECA SX5-FE EPMA instrument.. 

3.1.4. Brunauer–Emmett–Teller (BET) analysis 

The BET technique uses the BET theory to evaluate the total surface area of a material 

based on the physical adsorption of an inert gas at constant temperature. The technique 

focuses on the process of gas phase and absorbed film interchange by approaching the 

adsorption behaviour of the probe gas kinetically, while assuming that the surface is 

energetically uniform. For the BET surface area and porosity to be calculated. An 

adsorption isotherm of a fully degassed material is obtained by adsorbing gases at 

different pressures, from high vacuum to ambient pressures (Figure 4.7). By using the 

BET equation (see below) a BET plot is generated to calculate a monolayer volume 

from the volumetric measurements to calculate the total surface of a material [197].  
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Figure 4. 7: A typical schematic of a gas adsorption instrument [226]. 

The N2 adsorption–desorption experiments were conducted at -195 ℃ using a 

Micromeritics Tristar 3000 surface area and porosity analyzer (Figure 4.8).. 

 

Figure 4. 8: A Micromeritics Tristar 3000 surface area and porosity analyzer. 

3.1.5. Chemisorption 

The chemisorption techniques are used to determine the degree of metal dispersion, 

active metal surface area and active particle sizes of catalytic materials. In this 

technique probe molecules such as hydrogen or carbon monoxide are chemically 

adsorbed on the surface of the pre-treated catalyst. Specific amounts of the reactive gas 

are injected in to the sample reactor and the amount that is adsorbed is accurately 

determined. The adsorbed gas is then used to estimate the metal dispersion of the 

catalyst and other information that can be extracted from the data [227, 228]. 

Two chemisorption analysis methods have been used: Static and dynamic adsorption 

(pulse chemisorption).  
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In a static adsorption method (Figure 4.9) the sample is evacuated to high vacuum first 

followed by an injection of known doses of the probe gas in increasing order at 

different probe gas pressures. After equilibration of the system an adsorption isotherm 

is generated from which the monolayer gas coverage is calculated [227]. 

The dynamic method involves a continuous flow of an inert carrier gas flowing over the 

analyte, while a probe gas is injected in the gas stream via a loop with known volume. 

Some of the reactive gas is then adsorbed on the catalytic surface and the cumulative 

sum of the adsorbed gas from the experiment is used to estimate the catalyst dispersion 

[227, 229]. 

 

Figure 4. 9: Diagram for static chemisorption method [230]. 

Analysis procedure, pulse chemisorption was performed using the Micromeritics Auto 

Chem II instrument (Figure 4.10). 
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Figure 4. 10: Micromeritics ASAP 2020 chemisorption unit. 

 

3.1.6 Temperature programmed reduction (TPR) 

TPR is a method used to determine the number of reducible components in catalyst 

systems. The technique also reveals the temperature at which the reducing species begin 

to be activated to produce a phase transformation. TPR analysis is performed on a 

temperature programmed instrumentation that is equipped with a thermal conductivity 

detector or a mass spectrometer for analyzing the outlet gas. Generally the analysis is 

performed by flowing hydrogen gas in an inert gas (i.e. 5%H2/Ar or 5% H2/N2) through 

the sample while the temperature is ramped up to a set value. The resulting catalyst 

reduction profile is produced as result of monitoring changes in the gas concentration 

that was fed into the catalyst system [228].  
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Figure 4. 11: Schematic diagram for pulse chemisorption and temperature programmed 

analysis [227, 228]. 

TPR experiments were carried out with a Micromeritics Auto Chem II unit (Figure 

4.12).  

 

Figure 4. 12: Micromeritics AutoChem II instrument unit. 
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3.1.7. Raman spectroscopy 

Raman spectroscopy gives details about molecular vibrations in materials that can be 

used for sample identification. Raman spectroscopy depends on the scattering of 

monochromatic light which upon interaction with a material can result in four different 

energy exchanges (absorption, spontaneous emission, stimulated emission and Raman 

scattering)  

During analysis the majority of the light is elastically scattered at the same frequency as 

the incident source (i.e. Rayleigh scattering), this radiation is filtered out and is not 

resposible for giving the Raman response. However, the Raman emission occurs when 

some of the photons (10
-5

%) are inelastically scattered by the transfer of some of its 

energy to the material depending on the vibrational energy levels and polarizability of 

materilal’s molecular bonds. The emitted photons can have low or high energy relative 

to the light source, resulting in what is called the Stokes or anti-Stokes Raman 

scattering respectively [231]. The spectrum is collected by detecting these wavelength 

shifts, and the Rayleigh band is set at 0 cm
-1 

(Figure 4.13). 

 

Figure 4. 13:  Energy level diagrams in Raman scattering. 

Laser Raman spectroscopy (𝜆 = 514 nm) analyses were performed on the materials 

using a Horiba Jobin-Yvon Raman spectrometer (T64000) (Figure 4.14). 
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Figure 4. 14: Horiba Jobin-Yvon Raman Spectrometer (T64000). 

3.1.8. Fourier transform infrared (FTIR) spectroscopy 

This type of vibrational spectroscopy deals with the infrared region of the 

electromagnetic spectrum. The infrared light interacts with molecules to give qualitative 

and quantitative details about the materials being analyzed. FTIR spectroscopy 

measures bond vibrations (i.e. stretch or bend) between two atoms or more whose 

vibration frequency is dependent on the type of bonding and the atom sizes. Hence, 

FTIR spectroscopy is one of the main techniques used to determine functional groups in 

organic and inorganic materials (Figure 4.15) [232, 233].    

 

Figure 4. 15: Typical molecular vibrations activated by infrared radiation. 

 

A Brüker Tensor 27 Fourier Transform Infrared spectrometer was used to analyze the 

surface functionalities of the materials (Figure 4.16). 
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Figure 4. 16: Bruker TENSOR 27 FTIR Spectrometer. 

3.1.9. Thermogravimetric analysis (TGA) 

The TGA technique is used to analyze the thermal stability or the behavior of materials 

under various gaseous environments. The samples mass change (due to decomposition, 

reduction, oxidation, etc.) is monitored as a function of temperature as it is being 

ramped up at a set rate. Three types of thermogravimetric analysis have been reported 

(1) dynamic TGA – sample under continuous increase in temperature, (2) static TGA – 

sample under constant temperature and (3) quasi static TGA – sample is heated to 

constant weight at each of a series of increasing temperature regimes [234].   

 

Figure 4. 17: Schematic showing the operating principle for TGA measurements. 

A Perkin Elmer TGA 4000 Thermo-gravimetric analyzer was used for thermal analysis 

(Figure 4.18). 
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Figure 4. 18: A Perkin Elmer TGA 4000 Thermo-gravimetric analyzer. 

3.1.10. Powder X-ray diffraction 

PXRD is a technique used for a bulk phase analysis of crystalline materials by using 

monochromatic X-rays [235]. This technique was discovered by Max von Laue when 

he observed that crystalline materials acted as gratings for X-rays due to a planar 

spacing being almost equal to the X-rays wavelength. The diffraction pattern during 

analysis results from constructive interference of the diffracted rays after interaction 

with the analyzed material. The XRD profiles arising from the constructive interference 

follow the Bragg’s law (n𝜆 = 2d sinθ) relating the X-ray wavelength (λ), material lattice 

crystalline (d) and the diffraction angle (θ) where n is an integer [236].  

X-ray diffraction instruments have three main components:  (1) an X-ray tube (2) a 

sample holder and (3) the X-ray detector. 

 

Figure 4. 19: Bragg’s schematic and a typical setup on an XRD diffractometer [236]. 

The bulk composition of the materials was analyzed using a Bruker D2 phaser and a 

Bruker D8 advance equipped with an Anton-Parr XRK in situ analysis cell. 
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Figure 4. 20: Bruker D2 Phaser and D8 with the in-situ XRK analysis cell. 

 

3.1.10. In situ magnetometer 

The in situ magnetometer used in this work has been described in details in these 

references [78, 237]. 
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Figure 4. 21: Schematic of the in situ magnetometer [77]. 

. 
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3.2. Summary of gases used 

Gas Supplier Composition (purity) 

Helium AFROX Baseline 5.0 (> 99.9%) 

Hydrogen AFROX Baseline 5.0 (> 99.9%) 

Nitrogen AFROX Baseline 5.0 (> 99.9%) 

Argon AFROX Baseline 5.0 (> 99.9%) 

Oxygen AFROX Baseline 5.0 (> 99.9%) 

Air AFROX Baseline 5.0 (> 99.9%) 

Hydrogen in nitrogen AFROX ~ 5% H2 and N2 balance (>99.9%) 

Hydrogen in argon AFROX ~ 5% H2 and N2 balance (>99.9%) 

Oxygen in argon AFROX ~ 5% O2 and N2 balance (>99.9%) 

Syngas (H2/CO and N2) AFROX ~30% CO, 10% N2 and H2 balance (> 99.9%) 

 

3.3. Chemical vapour deposition method (CVD) in a horizontally aligned furnace 

Synthesis of hollow carbon spheres by carbonization and the annealing of the hollow 

carbon spheres were performed in a horizontal tube furnace as shown below [238, 239]. 

The gases were supplied into the lab through a gas reticulation system. The furnace 

heating rate was always kept at 10 ℃.min
-1

. 

 

Figure 4. 22: Typical horizontal furnace used for chemical vapor deposition setup. 

 

Temperature controller 

Annealed material 
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3.4. Catalyst evaluation 

A Fischer-Tropsch synthesis reaction rig and the catalytic reactor are shown 

schematically below [240, 241]. Detailed description of the rig set-up and mass of 

catalyst used in catalytic testing are included in each individual result chapter. 

 

 

Figure 4. 23: Schematic representation of the rig and a fixed bed reactor setup. 
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3.5. Conditions for GC Analysis 

Online gas chromatograph 

Detector Thermal conductivity detector (TCD) 

Column type Packed, stainless steel, 2m x 2.2mm, O.D 

= 1/8" 

Stationary phase Carboxen-1000, 60-80 mesh 

Model type PYE Unicam (Series 204) 

Detector temperature 220 ℃ 

Carrier gas Argon 

Online gas chromatograph 

Detector Flame ionization detector (FID) 

Column type Packed, stainless steel, 1.5 m x 2.2 mm, 

O.D = 1/8" 

Stationary phase Porapack q, 80/100 mesh 

Model type Hewlett Packard 5890 

Detector temperature 220 ℃ 

Carrier gas Nitrogen 

Offline gas chromatograph 

Detector Flame ionization detector (FID) 

Column type 30 m x 5 μFT, O.D.= 0.53 mm 

Stationary phase ZB-1 

Model type Varian 3700 

Detector temperature 220 ℃ 

Carrier gas Nitrogen 
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3.6. Equations for calculating catalyst activity and selectivity 

The equations for evaluating Fischer-Tropsch catalysts performances using data 

obtained from the offline and online gas chromatographs. Detailed description of these 

calculations can be found in [240, 241].   

Table 4.1: Equation used in the FT calculations 

 

Equation Details 

% CO = [
Nco,in − NCO,out x Gas contraction

NCO,in
] x 100 % CO conversion equation 

Fin = Gas contarction x Fout 
The feed inlet flow rate to the 

reactor 

NC,in = Fin. t. XCO,in 
number of moles of carbon in the 

feed stream 

Nc,out = [
AC
AC,cal

] . Xc,cal. Fout. t 
number of moles of product for 

each of the components present in 

the gas phase 

XHC,i =
RFi. AHC,i
AC2,cal

. XC2,cal 

Hydrocarbon mole fractions, 

hydrocarbon product areas were 

corrected relative to C2H4 (olefins) 

and C2H6 (paraffins) 

𝑆𝑖 = [
 𝑁𝑖
𝑟𝑐𝑜 .  𝑡

] × 100 % Product selectivity 

𝑟𝐹𝑇𝑆 = 𝑟𝐶𝑂 − 𝑟𝐶𝑂2 Rate of reaction for FTS 

𝑟𝑊𝐺𝑆 = 𝑟𝐶𝑂2 
Rate of reaction for water gas shift 

WGS 

𝑂𝑙𝑒𝑓𝑖𝑛 𝑡𝑜 𝑝𝑎𝑟𝑎𝑓𝑓𝑖𝑛 𝑟𝑎𝑡𝑖𝑜 𝑖 =
𝑁𝑖
=

𝑁𝑖
= +  𝑁𝑖

− Olefin to paraffin ratio 

Activity = 𝑟𝐹𝑇𝑆/mCo FT activity 
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List of abbreviations used in the FT calculations 

Nco,in mole fraction of CO in the inlet stream 

Nco,out mole fraction of CO in the outlet stream 

Gas contraction Nin/Nout (where Nin = the moles of nitrogen from bypass  Nout =  

moles of nitrogen during reaction) 

Fin the total feed flow rate in mol/s 

Fout the reactor exit stream flow rate in mol/s. 

NC,in moles of carbon in the feed 

t the total mass balance time 

XCO, in mole fraction of CO in the feed gas. 

Ac the integrated peak area for component c 

Ac, cal the peak area for the component c in the calibration gas 

Xc,cal the mole fraction of component c in the calibration gas 

RF i response factor for carbon number i 

𝐴𝐻𝐶,𝑖 integrated peak area for a hydrocarbon with carbon number i                 

𝐴𝐶2,𝑐𝑎𝑙 peak area of the C2 hydrocarbon in the calibration gas 

𝑋𝐶2,𝑐𝑎𝑙 mole fraction of the C2 hydrocarbon in the calibration gas 

Si product selectivity for hydrocarbons 

Ni moles of hydrocarbon containing i carbon atoms 

𝑟𝑐𝑜 rate of CO conversion 

𝑟𝐶𝑂2 rate of carbon dioxide formation 

𝑁𝑖
= moles of olefin containing i carbon atoms 

 𝑁𝑖
− moles of paraffin containing i carbon atoms 
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Abstract: Two novel Ru Fischer–Tropsch (FT) catalysts were made that were 

supported on the inside of two hollow carbon spheres that differed in terms of their 

shell porosity. Mesoporous Stӧber spheres were made and Ru deposited on the silica. 

The Ru/silica spheres were encapsulated with carbon deposited by CVD (toluene) or 

from resorcinol/formaldehyde. Removal of the silica gave Ru@HCS (dRu= 5.5) and 

Ru@MHCS (3.2 nm) that had carbon shells (d = ca. 20 nm) with different 

physicochemical properties as evidenced by the TEM, nitrogen adsorption-desorption, 

TGA, Raman spectroscopy and XRD measurements. FT studies were performed on the 

two catalysts (10 bar; 190/220/250 ℃; 2/1 ratio H2/CO). Classical Fischer–Tropsch 

data was obtained indicating that the catalysts could access the reactants and that FT 

products could escape from the inside of the spheres (acting as a nanoreactor). Activity 

data indicated diffusion control of CO/H2into the nanoreactor and selectivity data 

indicated an alpha value of 0.74–0.78 (220 ℃). Typical product selectivity associated 

with small Ru particles was observed and the methane content increased with reaction 

temperature. No substantial Ru sintering occurred below 220 ℃. It is thus seen that the 

porosity of the two hollow carbon architectures is suitable for the FT polymerization 

reaction. 
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5.1. Introduction 

Carbon monoxide hydrogenation reactions are an important set of reactions used 

extensively in the chemical and fuels industry. Two examples include: (i) the Fischer–

Tropsch synthesis (FTS) in which carbon monoxide derived from natural gas, coal or 

biomass [242, 243] is converted into liquid hydrocarbons for energy generation and 

chemicals [242, 244, 245] and (ii) the selective methanation reaction used to purify 

hydrogen that contains CO, for use as a fuel in proton exchange membrane fuel cells 

[244, 246]. Generally FT CO hydrogenation reactions have been performed on 

supported metal catalysts using metals such as Co, Fe, Ru and Ni [10, 247, 248]. Even 

though Ru is not cheap relative to other metals, its unique catalytic properties, in 

particular its high activity in CO hydrogenation reactions and its good stability under 

different reactions conditions make it a valuable and useful CO hydrogenation catalyst 

[249-251]. Most studies on the CO hydrogenation reaction using supported Ru catalysts 

have been performed on supports such as silica, alumina, titania and various shaped 

carbon materials [252-255]. These supports are solid materials with the catalyst 

particles typically placed on the external support surface, or at best in the pores of the 

support as found in zeolites or mesoporous materials [256, 257].Preparation and 

characterization of stable Ru nanoparticles embedded on ordered mesoporous carbon 

materials have also been applied in FTS [258]. In the last decade the possibility of 

making hollow supports with the metal placed inside the support has become possible 

[259, 260].The support can then be considered as a nanoreactor [160, 188, 261]. Two 

types of carbon nanoreactors can be envisaged. These are (i) car-bon nanotubes 

(CNTs); various studies have shown metal particles placed inside CNTs have different 

catalytic properties to metals placed outside the CNT. The reactant access to the metal 

particles is determined by the diameter of the CNT (typically >3 nm) [110, 262, 263], 

(ii) hollow carbon spheres (HCSs); in this case metal nanoparticles are placed inside 

hollow carbon spheres to form a core-shell or rattle type catalyst. Access to metals 

placed in these types of nanoreactors is determined by the porosity of the carbon shell 

which can be mesoporous (2–50 nm) or microporous (<2 nm) [198, 264].The HCSs 

have emerged as a support material having potential for application as a nanoreactor in 

heterogeneous catalysis studies. This is because of the relative chemical inertness of 

carbon which minimizes the metal support interactions, hence allowing easier 

reducibility and increased metal catalytic activity [265, 266].The compartmentalization 

of the metal nanoparticles can also limit sintering [198, 264]and lead to containment of 

fragmented catalyst particles [267]. The facile ability to control the HCS pore size 

distribution can be exploited to control access of reactants to metal active sites as well 

as removal of the products from the hollow core [180, 187, 194, 200]. This concept of 

performing catalytic reactions inside nanoreactors has been demonstrated [264] but to 

date, no reports on the applications of Ru@HCS for gas phase CO hydrogenation 

reactions (e.g. Fischer–Tropsch synthesis or selective methanation of CO) have been 

reported. Here we report on the synthesis of Ru@HCS that relies on a hard template 

method using monodisperse silica spheres as sacrificial templates, a procedure that has 

proven to be invaluable in the synthesis of hollow nanoreactors [152, 176, 264]. These 
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resulting Ru@HCS structures were tested for CO hydrogenation reactions under typical 

Fischer–Tropsch conditions. The objective was to determine whether these types of 

supports could be used in FT synthesis viz. (i) will the carbon shell porosity affect the 

catalyst activity/selectivity? (ii) Does sintering of the catalysts occur during the 

reaction? (iii) Can the carbon nanoreactor shell survive the FT catalytic reaction 

conditions? 

5.2. Experimental procedure 

5.2.1. Synthesis of modified Stӧber spheres 

The silica spheres were made by classical procedures using CTAB/TEOS (see 

Supplementary section [162, 268]. 

5.2.2. Synthesis of 0.5% Ru/mSiO2 

Mesoporous silica spheres (mSiO2; 4 g) were dispersed in 250 mL of deionized water 

by ultra-sonication. To this mixture was added 0.4 g of urea and 2 mL of 0.1 M RuCl3 

solution and the mixture was then sonicated for 30 minutes. Homogenous deposition 

precipitation of Ru was performed at 95 ℃ for 12 h. The product (ca. 0.5% loaded 

Ru/SiO2) was then collected by filtration, washed with deionized water and then dried 

at 100◦C overnight. 

5.2.3. Synthesis of Ru@MHCS 

Ru/mSiO2 (2 g) and ammonia solution (25%; 1.5 mL) were dispersed in 100 mL of 

ethanol in a 250 mL beaker. Resorcinol (0.75 g), formaldehyde solution (37%; 1.5 mL), 

TEOS (1 mL) and CTAB (1 g)mixture in ethanol (50 mL), was added to the first 

solution and the total mixture then stirred at room temperature for 20 h to form the 

resorcinol–formaldehyde (RF) polymer around the silica spheres. The red product 

(Ru/mSiO2@RF) was then collected by centrifugation (4000 rpm, 10 min), washed with 

acetone and dried at 100 ℃ for 2 h. Carbonization of the Ru/mSiO2@RF was performed 

at 900 ℃ for 2 h under a flow of argon gas (25–30 mL.min
-1

) in a horizontal furnace 

reactor. The silica was then removed by etching at ambient temperature with HF (5% in 

deionized water) to give Ru@MHCS. 

5.2.4. Synthesis of Ru@HCS 

The uncalcined Ru/mSiO2 was placed inside a horizontal tube furnace which was 

heated to 900 ℃ at 10 ℃.min
-1

 under argon. When the desired temperature was reached 

the argon gas (100 mL.min
-1

) was bubbled through toluene, at room temperature, for 2 

h to coat the Ru/mSiO2composite with a carbon shell. HF solution (5%; 100 mL) was 

added to the carbon coated Ru/mSiO2 (to produce Ru/mSiO2@C) and the silica 

template removed at room temperature over 12 h. The material was purified by 

centrifugation and repeated washing using deionized water and then dried at 100 ℃ to 

give Ru@HCS. The two catalysts (Ru@HCS and Ru@MHCS) were both heated at 250 

℃ under nitrogen gas at 30 mL.min
-1

 for 2 h prior to use and characterization. 
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5.2.5. Preparation of Ru supported on hollow carbon sphere catalysts 

The mSiO2 was prepared as described above and then coated by carbon using the 

procedures described in Section 5.2.3 and 5.2.4 (but without Ru) and the silica removed 

by HF to give MHCS and HCS. Ru/HCS and Ru/MHCS were then prepared by loading 

5% Ru onto the hollow carbon spheres by classical homogenous deposition 

precipitation (see Supplementary section). The two catalysts (Ru/HCS and Ru/MHCS) 

were heated at 250 ℃ under nitrogen gas at 30 mL.min
-1

 for 2 h prior to use and 

characterization. All characterization techniques used are reported in the Supplementary 

section (Supplementary section 5S.4) 

5.3. Results and discussion 

The general synthesis scheme used to make the Ru supported on hollow carbon spheres 

is shown in Figure 5.1. Two different car-bon sources were used to modify the surface 

porosity of the final nanoreactor, but otherwise both methods used similar protocols. 

 

 

Figure 5. 1: General synthetic scheme for the synthesis of a Ru encapsulated 

nanoreactor. (a) mSiO2 (b) Ru/mSiO2 (c) Ru/mSiO2@C and (d) Ru@HCS or 

Ru@MHCS. 

5.3.1. Silica spheres and hollow carbon spheres 

The silica spheres were prepared by a modified Stӧber method. The spheres were then 

covered by a mesoporous layer using CTAB/TEOS. The covered spheres revealed a 

uniform particle size (ca. 620 nm) and good dispersion typical of silica spheres prepared 

by the modified Stöber method [162, 268]. It is notable that the mesoporous silica layer 

on the spheres is uniformly distributed around the silica particle (Figure 5.2). Ru 

nanoparticles were then loaded on the silica spheres and the silica was then coated with 

carbon using two different methods. Removal of the silica from both samples gave the 

hollow carbon shells with different porosities and physicochemical properties which 

encapsulated the Ru particles. In the first case the silica spheres were completely 

covered by the resorcinol-formaldehyde polymer which was carbonized to form 

Ru/mSiO2@C as confirmed using SEM-EDS mapping (Figure 5S.1). The C Lα1 

(densely blue) map clearly showed evidence of total coating by carbon, based on a 

(a) (d)(c)(b)



Ru inside hollow carbon spheres and impact of nanoreactor porosity in FT 

 
77 

random sampling of individual silica spheres that had been coated with the carbon 

layer. In the second case the Ru/mSiO2 was coated by carbon from a toluene source. A 

uniform coating was also observed for the composite consistent with other studies 

(Figure 5S.2) [152, 200, 220].The hollow carbon spheres from both methods were 

obtained by etching the silica with HF (5% in water). The hollow morphology of these 

spheres is visible using transmission electron microscopy showing that the silica 

material had been removed (Figure 5.3). TGA analysis also confirmed the removal of 

the SiO2 (Figure 5.4,b). EDS scans (Figure 5S.3 and 5S.4) of these hollow materials 

also confirmed that thorough washing of the carbon material after etching ensured that 

all the fluoride ions were removed. The Ru@MHCS carbon shell showed a shell 

thickness of 17.8 ± 3.4 nm while the carbon layer thickness for Ru@HCS was observed 

to be 19.1 ± 4.6 nm (Figure 5S.3,b and 5S.4,b). 

 

Figure 5. 2: TEM and SEM images and particle size distribution (PSD) of the 

mesoporous silica spheres. 

5.3.2. Catalyst characterization 

Metal catalyst dispersion 

Figure 5.3 provides TEM images of the Ru catalysts prepared inside the two different 

hollow carbon spheres. The Ru nanoparticles are seen to be well dispersed inside the 

carbon shell. The Ru@MHCS dis-played metal nanoparticles in a narrow particle size 

range (2–6 nm) (Figure 5.3,c). It is however observed that direct carbon coating using 

toluene leads to particle sizes which are larger and have a wider size distribution (1–13 

nm) due to sintering induced by the high temperature treatment of the catalysts in the 

CVD furnace during the introduction of the carbon source. The average particles size as 

determined from TEM images for Ru@MHCS and Ru@HCS were calculated to be 3.2 

and 5.5 nm respectively (Figure 5.3,c,f).The active Ru particle sizes were estimated 

using H2 pulse chemisorption using the metal dispersion of the particles inside the 

hollow carbon spheres (see Supplementary section). The Ru@MHCS catalyst displayed 
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a dispersion of 26.9%, while the Ru@HCS catalyst showed the corresponding Ru 

nanoclusters had a lower dispersion of 11.1% (Table 5.1).The computed active particle 

sizes were estimated at 4.9 and11.9 nm for Ru@MHCS and Ru@HCS respectively 

(Table 5.1) [220, 269].The synthesis procedure to make these composites ensured that 

all Ru nanoparticles remained embedded on the inside walls of the nanoreactors as 

found by others [160, 219, 261].A transmission electron microscopy tilting experiment 

was used to determine that the particles were indeed contained inside the hollow carbon 

spheres (see supplementary, Figure 5S.5). Sintering during reaction which is a common 

feature of unsupported catalysts should be limited to only those particles within a 

particular hollow carbon sphere [186, 270, 271]. SEM images were used to confirm the 

homogeneity and large scale coverage of the Ru nanoparticles by the carbon shell. EDX 

mapping of the samples (Figure 5S.3 and 5S.4) showed only the presence of Ru and 

carbon, confirming the purity of the samples. 

 

Figure 5. 3: TEM, SEM images and Ru particle size distribution (PSD) of (a,b,c) 

Ru@MHCS, and (d,e,f) Ru@HCS. 
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Table 5. 1: Ru content, particle size and pulse chemisorption data for the catalysts. 

Sample 

Ru 

dispersion 

(%) 

Particles size (nm) RuO
2
 

content (%) 

/TGA 

Ru content 

(%) 

TEM Chemisorption XRD
a 

 

Ru@MHCS 27 3.2 ± 0.7 4.9 - 3.22 2.44 

Ru@HCS 12 5.5 ± 2 11.1 8.5 2.97 2.26 

Ru/MHCS 48 1.8  ± 0.4 2.7 - 5.61 4.26 

Ru/HCS 35 1.2  ± 0.3 3.7 - 5.06 3.84 

a
Estimated using the Scherrer equation (K = 0.9). 

 

XRD and TGA analysis 

XRD patterns of the Ru@MHCS catalyst (Figure 4,a), shows no notable diffraction 

pattern for Ru. The two broad peaks seen are due to the amorphous carbon shell; this 

shows that the carbon is highly defective. However, the Raman spectra (Figure 5S.6) 

show that the D and G bands of the carbon are readily detected indicating that the 

material has high sp
2
 carbon content [272, 273]. This was also confirmed by Raman 

spectroscopy which showed a lower D-band to G-band ratio of 0.78, compared with 

Ru@HCS that has an ID/IG value of 0.88 hence showing the HCS shell had fewer 

defects relative to MHCS carbon shell. From the XRD patterns it was observed that the 

Ru is in a metallic hcp phase (ICSD Coll. Code: 54236, HCP crystal structure). TGA 

plots displayed in Figure 5.4,b showed that the Ru@HCS with a highly graphitic carbon 

shell was more thermally stable under air in comparison to the Ru@MHCS. The 

Ru@MHCS was completely decomposed by oxidation at temperatures in the range of 

300–350 ℃ while that of the Ru@HCS decomposed above 400 ℃ (Figure 5S.7). This 

data thus validated the results observed in the pow-der XRD patterns which showed that 

the Ru@HCS had a carbon shell with better structural integrity. The TGA plots showed 

that both the hollow carbon spheres contained a RuO2 loading of <3% (Table 1) [274]. 

It is assumed that all the SiO2 has been removed by HF (see EDX data). 
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Figure 5. 4: (a) XRD patterns and (b) TGA profiles of the two prepared catalysts. 

 

Nitrogen adsorption-desorption 

Figure 5.5 displays the nitrogen adsorption and desorption analysis plots [275]. It is 

notable that Ru@HCS has a pore structure that is predominantly non-microporous and 

with a low pore volume. The Ru@MHCS displayed the presence of micro and 

mesopores and the micropore surface area for the catalyst Ru@MHCS was observed to 

be approximately 15% (135 m
2
.g

-1
) of the total BET surface area (Table 5S.1) [194, 

276]. The Ru@MHCS displayed a high surface area of 944 m
2
.g

-1
 while the Ru@HCS 

had a lower BET surface area of 75 m
2
.g

-1
. The pore structures are consistent with 

studies proposing the use of a surfactant or a porogen during the synthesis procedure to 

generate mesoporous nanoreactors [172, 198, 276]. The porosity of the materials was 

not expected to be affected by the metal particles (see Table 5S.1 and Figure 5S.8).In 

summary: the Ru@MHCS and Ru@HCS show very different pore structures (and 

surface areas) (Table 5S.1). 

Characterization data for Ru/HCS and Ru/MHCS 

TEM images revealed a high dispersion of Ru nanoparticles on the hollow carbon 

spheres as evidenced by the particle size distribution, with Ru/HCS and Ru/MHCS 

having an average particle size of 1.2 and 1.8 nm respectively (Figure 5S.9).XRD data 

of the Ru supported on hollow carbon spheres showed no Ru diffraction peaks (Figure 

5S.10) while TGA profiles were little affected by the Ru and revealed loadings of 

3.84% for Ru/HCS and 4.26% for Ru/MHCS (Figure 5S.11). BET data (Table 5S.1) 

showed an increase in the specific surface area (SSA) of the Ru/HCS (102 m
2
.g

-1
) when 

compared to the plain HCS (82 m
2
.g

-1
). The increase suggests that the Ru nanoparticles 

do not block the pores. Ru/MHCS gave a surface area of 928 m
2
.g

-1
 with a reduced pore 

volume of 0.82 cm
3
.g

-1
 in relation to the MHCS (SSA = 941 m

2
.g

-1
 and pore volume = 
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2.05 cm
3
.g

-1
). It is envisaged that the Ru nanoparticles can block some of the pores and 

hence reduce the carbon shell’s pore volume and surface area. 

 

Figure 5. 5: N2 adsorption/desorption isotherm and pore size distribution curves for, 

(a,b) Ru@MHCS, and (c,d) Ru@HCS. 

5.3.3. Fischer–Tropsch evaluation 

Fischer–Tropsch synthesis was performed using Ru supported on the outside of hollow 

carbon spheres (Ru/MHCS and Ru/HCS) to provide base line information for the study 

(see Figure 5S.12 and Table 5S.2). Both supports contained catalysts with similar Ru 

sizes (d = 1.8 and 1.2 nm). Very similar FT activity and selectivity data were obtained 

for both catalysts indicating that the porous nature of the supports did not impact 

significantly on the FT data. The FTS data also gave the expected trends with 

increasing temperature (190, 220 and 250 ℃). The Ru catalysts gave FT activity and 

selectivity data expected for small particles (Figure 5S.12 and Table 5S.2) such as high 

CH4 selectivity that increased with temperature. While little is known about the effect 

of small Ru particles on FT reactions, a number of studies have appeared that have 

investigated the effect of larger particle sizes of Ru/supported catalysts (i.e. with the Ru 

on the surface of a solid support) on the activity/selectivity in the FT reaction and with 

conflicting results. In a recent publication, the Ru particle size (2.3-0.2 nm) using a 1:1 

H2:CO ratio (260 ℃) was seen (i) not to affect the % CO conversion, (ii) to change the 

TOF and (iii) to affect the selectivity [277]. Steady state isotopic transient kinetic 
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analysis (SSITKA) data on Ru/Al2O3 using an H2:CO ratio of 10:1 (250 ℃) showed that 

the TOF for CO consumption also increased as the particle size increased (4-23 

nm),reaching a constant value for Ru particles larger than 10 nm. The selectivity 

changed only marginally with particle size [278]. Gas diffusion effects are not expected 

to be important when Ru is placed on the external surface of a support. When Ru 

particles are placed inside and outside a CNT, the reducibility and also the activity of 

the Ru catalysts is different [263].This confinement of the Ru particles affects the 

catalytic activity as a result of the Ru–C interaction that relates to the carbon curvature 

in the CNT. This effect is not expected to be seen for the large diameter carbon 

nanoreactors used in this study. In this study our focus was on whether the pore 

type/structure and carbon graphitic nature of a hollow carbon sphere would permit the 

FT reaction to occur as seen by catalyst conversion, activity and FT selectivity data. 

The FT activity/selectivity of the Ru@HCS and Ru@MHCS catalysts were then 

measured. The CO conversion with time on stream data for Ru@HCS and Ru@MHCS 

(ranging from 5 to 30%) are shown in Figure 5S.13 while the activity data are shown in 

Figure 5.6. It is evident that the Ru in the nanoreactor reacts with the CO and H2 and 

that the porous structure allows the syngas to enter the nanoreactor. Thus both 

nanoreactors allow for reactants to enter the hollow cavities and the products including 

long chain hydrocarbons, to exit from the nanoreactor. 

The Ru@MHCS displayed a higher CO conversion (Table 5.2, Figure 5S.13) and FT 

activity (Figure 5.6,a) than the Ru@HCS over the temperature range investigated (190, 

220 and 250 ℃). The reason for the change in conversion and activity could be due to 

(i) differences in access of the reactant to the Ru particles, (ii) differences in removal of 

products from the nanoreactors or (iii) the different particle sizes of the nanoparticles. 

Increasing the reaction temperature of the catalysts during Fischer–Tropsch synthesis 

from 190 to 250 ℃ inevitably led to an increase in the Fischer–Tropsch activity of both 

catalysts: for Ru@MHCS from 3.19×10
-5

 to 5.5×10
-5

 and 9.5×10
-5

 molCO.gRu
-1

.s
-1

 and 

for Ru@HCS from 1.6×10
-5

 to 2.5×10
-5

 and 4.5×10
-5

 molCO.gRu
-1

.s
-1

  at 190, 220 and 

250 ℃ respectively (See Figure 5.6,a).The TOF for the two catalysts (i.e. Ru inside the 

hollow car-bon spheres) at the three different temperatures was determined(Figure 

5.6,b). Similar values for the two different sized catalysts (3-6 nm) were found in the 

range 6-23×10
-3

 s
-1

. The data can be compared with results found by others for Ru/CNT 

and Ru/Al2O3 where TOFs for particles in the 2–6 nm range were found to be 23–50 

and 50–75×10
-3

 s
-1

 (250-260 ℃) respectively [254, 276]. The values in this study (Ru 

inside spheres) are about 10 times lower than when the Ru particles are placed outside 

the supports reported above. 
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Table 5. 2: Fischer–Tropsch synthesis performance of Ru encapsulated catalysts. 

Sample  
Reaction 

Temperature (℃) 

CO 

Conversion 

(%) 

Selectivity (C mol) % 
 

C
1
  C

2
-C

4
 C

5+ 
 𝛼 a 

 
190 11.9 10.3 3.9 85.6 - 

Ru@MHCS 220 18.5 18.5 3.3 78.1 0.78 

 
250 27.8 41.5 2.3 56.3 0.60 

 
190 6.9 5.7 5.0 89.3 - 

Ru@HCS 220 10.1 13.4 3.9 82.7 0.74 

 
250 17.6 34.9 2.9 62.1 0.67 

a
Based on liquid fraction analysis (C9–C19) using the ASF plot. Fischer–Tropsch 

reaction conditions: T = 190, 220 and 250 ℃ Psyngas = 10 bar, W/F = 15 g h mol
-1

. 

 

The values observed in this study were found to be larger than those found for the Ru 

catalysts placed on the external surface of the support in this study (0.5-3×10
-3

 s
-1

, see 

Figure 5S.12). This can be explained by the small size of the Ru catalysts that were 

placed on the carbon external surface (< 2 nm) (Figure 5S.9). Several studies have 

shown that small nanosized FT particles have lower surface specific activity than larger 

particles due to the blockage of the particle surface atoms by CO irreversibly binding to 

these surface sites, and their low propensity to dissociate CO molecules [84, 85]. The 

observed TOF increase for the Ru supported outside the hollow car-bon spheres, is 

consistent with other studies which are known to change until the particles reach to a 

threshold size [88, 277, 279]. The Ru encapsulated inside the hollow carbon spheres 

showed unexpected results (Figure 5.7,b). Ru@HCS with the larger average particle 

size (5.5 nm) had a lower turnover frequency in relation to Ru@MHCS (3.2 nm). This 

would suggest that diffusion does impact on the reaction. For the Ru@HCS and 

Ru@MHCS either the Ru particle size and/or the carbon shell porosity are factors 

impacting on the FT reaction (CO conversion, activity). From BET analysis and 

nitrogen adsorption isotherms it was observed that the HCS had low porosity while the 

MHCS had a higher porosity and a larger surface area. The car-bon shell with the lower 

porosity either restricted access to the syngas or release of the products. As seen from 

selectivity data below it appears that the release of products is not the limiting process. 
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Figure 5. 6: (a) Activity and (b) TOF plots over 130 h TOS of the prepared catalysts at 

the different reaction temperatures. 

Catalyst selectivities 

It is well known that the selectivity of FT catalysts varies with CO conversion. This is 

shown by our own data for the CH4 selectivity as a function of CO conversion (Figure 
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5S.14). Thus product selectivity comparisons were made for Ru@MHCS at 190 ℃ with 

Ru@HCS at 220 ℃ as they had almost similar CO conversions (11.9% and 10.1%). It 

will be seen that very similar selectivities are observed (Table 5.2).This suggests that 

the pores and pore structure of the two different hollow carbon sphere supports act 

similarly in restricting product release. This would indicate that the pore structures 

either holdup the products in a similar manner or more likely do not holdup the 

products nor influence the selectivities. Furthermore, the products formed in both 

catalysts show the typical effect of reaction temperature on the product selectivities (i.e. 

increased methane formation and decreased C5+ selectivity (Supplementary data Figure 

5S.15).The product distribution from both the catalysts gave typical ASF plots. The 

alpha values for Ru@MHCS and Ru@HCS were 0.78 and 0.74 (for the liquid products) 

respectively at 220 ℃. This again indicates that product release is not held up in either 

nanoreactor. The catalysts also showed a typical low selectivity (ca. 3–5%) for C2–C4 

hydrocarbons, this may be due the fact that Ru nanoparticles have high activity in the 

chemisorption and dissociation of carbon monoxide [280, 281]. There was then an 

abundance of carbon monomers on the catalyst surface that favored chain propagation 

of these low molecular weight products. The typical deviations of relatively high 

methane selectivity and a lower yield of C2–C4 hydrocarbons, than are predicted from 

the Anderson–Schulz–Flory (ASF) plot, are also consistent with a classical FT product 

distribution. It has also been reported that Ru particles and other Fischer–Tropsch 

metals (e.g. Co) supported on carbon materials tend to give higher methane selectivities 

at elevated Fischer–Tropsch temperatures in comparison with other catalyst carriers 

such as titania or ceria [95, 113]. Further, the unusually high CH4 selectivities for Ru 

could be explained by the relative diffusion rates of H2 and CO into the HCSs. The 

higher diffusion of H2 would lead to a more hydrogenating environment, consistent 

with the selectivities of hydrocarbons observed. In summary: the two catalysts 

(Ru@HCS and Ru@MHCS) although showing different porous structures in terms of 

the carbon shell structure showed quite similar selectivity in terms of the FTS products 

formed. Most importantly the porosity of the carbon shell does not appear to limit 

formation and extraction of high molecular weight products from the HCSs that are 

produced in the FT reaction. The methane selectivity of the Ru/HCS and Ru/MHCS 

catalysts is large and consistent with small size of the Ru nanoparticles (Table 5S.2) 

[88, 277]. The methane content also increases, as expected, with temperature. The data 

for the Ru placed inside the spheres (Ru@HCS and Ru@MHCS) is shown in Figure 

5S.15 and Table 5.2. The smaller Ru particles give the larger CH4 production. Several 

studies have explained this phenomenon as a result of the lack of necessary ensembles 

that promote chain growth propagation of the inter-mediate surface methyl monomers 

thus favoring the termination step and their desorption as methane [85, 87]. 

Post catalysis analysis 

The carbon shell structural integrity was maintained after the FT reaction at 250 ℃, as 

shown by the TEM images of the spent catalysts (Figure 5S.16). This indicates that the 

HCSs are mechanically and chemically robust under the FT conditions even when the 
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carbon shell is thin. Possible sintering of the Ru nanoparticles during FT synthesis was 

also investigated by TEM analysis of the catalyst after reaction at 220 ℃. This sample 

was collected and studied after reaction at 190 ℃ (40 h) and 220 ℃ (40 h) (Figure 

5S.17). Catalyst sintering was not noted as the particle sizes had not changed (average 

sizes of 5.8and 3.6 nm for Ru@HCS and Ru@MHCS after reaction). TEM analysis was 

also performed on both catalysts after reaction at 250◦C.Here it was observed that the 

particles did undergo agglomeration under the given reaction conditions. The average 

particle size for Ru@HMCS and Ru@HCS were now observed to be 6.9 nm and 9.7 

nm (Figure 5S.16). For comparison the particle growth on the Ru nanoparticles 

supported on the surface of the carbon shell Ru/MHCS and Ru/HCS, was measured and 

also found to have increased to 3.7 and 3.2 respectively (Figure 5S.18).  

5.3.4. Conclusions 

We have demonstrated that ruthenium particles placed inside hollow carbon spheres can 

be used as catalysts for Fischer–Tropsch synthesis. The carbon shell allowed for access 

of reactants and products to/from the inside of the hollow carbon spheres. The porosity 

of the hollow carbon spheres was found to affect the activity and TOF of the 

encapsulated Ru nanoparticles. It appears that diffusion of CO and H2 play a role in 

affecting the activity of the catalysts. The suitability of hollow carbon nanoreactors for 

high pressure reactions such as used in the Fischer–Tropsch process has been tested. It 

was found that the porous shell of the carbon is quite stable under the FT conditions and 

did not buckle of fracture during the process. The shell structure of the hollow carbon 

spheres remained intact after the Fischer–Tropsch synthesis. The Ru nanoparticles 

inside the hollow carbon spheres were accessible to the synthesis gas through the 

porous network of the carbon structures; this was verified by the calculated TOFs and 

product selectivities. The data indicate that the products can exit the nanoreactor and do 

not appear to be held up significantly in the reaction. Finally little sintering was 

observed when low temperature (< 220 ℃) reaction conditions are used. Hence, we 

have designed a hollow carbon nanoreactor capable of high catalytic activity. The 

porosity of the hollow carbon spheres was an important factor in determining the 

activity and TOF of the encapsulated Ru nanoparticles. It appears that diffusion of CO 

and H2 play a role in affecting the activity of the catalysts. 
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Abstract: Mesoporous hollow carbon spheres (MHCSs) were synthesized (d = 290 nm; 

carbon shell 20−35 nm), and their hollow morphology was exploited to study the 

influence of Ru nanoparticle location relative to Co3O4 nanoparticles on the reduction 

behavior and activity of Co Fischer−Tropsch catalysts. Ru nanoparticles were loaded 

both inside and outside the MHCS, while Co3O4 particles (ca. Co 15 wt % loading) 

were loaded on the outside of the MHCS. The use of in situ powder X-ray diffraction 

(PXRD) and temperature-programmed reduction studies on the catalysts indicated the 

effect of Ru location on the Co3O4 reduction pathways. A secondary hydrogen spillover 

effect was invoked to explain a complete reduction of the Co3O4 on Ru@MHCS@Co at 

450 ℃. Secondary hydrogen spillover enhanced the CoO to Co transformation by 

lowering the reduction temperature when compared to the unpromoted catalyst. Primary 

hydrogen spillover was inferred to explain the complete reduction of Co3O4 to Co metal 

on CoRu/MHCS at 300 ℃. After catalyst activation at 350 ℃, the primary spillover 

process yielded a catalyst with higher Fischer−Tropsch activity (ca. 2×) than the 

unpromoted catalyst and the catalysts where Ru and Co were separated by the 

mesoporous carbon shell. This was partially related to the Co phases that formed on the 

carbon support during reduction and the catalyst degree of reduction that was reliant on 

the type of hydrogen spillover process. 
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6.1. Introduction 

 

Cobalt Fischer-Tropsch synthesis (FTS) catalysts are generally promoted with metals 

such as ruthenium, platinum, and rhenium in order to enhance the catalytic activity of 

the cobalt active sites [92, 99, 137]. This is believed to occur by a promotion effect in 

which the added metal assists in lowering the reduction temperatures of the cobalt 

oxide. The promoter metals are able to dissociate hydrogen gas at lower temperatures 

and thus lower the reduction temperature of cobalt oxide nanoparticles in comparison to 

unpromoted catalysts [20, 131, 282, 283]. The reducibility of cobalt oxide particles is 

especially lowered if oxidic supports such as titania and alumina are used. This is due to 

the increased metal−support interaction (MSI) that makes reduction of the CoxOy more 

difficult, hence the need for reduction promoters [92, 93]. These reduction promoters 

can be classified as electronic promoters since they affect the electronic structure of 

cobalt particles and they in turn have a significant bearing on the overall cobalt catalytic 

activity and selectivity [274]. The promotion effects, as in many catalytic systems, are 

dependent on the intimacy (proximity) of the different catalyst components. A case in 

point is the use of bifunctional catalysts for the hydrocracking of long chain 

hydrocarbons where the location of the acid and metal sites play a crucial role in the 

reaction [284]. In promoted Co catalysts, the cobalt oxide crystallites can be in direct or 

indirect contact with a promoter [136], hence several mechanisms to explain the 

promotion effect of noble metals on the cobalt oxide particles have been proposed [127, 

137]. One of these involves hydrogen spillover in which a noble metal not only serves 

as a reduction promoter for the metal oxide (i.e., cobalt oxide) but also plays a role in 

the reaction selectivity [131, 283]. Two types of hydrogen spillover processes can be 

envisaged (see Scheme 6.1): (1) a primary hydrogen spillover, whereby the promoter 

(i.e., initiator) is in contact with the cobalt oxide (i.e., acceptor) and dissociated 

hydrogen atoms can move from the initiator directly to the acceptor, and (2) a 

secondary hydrogen spillover, in which the initiator and the acceptor materials are 

separated by some distance and migration of the atomic hydrogen occurs from the 

initiator to the acceptor via a carrier (or catalyst support) [23, 127, 135]. Hydrogen 

spillover on Fischer−Tropsch catalysts has been typically studied using hybrid catalysts 

composed of a mechanical mixture of the supported initiator and acceptor [131, 283, 

285]. The hydrogen spillover and the mobility of the spilled-over hydrogen have been 

suggested to occur over long distances (up to several millimetres). The effects of such 

long-range migration of hydrogen may be very small and may not be revealed in 

Fischer−Tropsch reactions [131]. Hydrogen spillover studies involving Co 

Fischer−Tropsch catalysts have generally been performed on oxidic supports and were 

observed to offer a limited hydrogen spillover effect over long hydrogen transfer 

distances. A literature survey by Prins suggests that, in principle, hydrogen spillover on 

defective materials such as carbon nanomaterials is viable [23]. This is because 

hydrogen can be chemically adsorbed on the carbon defect sites, which are generally 

present on non-graphitic carbons. As with oxidic carriers heteroatoms such as oxygen 
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or nitrogen also enhance the ability of carbon materials to facilitate surface diffusion of 

activated hydrogen species and thus allow secondary hydrogen spillover processes.  

 

Hydrogen spillover studies using noble metals and coinage metals supported on several 

carbon materials have been reported in numerous studies, either for hydrogen storage or 

in catalytic reactions [136, 137, 286]. Chung and co-workers [287], observed an 

enhanced hydrogen spillover effect on an oxidized Pd/AC (AC, activated carbon) at 

room temperature (low and high pressures) with Pd serving as the activator. This effect 

was also attributed to the presence of oxygen functional groups found on the carbon 

material, which are thought to facilitate the mobility of the spilled-over hydrogen atoms 

over long distances. Lueking and Yang [288], invoked hydrogen spillover to explain the 

ability of multiwalled carbon nanotubes (MWCNTs) containing residual Ni particles to 

store significantly more hydrogen (0.65%) than MWCNTs, which had all the Ni 

removed by hot acid reflux at 200 ℃. Their study also suggested that metal−support 

interactions were important for the spillover process to occur because dry mixing of the 

MWCNTs and the catalyst did not improve hydrogen spillover. Mesoporous hollow 

carbon spheres (MHCSs) with their hollow morphology and defective carbon structure 

could be used to study the extent of hydrogen spillover influence on Ru promoted Co 

Fischer−Tropsch catalysts. In mesoporous hollow carbon spheres, the pores radiate 

from inside the cavity through the carbon shell to the outer surface of the MHCS 

providing easy access for small molecules (e.g., H2 and CO). Thus, loading of initiator 

and acceptor metals (i.e., ruthenium and cobalt oxide) inside and outside a defective, 

porous carbon shell could allow for a study of spillover to delineate the effects of the 

primary and secondary hydrogen spillover processes [217, 289].  

We have chosen to investigate the well-known Ru promoted Co reaction to study the 

hydrogen spillover effect on MHCS supports. In earlier studies, hydrogen spillover 

processes have been invoked to explain promoter effects in Ru/Co systems [290, 291]. 

An in situ XAS (X-ray absorption spectroscopy) study by Hong et al. [274], suggested 

that Ru(IV) ions implanted inside a Co3O4 nanoparticle lattice served as a promoter for 

Co3O4 reduction at low temperatures. However, in other studies it has been proposed 

that Ru nanoparticles, not the ions, were required to be in close proximity to the cobalt 

oxide particles to effect Ru promotion on Co3O4 [292]. Recently Sapunov and co-

workers [293], reported spillover of hydrogen from Ru nanoparticles supported on 

hyper-cross-linked polystyrene to explain and elucidate the kinetics of the D-glucose 

hydrogenation process.  

 

In this study, hydrogen spillover effects on Co Fischer− Tropsch catalysts using MHCS 

as a physical barrier, where the initiator (Ru) was loaded inside and outside the MHCS 

while the acceptor (Co3O4) was loaded onto the MHCS (with and without Ru), were 

investigated. The use of two catalysts, CoRu/MHCS and Ru@MHCS@Co (see Scheme 

6S.1 for nomenclature used), made possible a separation of primary and secondary 

spillover processes. 
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Scheme 6. 1: Hydrogen Spillover Pathways, (a) Primary and (b) Secondary
a
 

 
 
a
I, Molecular hydrogen; II, dissociative adsorption; III, spillover; IV, hydrogen atom 

surface migration; V, spillover; VI, reduction and water removal. Adapted from refs 

[127] and [23]. 

 

6.2. Experimental section 

 

 6.2.1. Sources of chemicals 

 

Tetraethylorthosilicate (TEOS 98%; Aldrich), cobalt nitrate hexahydrate (Aldrich), 

octadecyltrimethoxysilane (C18TMS; Aldrich), ammonia solution (25%; Fluka), 

hexadecyltrimethylammonium bromide (CTAB; Aldrich), ruthenium chloride 

(Aldrich), urea (Promark chemicals), ethanol (98%; Merck), toluene (Merck), HF (40%; 

Associated chemicals), and nitric acid (55%; Merck) were used as received. Deionized 

water was used in the experiments. 

 

6.2.2. Synthesis of modified Stӧber spheres 

  

Silica spheres were made by adding 50 mL of ammonia solution into a solution of water 

and ethanol (100 and 800 mL, respectively) [217, 268]. This solution was then stirred at 

room temperature for 10 min. To this solution was slowly added 75 mL of TEOS, and 

the mixture was stirred for 6 h to form monodisperse Stöber spheres. CTAB (25 g) and 

TEOS (12.5 mL) in 250 mL of ethanol were then added into the solution containing the 

Stöber spheres. A thin silica shell formed on the silica to generate a slightly porous 

silica composite material (SiO2) while stirring the solution overnight (12 h) at room 

temperature. The SiO2 spheres were then harvested by filtration and dried at 100 ℃ for 

4 h. This was followed by calcination of the material in air at 500 ℃ for 4 h. This gave 

a silica yield of approximately 20 g with > 90% yield based on the amount of TEOS 

used. 
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6.2.3. Synthesis of 0.2 and 0.5% Ru/SiO2  

 

Silica spheres (SiO2; 4 g) prepared above were dispersed in 250 mL of deionized water 

by ultrasonication. To this mixture was added 0.2 g of urea and 0.8 or 2 mL of 0.1 M 

RuCl3 solution; the mixture was then sonicated for 30 min. Homogenous deposition 

precipitation of Ru was performed at 95 ℃ for 12 h. The product (ca. 0.2% or 0.5% 

loaded Ru/SiO2) was then collected by filtration, washed with deionized water, and then 

dried at 100 ℃ overnight. 

 

6.2.4. Synthesis of Ru/SiO2@mSiO2 and SiO2@mSiO2 

 

The Ru/SiO2 or SiO2 (4 g) was dispersed in a water−ethanol solution (50 and 150 mL, 

respectively) followed by the addition of ammonia solution (3 mL). The mixed solution 

was then sonicated for 10 min. To this solution was added a mixture of TEOS (5 mL) 

and C18TMS (1 mL), and the mixture was left stirring for 5 h at room temperature to 

form a 

mesoporous silica shell around the SiO2 or Ru/SiO2 composites. The resulting product 

was then collected by filtration, washed with water, and dried at 100 °C for 2 h, 

followed by calcination in static air at 550 ℃ for 4 h. 

 

6.2.5. Synthesis of Ru@MHCS or MHCS 
 

The Ru/SiO2@mSiO2 (0.2 or 0.5%) or SiO2@mSiO2 was placed in a quartz boat inside 

a horizontal tube furnace, which was heated to 900 °C at 10 °C/min under argon gas 

(100 mL min
-1

). When the desired temperature was reached, argon was bubbled through 

toluene for 2 h to coat the Ru/ SiO2@mSiO2 or SiO2@mSiO2 composite with a carbon 

shell. HF (10%; 100 mL) was added to the carbon coated Ru/SiO2@mSiO2 or 

SiO2@mSiO2 to remove the template over 12 h. The HF solution was then decanted 

followed by purification by centrifugation and repeated washing using deionized water 

followed by drying at 100 °C to give samples that were called 0.2% Ru@MHCS, 0.5% 

Ru@ MHCS, or MHCS. 

 

6.2.6. Catalyst Preparation: Loading of Co Nanoparticles 

 

Cobalt nanoparticles were loaded onto the Ru@MHCS or MHCS using incipient 

wetness impregnation. Co(NO3)2·6H2O (0.741 g) was dissolved in an appropriate 

volume of 50:50 water and ethanol solvent mixture, and this solution was then 

impregnated on the carbon support (MHCS or Ru@MHCS; 1 g) and then dried at 40 ℃ 

for 12 ,h. The catalyst was then heated under a flow of nitrogen gas (20 mL.min
-1

) at 

100 ℃ for 2 h followed by further heating at 300 °C for 2 h. To make sure that all the 

Co was converted to the Co3O4 phase, the catalysts were calcined at 210 °C for 2 h 

under a flow of 5% O2/Ar gas mixture. The resulting cobalt loading was expected to be 

15%. Three catalysts were prepared: Co/MHCS, 0.2% Ru@MHCS@Co (low Ru 

loading), and 0.5% Ru@MHCS@Co (high Ru loading). A fourth catalyst was made by 
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adding a Co solution mixed with a Ru solution to give a Co loading of 15% and Ru 

loading of 0.7%; this was called CoRu/MHCS. 

 

6.2.7. Material characterization 

 

TEM analysis was performed on a Tecnai spirit (T12) transmission electron microscope 

operating at 120 kV. The samples were dispersed in methanol by ultrasonication and 

loaded onto a copper grid for TEM analysis. The particle size distribution of the 

materials formed was determined by counting at least 200 randomly selected particles 

per sample from different TEM images. Gaussian statistics yielded values for the 

average particle sizes. SEM analysis was performed on a FEI Nova Nanolab 600 

FIB/SEM instrument operating at 30 kV. The samples on a carbon tape were coated 

with a gold−palladium layer before the analysis. EPMA (electron probe microanalysis) 

was performed using a CAMECA SX5- FE EPMA, equipped with 5 wavelength 

dispersive X-ray spectroscopy (WDS) detectors and 12 crystals to select X-ray 

wavelengths for specific elemental compositions. C, Ru, and Co were mapped during 

the MD process. Elemental mapping was done using a FEG-SEM (CAMECA), a 

component of the EPMA instrument. The bulk composition of the catalysts was 

analyzed using a Bruker D2 phaser equipped with a Lynxeye detector, using a Co−Kα 

(λ = 0.17889 nm) at 30 kV. The scan ranged from 10° to 90° 2θ in 0.0260° steps. TGA 

was performed with a Perkin-Elmer STA6000 TGA using high purity nitrogen or air as 

the purge gas and a heating rate of 10 ℃.min
-1

. The flow rate of the purge gas was 

always kept at 20 mL.min
-1

. N2 adsorption−desorption experiments were conducted at -

195 ℃ using a Micromeritics Tristar 3000 surface area and porosity analyzer. Prior to 

an experiment, the sample was outgassed at 150 °C for 4 h under nitrogen gas. The BET 

surface areas were obtained from adsorption data in a relative pressure range from 0.05 

to 0.30. The total pore volumes were calculated from the amount of N2 vapor adsorbed 

at a relative pressure of 0.99. The pore size distributions were evaluated from the 

desorption branches of the isotherms using the Barrett−Joyner−Halenda (BJH) method. 

The micropore surface area and volume were calculated using t-plot data. TPR 

experiments were 

carried out with a Micromeritics Auto Chem II unit. The catalyst (approximately 50 

mg) was placed in a quartz tubular reactor, fitted with a thermocouple for continuous 

temperature measurement. The reactor was heated in a furnace. Prior to the 

temperature-programmed reduction measurement, the calcined catalysts were flushed 

with high purity argon at 200 ℃ for 30 min, to remove water or impurities, followed by 

cooling to ambient temperature. Then, 5% H2/Ar was switched on, and the temperature 

was raised at a rate of 10 ℃.min
-1

 from 50 to 850 ℃. The gas flow rate through the 

reactor was 

controlled by three Brooks mass flow controllers and was always 50 mL.min
-1

. The H2 

consumption (TCD signal) was recorded automatically by a computer. Pulse 

chemisorption was performed using the Micromeritics Auto Chem II instrument, to 

compute the number of active sites on the catalysts. The catalyst (ca. 100 mg) was 

placed in a quartz tubular reactor. The sample was reduced at 350 ℃ for 2 h under a 
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hydrogen flow of 50 mL.min
-1

. Before injection of the active gas, the sample was 

purged using helium gas at 350 °C for 1 h, followed by cooling to ambient conditions. 

Hydrogen chemisorption (assuming a H2/Co ratio of 2) was then performed at 150 ℃ 

using ultrapure hydrogen as the active gas and argon as the carrier gas. O2 titration was 

performed using a Micromeritics ASAP 2020 unit after catalyst reduction using high 

purity hydrogen (50 mL.min
-1

) at 350 ℃ for 2 h. The samples were cooled to 200 ℃ 

and then re-oxidized by injecting pulses of high purity oxygen at 200 °C. The extent of 

reduction was calculated by assuming Co metal was completely converted to Co3O4. In-

situ PXRD experiments were performed under 5% H2/N2 on a 

Bruker D8 Advance fitted with an Anton Paar XRK 900 in situ cell. The diffractometer 

used a sealed copper tube as the X-ray source operating at 40 kV and 40 mA that 

provided X-rays with a wavelength of 0.15418 nm in a parallel beam geometry. The 

Rietveld refinement method was used to analyze the PXRD profiles (fresh and spent 

catalysts) as described in the Supporting Information (section S1). The Co loading on 

the MHCS was analyzed using an ICP-OES End on Plasma from Spectro Genesis 

(Kleve, Germany). A catalyst sample (50 mg) was dispersed in a solution of 5 mL of 

55% nitric acid and 40 mL of water to dissolve the Co nanoparticles before analysis. 

 

6.2.8. Evaluation of Fischer−Tropsch Performance 

 

The Fischer−Tropsch synthesis was performed in a fixed-bed microreactor. A gas 

cylinder containing a H2/CO/N2 mixture (∼60/30/10 vol %; purity 99.99) was used to 

supply the reactant gas stream to the catalyst with a specific space velocity of 1800 

mL.h
−1

.g
−1

. N2 was used as an internal standard in order to ensure accurate mass 

balances. Catalyst (0.5 g, sieved through a 150 μm mesh, without pelletizing) was 

added to the reactor (resulting catalyst bed ∼4 cm in length) and reduced in situ at 350 

°C for 2 h under a stream of H2 (1.5 bar at 50 mL.min
-1

). After reduction, the reactor 

temperature was decreased to ambient temperature under a hydrogen flow and then 

heated up to 220 ℃ under synthesis gas at a pressure of 10 bar. A hot trap placed 

immediately after the reactor was held at 150 °C in order to collect wax. A second trap 

kept at ambient temperature was used to collect the oil and water mixture. All gas lines 

after the reactor were kept at 100 °C. The flow was controlled using a metering valve 

and measured by a bubble meter. The product stream was analyzed online using two 

gas chromatographs. A thermal conductivity detector (TCD), equipped with a Porapak 

Q (1.50 m × 3 mm) packed column, was used to analyze H2, N2, and CO, and a flame 

ionization detector (FID), equipped with a Porapak Q packed column, was used for the 

analysis of the hydrocarbons online. Gas chromatography calibration and product 

analysis have been described elsewhere (see Chapter 3) [240]. 
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6.3. Results and discussion 

 

6.3.1. Catalyst Preparation and Dispersion 

 

Hollow carbon spheres with a mesoporous structure were prepared with good 

uniformity by a standard procedure (Figure 6S.1) [198, 217]. Ru nanoparticles were 

placed inside the hollow carbon spheres using a modified method, which was reported 

in an earlier study [217]. It was important to make a porous carbon shell with short 

dimensions so as to make sure that the spilled-over hydrogen has a short length to travel 

on the carbon materials. Hence, the hollow carbon spheres had an average particle 

diameter of 290 nm (Figure 6S.2) and a carbon shell thickness between 20 and 35 nm 

(Figure 6S.1). SEM analysis of the hollow carbon spheres confirmed their circular 

morphology and showed that the majority (> 90%) of the MHCS remained intact and 

were not broken (Figure 6S.1,c) [198, 204]. The results presented in Figure 6S.1 

confirm that both the empty hollow carbon spheres and the hollow carbon spheres 

containing the Ru nanoparticles inside the spheres have been successfully synthesized. 

The encapsulation of the Ru nanoparticles allowed for physical separation of the Ru 

from the Co by a layer of mesoporous carbon, making the study of hydrogen spillover 

effects possible. Loading of Co nanoparticles (∼15%) on both the MHCS and 

Ru@MHCS was performed by incipient wetness impregnation (IWI) (Figure 6.1). The 

Co particle size distributions were obtained from the samples after pre-treatment in 

nitrogen and 5% O2/Ar, and they correspond to the cobalt oxide phase (Co3O4). The 

particle size distribution of the Co3O4 nanoparticles for all the catalysts prepared by IWI 

were in the range of 5−6 nm as determined by transmission electron microscopy 

analysis (Figure 6.1 and Table 6.1). 
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Figure 6. 1: TEM images and particle size distribution of the catalysts: (a,e) Co/MHCS, (b,f) CoRu/MHCS, (c,g) 

0.2%Ru@MHCS@Co, (d,h) and 0.5% Ru@MHCS@Co. 
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Catalyst dispersion using EPMA mapping on the 0.2% Ru@ MHCS@Co catalyst revealed 

a homogeneous distribution of Co and Ru on the carbon support (Figure 6S.3). WDS data 

(Figure 6S.3) also confirmed the complete removal of the silica that was used as the 

template in the synthesis of the hollow carbon spheres. It should be noted that the Ru 

nanoparticles inside the MHCS could not be easily observed by TEM because of the carbon 

shell thickness and density together with the small average particles sizes of the Ru. When 

the carbon coating step was performed by bubbling Ar through toluene for 1 h (instead of 2 

h) to give a thinner and less dense carbon shell, the encapsulated Ru nanoparticles in the 

0.5%Ru@MHCS could be readily imaged by TEM (see Figure 6S.1,e, dRu = 4.1 nm). Pulse 

chemisorption (Table 6.1) analysis revealed that the Co metallic dispersion of the catalysts 

expressed in terms of a ratio of the H atoms adsorbed to Co atoms increased in the order: 

Co/MHCS < 0.2% Ru@MHCS ≈ 0.5% Ru@MHCS@Co < CoRu/MHCS. This trend was 

attributed to the increased degree of reduction (i.e., increased number of Co surface sites) 

due to the intimate contact between the Ru promoter and the Co (on CoRu/MHCS) with 

more hydrogen adsorbing on the Ru nanoparticles in Ru@MHCS@Co catalysts than on the 

Co/ MHCS. 

 

 

Table 6. 1: Cobalt Content, Particle Size and Pulse Chemisorption Data of the Catalysts. 

Sample 
dispersion 

(H:Co)
a 

Co3O4 Particle size (nm) Co content 

(%wt) 

/ICP-OES 

Ru content 

(%wt) /TGA 

TEM XRD
b 

Co/MHCS 0.011 5.3 ± 1.2 4.8 14.6 0 

CoRu/MHCS 0.045 5.6 ± 1.6 4.7 15.4 -
 

0.2%Ru@MHCS@Co 0.017 5.9 ± 1.5 4.8 14.1 0.9 

0.5%Ru@MHCS@Co 0.016 4.8 ± 1.6 4.7 14.8 2.1 

a
Obtained by pulse chemisorption, using a 1:1 ratio of hydrogen atoms to total moles of Co 

loaded on the sample.  
b
Estimated from the Scherrer equation using Rietveld refinement. 

 

 

6.3.2. Porosity Analysis Using Nitrogen Adsorption 

 

Porosity analysis of the MHCS and Ru@MHCS with and without Co was performed using 

nitrogen adsorption−desorption analysis. A typical adsorption isotherm obtained at −195 
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°C of the materials is included in Figure 6.2. An analysis of all the isotherms show that the 

MHCS gave a type IV-like adsorption isotherm as given by the IUPAC guidelines [197], 

with intertwined mesopores centred around a diameter of 3 nm. This indicated that all the 

carbon shells were mesoporous regardless of whether there were Ru nanoparticles inside. 

Co loading on the MHCSs did not significantly affect the carbon shell porosity as 

illustrated by the corresponding pore size distribution (Figure 6.2,b). It is however noted 

that introduction of Co nanoparticles on the carbon shell did lower the BET surface area, 

which can be explained by the blocking of some mesopores by Co3O4 nanoparticles thus 

modifying the carbon shell pore structure (see Figure 3S.4,c and Table 6S.1). This can be 

seen by the appearance of micropores, which made up less than 5% of the total surface area 

of the Co3O4 loaded catalysts (Table 6S.1). All MHCS materials showed high BET surface 

areas due to the mesoporous carbon shell (410−480 m
2
.g

−1
). The mesoporosity of the 

carbon shell was formed as a result of using the mesoporous silica spheres as a template 

(sections 6.2.4 and 6.2.5), as has also been reported by others [192, 198]. The mesoporous 

silica template displayed a surface area of 165 m
2
.g

-1
 in relation to a surface area of 14 

m
2
.g

−1
 for the unmodified silica spheres (see Table 6S.1 and Figure 6S.4). 

 

 
Figure 6. 2: (a) Typical nitrogen adsorption isotherm and (b) BJH pore size distribution of 

the MHCS and the catalysts (data for Co/MHCS). 

 

6.3.3. PXRD and TGA 

 

Powder X-ray patterns are shown in Figure 6.3,a, for the catalysts that were obtained after 

calcination in 5% O2/Ar. The broad distinct peak at 2θ between 28° and 30° is associated 

with a disordered sp
2
 hybridized carbon structure and was observed for all the catalysts 

[294]. A cubic cobalt oxide spinel (Co3O4) phase was also observed for all the catalysts, as 

determined by the characteristic peaks that correspond to the Co3O4 phase from the ICSD 

collection file 9362. The broad peaks for the Co3O4 phase confirmed that the loaded 
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particles were in the nanoscale range, and they also confirmed a narrow size distribution 

based on the almost symmetric oxide peak shapes [295]. The supported nanoparticles 

crystallite sizes were estimated using the Rietveld Refinement to be in the range of 4.7−4.8 

nm (Table 6.1). This was less than the average particle sizes calculated from TEM images. 

This is not unexpected as the PXRD estimation has been suggested to always 

underestimate sizes as it is solely based on the diffracting crystallite planes and not the 

whole particle [295]. A hexagonal close packed (hcp) Ru phase was observed for the 0.5% 

Ru@MHCS and 0.5% Ru@MHCS@Co samples, while Ru in the 0.2%Ru@MHCS was 

below the detection limit. Thermogravimetric analysis (Figure 6.3,b) was used to study the 

thermal stability of the catalysts and the carbon support. The analysis was performed in air, 

with decomposition of carbon via the oxidation of carbon to CO2. The cobalt oxide 

nanoparticles catalyze the oxidation of the carbon materials hence lowering the support’s 

decomposition temperature when compared to carbon materials that do not contain cobalt 

[255]. The onset of carbon decomposition for the Co/MHCS occurred at temperatures 

above 250 °C while for the carbon materials without Co, support decomposition began at 

around 410 °C for the 0.2% Ru@MHCS and 0.5% Ru@MHCS samples (Table 6.1, Figure 

6.3,b). 

 

 
Figure 6. 3: Ex situ PXRD patterns (a) and TGA profiles (b) of the catalysts. Co3O4 (    ) 

and Ru (    ) 
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6.3.4. Reduction of Catalysts: in Situ PXRD 

To elucidate the reduction behaviour of these Co catalysts an in situ PXRD study was 

performed. The PXRD patterns were collected at 50 ℃ intervals under hydrogen gas 

(Figure 6.4; for a full pattern see Figure 6S.5) [255, 296, 297]. The behaviour of these 

catalysts followed the normal reduction for Co3O4 with a phase transformation from Co3O4 

to Co via the CoO intermediate phase. It was however noted that the resulting XRD 

patterns were influenced by the Ru metal and its location in relation to the Co3O4 

nanoparticles on the MHCS. For the unpromoted catalyst (Co/MHCS), the Co3O4 spinel 

phase was dominant under the reduction conditions up to 250 ℃, and at this temperature, 

the Co3O4 was completely transformed to a CoO phase. At 250 ℃, the CoO is dominant 

with the appearance of a small face centered cubic (fcc or α) Co peak. These two phases 

(CoO and Co) were observed up to 500 ℃ with the CoO phase showing a slight decrease in 

intensity while the fcc Co peak increased in intensity. It was not possible to completely 

reduce the entire CoO to Co even at 500 ℃. In situ XRD analysis of the CoRu/MHCS 

showed that the Co3O4 to CoO transition occurred at lower temperature (<200 ℃). At 250 

℃, both hexagonal close packed (hcp or β) and fcc Co phases were evident together with 

some CoO. The CoO phase disappeared at temperatures >300 ℃. However, the two 

metallic Co phases (cubic and hexagonal) were observed up to 500 ℃. In situ analysis of 

cobalt catalysts in which the Ru nanoparticles were loaded on the inside of mesoporous 

hollow carbon spheres with different nominal Ru loading (0.2% Ru@MHCS@Co and 

0.5% Ru@MHCS@Co) was also performed. The Co3O4 phase transformation for both 

these catalysts followed a similar trend that was slightly independent of the Ru loading. It 

should be noted that for the catalysts with a higher Ru loading the Ru phase was detected at 

all temperatures from 30 to 500 ℃. In these two catalysts the Co3O4 converted to CoO at 

200 °C, and more importantly complete conversion from CoO to Co nanoparticles occurred 

at temperatures between 400 and 450 ℃ to form both fcc and hcp Co phases. The in situ 

PXRD data (Figure 6.4) allows us to draw conclusions on the hydrogen spillover from Ru 

to Co. When Ru is in direct contact with Co on the outside of the MHCS a dominant 

primary spillover effect is expected. This is supported by the finding that the Co3O4 is 

reduced (i) at low temperature to CoO (< 250 ℃) and (ii) is completely reduced to fcc and 

hcp Co 300 °C by the Ru. Reduction of CoxOy is also affected by the relative location of 

Ru. It is possible that for the Ru@MHCS@Co catalysts, interaction between Co and Ru 

may take place in the MHCS pores. Incipient wetness impregnation may lead to some Co 

entering the pores of the hollow carbon spheres; however, the Co particles placed in the 

pores should still be far removed from the Ru particles when compared to the proximity of 

the Co and Ru in the CoRu/MHCS catalyst (Figure 6.5). It is to be noted that the carbon 

shell thickness is 20−35 nm and that the pore dimensions are between 3 and 5 nm (Figure 

6.2,b).  
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Figure 6. 4: In situ PXRD profiles of the catalysts under reduction conditions Co3O4 (*), CoO (∀), α-Co (∞), β-Co (α), Ru (×). 
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Figure 6. 5: Schematic showing likely Co (red) and Ru (blue) particle distributions on the 

MHCS support: (a) Co/MHCS, (b) CoRu/MHCS, (c) 0.2% Ru@MHCS@Co and (d) 0.5% 

Ru@MHCS@Co. 

 

This would suggest that the reduction of the cobalt oxide nanoparticles occurred via a 

secondary hydrogen spillover effect. Observations to support a secondary hydrogen 

spillover effect include the following: (i) the catalysts have similar Co particle sizes, hence 

the effect of size on the reduction behavior of the Co3O4 can be ruled out; (ii) the amount of 

Ru loading on these two catalysts (0.2% Ru@MHCS@Co and 0.5%Ru@MHCS@Co) had 

the expected impact on their reduction profiles. Thus, the reduction of Co3O4 to CoO was 

complete at temperatures above 200 °C for 0.2% Ru@MHCS@Co and just above 150 ℃ 

for 0.5% Ru@MHCS@Co consistent with an expected reduction due to a spillover effect 

dependent on the amount of Ru loaded; (iii) complete reduction at 450 ℃ on the 

Ru@MHCS@Co catalysts, both the hcp and fcc phases were observed to form upon 

reduction, with the fcc Co appearing at lower temperatures than the hcp Co; however the 

fcc Co remained the main Co phase. This indicates that the Ru nanoparticles on a carbon 

support appear to promote initial formation of fcc Co. The above implies that the Ru 

promoter effects that are at play on CoRu/MHCS are different from those on Ru@ 

MHCS@Co and indicates that primary and secondary hydrogen spillover processes can be 

separated in a Ru promoted Co in carbon support [118]. Quantitative phase analysis 

evaluation by Rietveld refinement (using TOPAS 4.2) of the Co phases on the individual 
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PXRD profiles (Figure 6.6) was used to calculate the relative abundances of the Co species 

at each temperature [296]. The degree of reduction (DOR) of the catalysts was then 

estimated as the reduction temperature was increased (Table 6S.3). The estimated DOR at 

350 ℃ was 24% for Co/MHCS, 100% for CoRu/ MHCS, 35% for 0.2% Ru@MHCS@Co, 

and 44% for 0.5% Ru@MHCS@Co. In contrast the Co/MHCS only gave a DOR of 56% at 

500 ℃, whereas at this temperature all the other catalysts had a DOR of 100%. The data 

hence underlines the importance of promoter intimacy for Ru with the Co3O4. The Ru 

promoted catalysts showed hcp Co to fcc Co ratios to be between 0.1 and 0.3. In the case of 

Co/MHCS, the presence of hcp Co from the PXRD patterns was negligible (Figure 6S.6). 

The extent of reduction of the catalysts was also determined using oxygen titration after 

reduction at 350 °C (Figure 6S.7) [97]. The re-oxidation of the catalysts was performed at 

200 °C to avoid carbon support gasification (see TGA plots, Figure 6S.7,b). The amount of 

oxygen consumed was based on the usual assumption that Co nanoparticles would convert 

to the cobalt oxide spinel phase (Co3O4) as supported by XRD analysis of 

the oxidized catalyst (Figure 6S.7,b). The CoRu/MHCS had the highest degree of reduction 

(DOR) (90.2%), while the DORs for 0.2% Ru@MHCS@Co and 0.5% Ru@MHCS@Co 

were 61.5% and 63.2%. Co/MHCS (62.4%) catalysts had lower values. The data are in 

agreement with the PXRD data recorded at 350 ℃ shown in Figure 6S.5. The DOR 

determined using oxygen titration at 350 ℃ shows that without an intimate Co-Ru contact 

the reduction of the CoO is less affected by encapsulated Ru nanoparticles. Thus, primary 

hydrogen spillover is invoked to explain the reduction of cobalt oxide on CoRu/MHCS, 

with the electronic effects determining the Co phase that forms during the process (hcp Co 

when using a carbon support). For the reduction observed on Ru@MHCS@Co catalysts, 

secondary hydrogen spillover is invoked to explain the complete phase transformation of 

the cobalt oxide nanoparticles (to Co) that were loaded on the outside of the hollow carbon 

spheres. Reduction on these catalysts occurred at higher temperatures, and it is most likely 

that electronic effects for these catalysts were different from those in CoRu/MHCS. The 

secondary hydrogen spillover effect requires movement of hydrogen atoms through the 

carbon shell, which leads to the higher reduction temperatures for the Ru@MHCS@Co 

catalysts. 
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Figure 6. 6: Changes in the Co phase abundance as a function of temperature during in situ 

PXRD reduction of the catalysts: (a) Co/MHCS, (b) CoRu/MHCS, (c) 0.2% 

Ru@MHCS@Co, and (d) 0.5% Ru@MHCS@Co. 

 

6.3.5. Temperature-Programmed Reduction Studies 

 

The effect of Ru and its location on the reduction of Co3O4 particles was further evaluated 

using temperature-programmed reduction, and the reduction profiles for the four catalysts 

are shown in Figure 6.7 (Table 6S.4 shows reduction peak temperatures). After 

deconvolution, it can be seen that the Co/MHCS and Ru@MHCS@Co catalysts give 

similar reduction profiles to the reduction of Co3O4, but with a shift of the peaks (Table 

6S.4). Thus, the stepwise reduction of Co3O4 to CoO (ca. 280− 310 ℃) followed by the 

reduction of CoO to Co (400-430 ℃) was observed. It should be noted that the addition of 

a higher loading of Ru on Ru@MHCS@Co results in (i) no significant downward or 

upward shift of the first reduction peak and (ii) a downward shift of the second reduction 
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peak, when compared to the Co/ MHCS catalyst. In contrast, when the Ru is placed in 

close proximity to the Co (CoRu/MHCS), the TPR data are quite different with a shift of 

the first peak to lower temperatures (247 ℃) and a shift of the second reduction peak to 

higher temperatures (482 ℃). A complete reduction of Co3O4 consumes one hydrogen 

molecule for the first reduction process (Co3O4 + H2 → 3CoO + H2O) and three hydrogen 

molecules for the second (3CoO + 3H2 → 3Co + 3H2O). It is then expected that the Co3O4 

reduction peaks will be in a ratio of 1:3. However, the peak area ratio of the second 

reduction peak to the first one was less than one for CoRu/MHCS. This discrepancy can be 

explained as induced by the Ru promoter, which was in close proximity to the Co oxide 

nanoparticles. It was therefore assumed that some of the CoO particles were reduced 

immediately after their formation at the low temperature (247 ℃) to form a Co phase to 

give the higher consumption of hydrogen as seen in the first reduction peak. This is 

confirmed by the PXRD profiles presented in Figure 6.4. Other studies have in fact 

suggested that Ru ions can be doped inside a Co3O4 lattice to assist with the oxide 

reduction at lower temperatures [274]. The second peak observed at the higher temperature 

on this catalyst is probably due to gasification of the carbon support, which is catalyzed by 

the reduced Co nanoparticles (Table 6S.5). Previous studies have shown that at high 

temperatures, after complete reduction of the cobalt oxide, the gasification of the carbon 

support ensues and is catalyzed by the reduced Co nanoparticles [298]. Bezemer and co-

workers [299], have also suggested that a broad peak at 475 ℃ in their Mn promoted Co 

catalysts supported on carbon nanofibers was due to the formation of methane, as was 

confirmed by gas chromatography analysis. Several other studies support our proposal that 

the Ru promoter affects Co oxide reduction behaviour resulting in a shift of the second 

reduction peak to low temperatures leading to a possible overlap of the two reduction peaks 

[300, 301]. Irrespective of the exact explanation offered it is clear that placing Ru inside or 

outside the MHCS leads to substantial changes in the Co oxide reduction behaviour. 

Reduction profiles in which the Co3O4 nanoparticles and Ru were separated by a carbon 

shell show that the promoter effects of the Ru were not as prominent as in the catalyst 

where the two metals are in close proximity (Figure 6.5,c,d). On these catalysts, the first 

reduction peak occurs at around 300 ℃ and was not changed by the presence of Ru. 

However, the second reduction peak was shifted to lower temperatures (∼400 ℃) relative 

to the Co/MHCS (429 ℃) and suggests that a secondary spillover effect occurs to bring 

about the complete reduction of CoO to Co on the Ru@MHCS@Co catalysts. The TPR 

profile of a physical mixture of Co/MHCS and Ru/ MHCS showed no discernible shift in 

the reduction temperature (at 430 ℃) of the corresponding CoO to Co phase transformation 

(Figure 6S.8) 
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Figure 6. 7: Temperature-programmed reduction profiles of (a) Co/MHCS, (b)  

CoRu/MHCS, (c)  0.2% Ru@MHCS@Co, and (d)  0.5% Ru@MHCS@ Co. 

 
 

6.3.6. Fischer−Tropsch Studies 

 

Fischer−Tropsch synthesis over the catalysts was performed at 220 °C at 10 bar pressure 

for over 100 h on stream (Figure 6S.9). Table 6.2 shows the Fischer−Tropsch activity and 

product selectivity of these catalysts. CO conversions of these catalysts were between 10% 

and 20%. Higher FT activity was observed for CoRu/ MHCS at 9.48 ×10
-6 mol

CO
/g

Co
.s, 

with a calculated activity almost double that of the other three catalysts that had an activity 

of about 5×10
-6 mol

CO
/g

Co
.s. However, the two catalysts with the Ru encapsulated inside 

the MHCS (i.e., 0.2% Ru@MHCS@Co and 0.5% Ru@MHCS@Co had activities of 

5.15×10
-6

 and 5.52×10
-6

 respectively) showed a similar or slightly higher activity with 

respect to the unpromoted catalyst Co/MHCS (5.13×10
-6

 mol
CO

/g
Co

.s). The activity of the 

catalysts can be rationalized based on the reducibility induced by the promoter effects as 
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determined by the Ru metal [302]. The unpromoted catalyst had the lowest FT activity as it 

had a lower degree of reduction and dispersion of all the catalysts (Table 6.1 and Table 

6S.3). The low turnover frequencies observed for the catalysts were attributed to the small 

Co crystallites that resulted from the reduction process [82, 85]. In situ PXRD and oxygen 

titration studies showed that complete reduction of the cobalt oxide on the CoRu/MHCS 

catalyst occurred at 300 °C and that reduction at 350 °C prior to Fischer−Tropsch reaction 

ensured a high reducibility. Further, although the Ru@MHCS@Co could also be 

completely reduced, this occurred at high temperatures (>350 °C). The lower 

Fischer−Tropsch activity of these catalysts is attributed to their lower degree of reduction 

because pre-treatment of these catalysts by hydrogen reduction prior to Fischer−Tropsch 

synthesis was performed at 350 °C. The lower number of active sites was confirmed by the 

pulse chemisorption studies, which showed that Co nanoparticles on CoRu/MHCS 

displayed a higher catalytic dispersion than the other three catalysts. Although secondary 

hydrogen spillover could be invoked to explain the complete reduction of the two 

encapsulated Ru catalysts, the secondary spillover process did not significantly enhance the 

degree of reduction of the catalysts at 350 °C. The higher TOF for the CoRu/MHCS 

promoted catalysts (as compared to Co/MHCS and Ru@MHCS@Co) is related to the high 

DOR, and the hcp phase which has a higher intrinsic activity for CO hydrogenation 

reactions than the fcc Co, which was dominant in Co/MHCS [303]. Fischer−Tropsch 

activity of the catalysts therefore suggests that primary hydrogen spillover (which gives 

rise to synergistic electronic effects) is effective in giving a highly active Fischer−Tropsch 

catalyst, while secondary spillover effects are less effective.  

 

Table 6. 2: Fischer−Tropsch Activity and Selectivity. 

  

TOF ( 10
-4

 s)
a 

Activity 

× 10−6 

(mol
CO

/g
Co

.s) 

Selectivity (C 

mol) % 

𝛼 

Sample 

CO 

Conversion 

(%) 

C
1
 C

2
-C

4
 C

5+
 

Co/MHCS 11.2 14.2 5.13 20.1 7.9 72.0 0.81 

CoRu/MHCS 19.4 35.9 9.48 23.0 13.3 63.7 0.76 

0.2% Ru@MHCS@Co 11.9 17.2 5.15 20.8 9.6 69.6 0.75 

0.5%Ru@MHCS@Co 12.4 18.8 5.52 22.4 9.2 68.3 0.74 

 
a
Calculated using the data obtained from Co crystallite sizes of the spent catalysts as 

determined by Rietveld refinement (Figure 6S.10 and Table 6S.6). Surface atoms were 

calculated using the Van Hardeveld and Hartog statistical method [81]. 
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All the catalysts gave methane selectivities of approximately 20 mol %, and the gas phase 

products C2−C4 were between 7% and 15%, with the C5+ selectivities of the catalysts all 

above 60 mol % carbon. The catalysts with Co and Ru in direct contact (CoRu/MHCS) 

yielded higher C2−C4 products and lower C5+ products. The unpromoted catalyst, 

Co/MHCS, yielded a higher α value of 0.81, while the promoted catalysts (CoRu/MHCS, 

0.2% Ru@MHCS@Co, and 0.5% Ru@MHCS@Co) had α values calculated to be around 

0.75. The high methane selectivities can be accounted for by the small cobalt particle sizes. 

Several studies have suggested that catalysts with small crystallites give high methane 

selectivity and that in this size regime catalytic selectivity is affected by the small Co 

nanoparticles [82, 85, 279]. The Ru promoter did not impact substantially on the catalytic 

selectivity (when compared to its effect on Fischer−Tropsch activity) [290, 291]. It can be 

concluded that the Co particle size played a role in affecting the catalytic activity and 

selectivity, but both the primary and secondary spillover effects did not change the catalytic 

selectivity. 

 

6.4. Conclusions 

 

Co Fischer−Tropsch catalysts promoted using Ru metal were prepared using mesoporous 

hollow carbon spheres (MHCSs) as the support. By preferentially placing Ru nanoparticles 

inside the MHCSs, it was possible to separate the Co and Ru nanoparticles on the carbon 

support and to study the effect of primary and secondary hydrogen spillover on Ru 

promoted Co catalysts during reduction and under Fischer−Tropsch conditions. It can be 

concluded that;  

(1) The MHCS was an effective model catalyst support to study the process of primary and 

secondary hydrogen spillover using Co Fischer−Tropsch catalysts, 

 (2) in-situ PXRD reduction, TPR studies, and a Fischer−Tropsch catalytic evaluation 

suggested that a greater reducibility at low temperatures and higher Fischer−Tropsch 

activity could be obtained for catalysts where the Co and Ru metal were in close proximity 

to each other (CoRu/MHCS), due to a primary hydrogen spillover effect that enhanced 

cobalt oxide reduction to give a highly active Co catalyst for use in Fischer Tropsch 

synthesis,  

(3) secondary hydrogen spillover was invoked to explain the complete reduction of cobalt 

oxide on Ru@MHCS@Co where the Co and Ru were separated by a carbon shell, which 

occurred at relatively high temperatures resulting in a lower degree of reduction when 

reduced at 350 ℃, which could explain the lower Fischer−Tropsch activity, when 

compared to the CoRu/MHCS,  

and (4) the catalytic selectivity is correlated with the small Co nanoparticles. The 

nanoparticles played a significant role in the hydrocarbon product distribution. 
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 Co@MHCS@Ru , complete reduction @ 450 ℃

 CoRu@MHCS , complete reduction @ 300 ℃

Co3O4 → CoO → Co
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Abstract: Hydrogen spillover is thought to be one of the mechanisms by which noble 

metal promoters enhance cobalt oxide reducibility in Fischer-Tropsch Synthesis. The effect 

of these metals is attributed to their ability to easily dissociate H2 molecules at low 

temperatures to hydrogen atoms that are transferred to the Co3O4 nanoparticles via a 

spillover mechanism. In this study Co and Ru nanoparticles were separated by 

encapsulating the Co nanoparticles inside a mesoporous hollow carbon sphere support 

(MHCS) while the Ru was exclusively loaded on the outer surface (i.e., Co@MHCS@Ru). 

Two other catalysts, unpromoted Co@MHCS and promoted CoRu@MHCS were also 

prepared. TEM analysis of the materials showed Co3O4 particles with an average size 

between 7.1-7.4 nm and Ru nanoparticle size of 2.6 nm with the MHCS defective carbon 

shell thickness between 20-30 nm. By using pulse chemisorption, primary hydrogen 

spillover was invoked to explain the high Co dispersion for CoRu@MHCS in relation to 

the Co@MHCS@Ru and Co@MHCS dispersion after reduction at 350 ℃. Using in situ 

PXRD a secondary hydrogen spillover process over the porous carbon was invoked to 

explain the complete reduction of the Co3O4 on Co@MHCS@Ru when compared to 

unpromoted Co@MHCS. Finally, primary spillover effect was revealed to be more 

energetically more favourable than a secondary hydrogen spillover effect. Fischer-Tropsch 

testing of the catalysts showed that the Fischer-Tropsch activity was proportional to the 

degree of reduction that increased with the Co-Ru intimate contact. The Ru promoter also 

enhanced the production of paraffinic products and methane. 
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7.1. Introduction 

Fischer-Tropsch catalyst nanoparticles have been promoted by a variety of materials to 

enhance the number of active sites, enhance the selectivity and stabilize catalysts against 

deactivation [20, 304]. Typically these promoters can be classed into two divisions; 

structural and electronic promoters.  

Electronic promoters on Fischer-Tropsch catalysts generally involve the use of the 

platinum group metals [92, 118, 304, 305]. Promotion of cobalt Fischer-Tropsch catalysts 

by these metals helps in lowering the reduction temperature of the active phase. This is an 

important aspect to ensure that the Co active phase can attain maximum activity without 

any significant particle agglomeration during catalyst preparation, especially during the 

catalyst reduction process [306]. It has been observed that the synthesis procedure to make 

the promoted Fischer-Tropsch catalysts is dependent on the location of the Co and Ru 

relative to each other. Thus the difference between primary (intimate) and secondary (metal 

separated from each other) spillover mechanisms is expected to play a role in the catalytic 

process [136, 307]. Ru as a promoter for Fischer-Tropsch catalyst has yielded many 

significant results whereby both the activity and selectivity of the catalyst’s active sites 

have been improved spillover effects. Trepanier at al [118], prepared a Co catalyst (15% 

loading)  on multiwalled carbon nanotubes (MWCNTs) promoted by different loadings of 

Ru (0.25, 0.5 and 1 %), the Co and Ru metals were co-impregnated on the MWCNT. The 

prompted catalysts when compared to an unpromoted catalyst showed that the Ru enhanced 

the cobalt oxide reducibility at lower temperatures (which was especially observed for the 

second reduction peak corresponding to CoO → Co phase transformation). The Ru 

promoter also increased metal dispersion by lowering the Co average particle size. This 

resulted in an increased Fischer-Tropsch activity and the Ru promoter effects induced by 

changing the Co catalyst morphology yielded low methane and C2-C4 selectivity and 

increased C5+ production. In a study by Cook and co-workers [304], it was observed the 

order in which the Co and Ru metals are deposited on the support (La/Al2O3) played an 

important role on the ability of the Ru metal to optimally influence the catalytic activity of 

the Co metal. When the catalysts was prepared by co-depositing the Co and Ru precursor 

the catalyst showed a uniform Ru distribution with Co on the support, further the catalyst 

showed smaller Co crystallites, a higher degree of reduction and low methane selectivity. 

However, by sequentially loading Co metal followed by the Ru promoter the subsequent 

catalyst had poor distribution with the reduction temperatures shifted to higher 

temperatures. Thus the intimate contact between the Co and Ru enhanced the Co Fischer-

Tropsch Synthesis activity. 

The effect of the Ru promoter location relative to the cobalt oxide nanoparticles in Fischer-

Tropsch catalysts can be studied by the use of hollow carbon spheres, such that the catalyst 

and promoter can be loaded on both sides of the carbon shell thus assuring a spatial 
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separation between the metals of interests [217]. The carbon shell because of its defects can 

aid the spillover processes.    

The synthesis of metal nanoparticles encapsulated inside hollow porous sphere has been 

ongoing over the years [289]. The hollow porous spheres have been prepared using 

different materials such as silica, titania and carbon [148, 168, 192]. Hollow carbon spheres 

have been exploited extensively in many studies. The synthesis of metal inside hollow 

carbon spheres has been achieved by employing the hard template method using modified 

Stӧber silica spheres. Using this method numerous metal nanoparticles have been 

successfully loaded inside these porous hollow spheres include Pt [183], Au [198], Pd 

[219], Rh [184]. However, a loading of Co or Fe using this process is not possible since 

SiO2 template removal by acid also dissolves the Co or Fe nanoparticles thus leaving the 

hollow carbon spheres empty. Wang et al. [187], developed a method for preparing Co 

nanoparticles inside hollow carbon spheres containing Pt nanoparticles that served as the 

nucleating agents for the Co2+ ions in the hollow cores. It should however be noted that 

not all the cobalt nanoparticles were fully incorporated inside the hollow core of the carbon 

spheres. This because a cobalt precursor was added onto the Pt hollow polymeric sphere 

before the pyrolysis process from outside resulting in some Co
2+

 ions trapped on the carbon 

shell’s outside surface. The hollow spheres we prepared by a soft template method P123 

and sodium oleate (SO) as surfactants. However, this method results in low material yield.  

Polystyrene spheres (PSSs) offer an interesting alternative to SiO2 for use as a hard 

template in the synthesis of hollow carbon spheres. They can easily be synthesized on a 

large scale and indeed have been used as templates for the preparation of porous hollow 

carbon spheres [176, 178, 308, 309]. Polystyrene spheres offer a softer template when 

compared to silica spheres because the removal of the polystyrene template after carbon 

coating does not require harsh conditions (i.e. use of HF). The polystyrene spheres template 

can be easily removed using a solventless method by heat treatment above 400 ℃ under an 

inert environment using nitrogen or argon gases. White et al. [178], managed to produce 

well dispersed hollow carbon spheres by coating polystyrene spheres with glucose  using a 

hydrothermal method and then by thermal removal of the PSSs hollow carbon spheres with 

good porosity and high BET surface area > 350 m
2
.g

-1
 could be obtained after annealing 

and carbonization at temperatures above 500 ℃.  

In this study a novel method is presented to encapsulate Co and CoRu nanoparticles inside 

hollow carbon spheres. The method entails the synthesis of PSSs, loading of Co onto the 

PSSs and coating by a carbon shell by deposition of a carbonaceous material on the 

Co/PSSs surface. Finally the PSSs were removed by thermal treatment to give Co@MHCS 

(CoRu@MHCS) catalyst. These catalysts were then used to evaluate hydrogen spillover 

effect in Fischer-Tropsch catalysts using Co@MHCS, CoRu@MHCS and 

Co@MHCS@Ru (where the Co and Ru nanoparticles were separated by the carbon shell)   
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7.2. Experimental procedure 

7.2.1. Chemicals 

Styrene (Aldrich), polyvinylpyrollidone (PVP, MW 40 k, Aldrich), cobalt nitrate 

hexahydrate (Aldrich), ethylene glycol (Aldrich), ammonia solution (25%; Fluka), 

potassium persulfate (Eimer and Amend), hexadecyltrimethylammonium bromide (CTAB; 

Aldrich), ruthenium chloride (Aldrich), hydrazine (35%, Aldrich), ethanol (98%; Merck), 

isopropanol (99%, Merck), nitric acid (55%; Merck), hydrochloric acid (32%, Associated 

chemical) were used as received. Deionized water was used in all the experiments where 

water was used.    

 

7.2.2. Synthesis of polystyrene spheres (PSSs)  

Styrene (8 mL) and PVP (0.1 g) were dispersed and dissolved (for PVP) in 250 mL of a 

water-ethanol mixture (water, 200 mL and ethanol 50 mL) by sonication and then stirred 

for 15 min. To this solution was added potassium persulfate solution (0.15 g in 20 mL 

water) was added while stirring. The mixture was then heated at 80 ℃  for 27 hours. After 

cooling the product was then filtered and washed repeatedly using water. 

 

7.2.3. Loading of Co or CoRu on the polystyrene spheres (3% Co/PSSs or 3 %Co 

0.2%Ru/PSSs) 

 

PSSs (6 g) were dispersed by sonication for 30 minutes in a 200 ml water ethanol solution 

(150 and 50 ml respectively). To this solution cobalt nitrate hexahydrate (0.89 g) was added 

while stirring until it completely dissolved forming a red solution. Deposition of Co 

nanoparticles was performed by a slow addition of a hydrazine solution (20 ml, 2 M), the 

solution was left while stirring for 12 hours to ensure complete deposition of the Co 

nanoparticles. To make the bimetallic CoRu/PSSs composite the cobalt precursor was 

dissolved together with a RuCl3 solution (11.9 ml, 0.01 M) before nanoparticle 

precipitation.  The Co loading was calculated to be 3% and Ru at 0.2%.    

7.2.4. Synthesis of Co or CoRu nanoparticles inside hollow carbon spheres 

CoRu/PSSs or Co/PSSs (6 g) and ammonia solution (25%; 4.5 mL) were dispersed by 

sonication for 30 min in 450 mL of ethanol water solution (300 ml ethanol and 150 ml 

water). A resorcinol (2.25 g), formaldehyde solution (37%; 4.5 mL) and  CTAB (3 g) 

mixture made in ethanol (150 mL), was then added to the Co/PSSs or CoRu/PSSs mixture 

and then stirred at room temperature for 20 h to form the resorcinol-formaldehyde (RF) 

polymer around CoRu/PSSs or Co/PSSs. The resulting composite (CoRu/PSSs@RF or 

Co/PSSs@RF was then filtered and washed repeatedly with water followed by drying at 80 

℃ for 12 hours. Template removal and carbonization was performed following a one-step 

procedure inside a horizontal tube by heating CoRu/PSSs@RF or Co/PSSs@RF under a 
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nitrogen flow (50 ml/min) at 350 ℃ for 1 hour to decompose and remove the polystyrene 

template. This was followed by the annealing step of the carbon spheres at  600 ℃ for 2 

hours under a nitrogen atmosphere. The resulting products were (i.e., Co@MHCS and 

CoRu@MHCS, MHCS =porous hollow carbon spheres) 

7.2.5. Preparation of Co@MHCS@Ru 

Synthesis of Ru nanoparticles [310]. 

Ruthenium chloride solution (20 ml, 0.01 M) was added ethylene glycol (15 ml) in a round 

bottomed flask. PVP (0.1 g) was added to this solution while stirring to dissolve the PVP. 

The Ru nanoparticle synthesis was performed by reduction or the Ru ions using ethylene 

glycol under reflux at 200 ℃ for 6 hours. The resulting nanoparticles were precipitated 

using isopropanol and recovered by centrifugation at 15000 rpm while washing with 

ethanol to remove all ethylene glycol. The clean nanoparticles were dispersed in ethanol 

(50 ml) and stored at room temperature. 

Loading of Ru nanoparticles on Co@MHCS 

The Co@MHCS (1.5 g) catalyst was dispersed in in 50 ml ethanol followed by the addition 

of the dispersed Ru nanoparticles (30 ml). This mixture was sonicated for 30 minutes and 

then stirred for 12 hours to load the Ru nanoparticles. The catalyst was filtered and washed 

using ethanol while filtering followed by drying at 100 ℃ overnight. 

All the catalysts (Co@MHCS, CoRu@MHCS, Co@MHCS@Ru) were calcined at 210 ℃ 

under 5% O2/Ar (50 ml/min) for a further 2 hours to ensure that all the cobalt was 

converted to Co3O4 phase.    

7.2.6. Material characterization 

TEM analysis was performed on a Tecnai spirit (T12) transmission electron microscope 

operating at 120 kV. The samples were dispersed in methanol by ultrasonication and 

loaded onto a copper grid for TEM analysis. The particle size distribution of the materials 

formed was determined by counting at least 200 randomly selected particles per sample 

from different TEM images. Gaussian statistics yielded values for the average particle 

sizes. SEM analysis was performed on a FEI Nova Nanolab 600 FIB/SEM instrument 

operating at 30 kV. STEM analysis was performed using the JEM 2800 (Scanning) 

Transmission Electron Microscope using the following instrumental conditions: Voltage 

(kV) 200; C2 aperture (um) 70 and 40; Bright-field imaging mode using CCD High 

magnification lattice resolution imaging mode using CCD Dark-field (Z-contrast) imaging 

in scanning mode using an off-axis annular detector The SE signal was acquired 

simultaneously with the other STEM images providing topological information of the 

sample. Compositional analysis was done by X-ray emission detection in the scanning 
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mode. The samples on a carbon tape were coated with a gold-palladium layer before the 

analysis. The bulk composition of the catalysts was analyzed using a Bruker D2 phaser 

equipped with a Lynxeye detector, using a Co-Kα (λ = 0.17889 nm) at 30 kV. The scan 

ranged from 10-90 2θ in 0.0260 steps. TGA was performed with a Perkin- Elmer STA6000 

TGA using nitrogen or air as the purge gas and a heating rate of 10 ℃.min
-1

. The flow rate 

of the purge gas was always 20 mL.min
-1

. N2 adsorption–desorption experiments were 

conducted at -195 ℃ using a Micromeritics Tristar 3000 surface area and porosity analyzer. 

Prior to an experiment, the sample was outgassed at 150 ℃ for 4 under N2 gas. The BET 

surface areas were obtained for adsorption data in a relative pressure range from 0.05 to 

0.30. The total pore volumes were calculated from the amount of N2 vapor adsorbed at a 

relative pressure of 0.99. The pore size distributions were evaluated from the desorption 

branches of the isotherms using the Barrett–Joyner–Halenda (BJH) method. The micropore 

surface area and volume were calculated using t-plot report data. TPR experiments were 

carried out with a Micromeritics Auto Chem II unit. The catalyst (approximately 50 mg) 

was placed in a quartz tubular reactor, fitted with a thermocouple for continuous 

temperature measurement. The reactor was heated in a furnace. Prior to the temperature-

programmed reduction measurement, the calcined catalysts were flushed with high-purity 

argon at 200 ℃ for 30 minutes, to remove water or impurities, followed by cooling to 

ambient temperature. Then, 5% H2/Ar was switched on, and the temperature was raised at a 

rate of 10 ℃.min
-1 

from 50 to 850 ℃. The gas flow rate through the reactor was controlled 

by three Brooks mass flow controllers and was always 50 mL.min
-1

. The H2 consumption 

(TCD signal) was recorded automatically by a computer. Pulse chemisorption was 

performed using the Micromeritics Auto Chem II instrument, to compute the number of 

active sites on the catalysts. The catalyst (ca. 100 mg) was placed in a quartz tubular 

reactor. The sample was reduced at 350  ℃  for 2 h under a hydrogen flow of 50 mL.min
-1

. 

Before injecting the active gas, the sample was purged using helium gas at 350 ℃ for 1 h, 

followed by cooling to ambient conditions. Hydrogen chemisorption (assuming a H2/Co 

ratio of 2) was then performed at 150 ℃ using ultra-pure hydrogen as the active gas and 

argon as the carrier gas. The in situ PXRD experiments were performed on a Bruker D8 

Advance fitted with an Anton Paar XRK 900 in situ cell. The diffractometer used a sealed 

copper tube as the X-ray source operating at 40 kV and 40 mA that provided X-rays with a 

wavelength of 0.15418 nm in a parallel beam geometry. Co loading on the MHCSs was 

performed using an ICP-OES End on Plasma from Spectro Genesis (Kleve, Germany). A 

catalyst sample (50 mg) was dispersed in a solution 10 mL 55% nitric acid and 40 mL 

water to dissolve the Co nanoparticles before analysis. 

7.2.7. Fischer-Tropsch Synthesis Evaluation Experiments. 

The Fischer–Tropsch synthesis was performed in a fixed-bed micro-reactor. A gas cylinder 

containing H2/CO/N2 mixtures (~60/30/10 vol. % purity: 99.99) was used to supply the 

reactant gas stream to the catalyst with a flow rate of 15 mL.min
-1

.  N2 was used as an 

internal standard in order to ensure accurate mass balances. Catalyst (1 g) was added to the 
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reactor and reduced in situ at 250 ℃ for 2 hours under a stream of H2 (1.5 bar at 50 

mL.min
-1

). After reduction, the reactor temperature was decreased to ambient temperature 

under a hydrogen flow, and then heated up to 220 ℃ under synthesis gas at a pressure of 10 

bar. All gas lines after the reactor were kept at 100 ℃, and a hot trap placed immediately 

after the reactor was held at 150 ℃ in order to collect wax. A second trap kept at ambient 

temperature was used to collect the oil and water mixture. The flow was controlled using a 

metering valve and measured by a bubble meter. The product stream was analyzed online 

using two gas chromatographs. A thermal conductivity detector (TCD), equipped with a 

Porapak Q (1.50 m × 3 mm) packed column, was used to analyze H2, N2, CO and a flame 

ionization detector (FID), equipped with a Porapak Q packed column, was used for the 

analysis of the hydrocarbons online. Liquid and wax hydrocarbons collected in the 

knockout pots were analyzed using an offline GC, equipped with a ZB-1 packed column. 

7.3. Results and Discussion 

7.3.1. Catalyst Structure and Dispersion 

SEM images (Figure 7S.1), show the morphology of the composites before carbon coating, 

the polystyrene spheres (a), after coating (b) and after template removal, for both 

Co@MHCS (c) and CoRu@MHCS (d). The monodisperse polystyrene spheres (PSSs) 

were easily coated with the resorcinol-formaldehyde (RF) as can be seen in Figure 7S.1,b 

and the coated samples showed that the PSSs were almost individually coated with the 

polymer. Resorcinol and formaldehyde have previously been effectively used to make 

hollow carbon spheres from Stӧber silica sphere templates [180, 217], the its 

polymerization on the PSSs template followed a similar route to that as in SiO2 spheres. 

Following the removal of the polystyrene template by heating in nitrogen the resulting 

hollow carbon spheres took the shape of the template without any significant crumbling 

(Figure 7S.2). The studies are similar to those by White et al. [178], using a PSS template 

but resorcinol and formaldehyde were used as carbon source in this study.     

The encapsulated Co3O4 nanoparticles displayed a good dispersion inside the hollow 

carbon spheres. Other studies have also shown that the synthetic procedure can be used to 

prepare encapsulated catalysts using different metals and other materials for making hollow 

spheres besides carbon [289]. No cobalt oxide nanoparticles were expected to be found on 

the outside of the carbon shell using this procedure.  Three catalysts were prepared, (1) 

Co@MHCS as shown in Figure 7.1, with a Co3O4 average size of 7.4 nm, (2) 

CoRu@MHCS in which the CoRu bimetallic nanoparticles were also encapsulated inside 

the hollow carbon spheres with an average particle size of 7.1 nm. The particle size 

distribution was not affected by the Ru promoter.  

(3) Co@MHCS@Ru (Figure 7.1, e, f, g and h, Co3O4 size = 7.3 nm and Ru size = 2.6 nm). 

This procedure made sure that all the Ru nanoparticles were located on the outside and Co 
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on the inside of the hollow carbon spheres and there was no direct contact between Co and 

Ru metal nanoparticles.  
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Figure 7. 1: TEM images and particle size distribution of the prepared catalysts together with the presynthesized Ru nanoparticles. 

(a,b) Co@MHCS (c,d) CoRu@MHCS, (e,f) Ru NPs and (g,h) Co@MHCS@Ru. 
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STEM analysis of the catalysts revealed the following: For CoRu@MHCS (Figure 7.2,a,b), 

mainly Co nanoparticle inside the hollow carbon spheres surface which was rough and 

cratered. An EDX map also showed Ru enrichment in the inner surface of the hollow 

carbon spheres (Figure 7S.3). On Co@MHCS@Ru, Co particles are found below the 

carbon surface while Ru particles are on the Carbon surface, seen in the Secondary SE 

image. Furthermore, a combination of HAADF (transmission) and SE (surface) images 

clearly showed that the small nanoparticles are on the outer carbon shell surface (Ru as 

revealed by EDX) while the larger nanoparticles were below the carbon shell surface (Co 

with oxide as revealed by EDX) (Figure 7.2, c,d and Figure 7S.3). 

 

 
 

Figure 7. 2: (a,b) SEM and STEM images of the same region on CoRu@MHCS and (c,d) 

HAADF and secondary electron outer surface of the same region on Co@MHCS@Ru. 
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EDX lines mapping (Figure 7.3) of the Co nanoparticle on Co@MHCS@Ru revealed the 

presence of Co element alone without any intimate contact of Co and Ru. However, a 

similar scan on the CoRu@MHCS catalyst revealed the presence of Co and Ru on the 

nanoparticle, thus suggesting an intimate contact of the two metals. Using a pair 

distribution analysis and selected area electron diffraction of the bonds on a highly 

magnified CoRu nanoparticle (Figure 7S.4), evidence of a Co-O, Co-Co and C-C bonds 

could be discerned - however, a bimetallic Co-Ru bond was not evident. This hence 

suggested that the Co and Ru nanoparticles in CoRu@MHCS were mainly in close 

physical contact. Nevertheless, the existence of a bimetallic CoRu in the catalyst cannot be 

completely ruled out since only a few CoRu nanoparticles were sampled by this method.      

 

 
 

Figure 7. 3: EDX line map of the encapsulated nanoparticles (a,b) Co@MHCS@Ru and 

(c,d) CoRu@MHCS. 
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Table 7. 1: Co and Ru content, particle size and pulse chemisorption data of the catalyst 

composites. 

Sample 
dispersion 

(H:Co)
a
 

Particle size 

(nm) 
Co

3
O

4
 and  

RuO2 content 

(%) /TGA 

Co 

loading  

(%)/ICP 

Ru content 

(%)/ICP 
XRD

b 
TEM 

Co@MHCS 0.007 6.1 7.4 12.46 9.12 - 

Co@MHCS@Ru 0.010 6.9 7.3 14.45 9.30 0.27 

CoRu@MHCS 0.028 6.2 7.1 13.99 8.99 0.10 

a 
Obtained by pulse chemisorption, using a 1:1 ratio of hydrogen atoms to total moles of Co 

loaded on the sample. 
b 

Crystallite sizes estimated using Rietveld refinement. 

 

Hydrogen pulse chemisorption at 150 ℃ experimental data is shown in Table 7.1.  Higher 

dispersion (almost double that of Co@MHCS and Co@MHCS@Ru) for CoRu@MHCS 

was attributed to the intimate contact of the Ru and Co atoms.  In this case it suggested that 

the Ru promoter effects are more pronounced when the particles are in close to one another 

thus by primary hydrogen spillover the Co3O4 nanoparticles were easily reduced with 

compromising the nanoparticles dispersion and causing metal sintering. However, although 

the Co@MHCS@Ru had Ru nanoparticles loaded on the outside of the carbon shell its 

metallic dispersion did not significantly vary from the unpromoted Co@MHCS catalyst 

(0.007 versus 0.01). This therefore suggested that Ru promoter effects via the carbon shell 

on the  encapsulated Co3O4 nanoparticles were  not effective in enhancing the  reduction 

degree of the encapsulated nanoparticles,  therefore signifying  limited hydrogen spillover 

via the secondary process at the analysis temperature (150 ℃) and  reduction temperature 

(350 ℃). 

TGA analysis (Figure 7.4,a) under the flow of air revealed that all the catalysts had similar 

decomposition profiles with the onset of the carbon consumption via the oxidation step in 

which the carbon structure is converted to carbon dioxide occurred at approximately 310 

℃. A complete decomposition of the carbon in the catalysts was observed at temperatures 

between 550-620 ℃. The low decomposition temperature of these carbon materials is 

attributed to the catalytic effects of the metal nanoparticles which have been observed in 

our previous study [112, 217, 255]. However, hollow carbon spheres prepared using 

resorcinol formaldehyde as the carbon source has been observed to be highly defective and 

hence it is not highly thermally stable under an oxidizing environment. The left over 

residue for these catalysts (between 12-15 %)  was then attributed to the cobalt oxide and 

ruthenium oxide particles, and in doing so we were able to estimate the loading of the 

aforementioned metals in the three catalysts ( see Table 7.1 and Figure 7.4,a). These 
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loading corresponded well with metallic loading that were obtained using ICP-OES 

analysis (see Table 7.1). Powder X-ray patterns confirmed the highly defective nature of 

the hollow carbon shells (i.e. no distinct carbon diffraction peaks), and that the 

encapsulated nanoparticles had the Co3O4 phase (ICSD collection number 9362), with the 

corresponding crystallite sizes as estimated by Rietveld refinement were 6.1, 6.9 and 6.2 

nm for Co@MHCS, Co@MHCS@Ru and CoRu@MHCS respectively. Raman 

spectroscopy (Figure 7S.5) also confirmed the presence of Co3O4 nanoparticles (i.e. A1g 

band around 700 cm
-1

) inside the hollow carbon spheres [311, 312]. The D and G band of 

the carbon spheres signified a carbon shell with significant defect due the D band broad 

peak and the G to D band ratio greater than one here highlight a highly defective carbon 

shell as suggested by Robertson and Ferrari guidelines on the interpretation of amorphous-

like sp
2
 carbon materials [313, 314]. 

 

Figure 7. 4:  (a) Thermogravimetric and (b) PXRD diffraction data of the catalysts 

materials, (@) Co3O4. 

7.3.2. Carbon shell porosity analysis 

High porosity in these materials allows for the easy diffusion of reactants and products both 

into and out of the hollow carbon sphere cavity. The resulting adsorption  isotherms of 

these catalysts suggests that the carbon shell had a pore structure that is type I/IV in nature 

(Figure 7.5) [197] with both micropores and mesopores. This was supported by the high 

BET surface area between (440-480 m
2
.g

-1
) and that > 52 % of the total surface area on the 

catalysts was due to the microporous nature of the carbon shell (Table 7S.1). This 

microporosity was also confirmed by the pore size distribution plots, which showed greater 

nitrogen adsorption at average pore diameters of < 2 nm, although ideally mesopores are 

the preferred pores because the allow much easier diffusion. 
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Figure 7. 5: Nitrogen adsorption-desorption isotherms and pore size distribution plots of 

the catalysts. (a,d) Co@MHCS, (b,e) CoRu@MHCS and (c,f) Co@MHCS@Ru. 

7.3.3. Catalyst reduction using in Situ PXRD 

Reduction of the catalysts under hydrogen gas was followed in situ using PXRD studies  in 

50 ℃ intervals from 30 ℃ to 500 ℃  (Figure 7.6, Table 7.2) [297]. Distinct reduction 

profiles were observed for the different catalysts. For the Co@MHCS catalyst displayed a 

phase transformation from Co3O4 to Co via the CoO intermediate. In the reduction the 

cobalt oxide nanoparticles transformed to CoO at 250 ℃ while the transformation of CoO 

to fcc-Co began to be more pronounced at 300 ℃ and increased in intensity up to 500 ℃. 

However the CoO was not completely reduced and consistently appeared with the Co 

phase. Thus suggests incomplete reduction even at 500 ℃. In contrast for Co@MHCS@Ru 

complete Co
3
O

4
 conversion to CoO occurred at 250 ℃ (i.e., between 200 and 250 ℃), 

while the CoO phase transformation to fcc/hcp Co began at 350 ℃. Complete reduction of 

the oxide to Co was observed at 450 ℃ both the fcc and hcp Co phases were observed.  

Reduction of Co3O4 to CoO on CoRu@MHCS was complete at 250 ℃ (similar to 

Co@MHCS and Co@MHCS@Ru). However, a complete reduction to CoO to Co (fcc and 

hcp) appeared at 300 ℃, and from  350 ℃ to 500 ℃ the two Co phases were clearly 

observed in the diffraction patterns. With the fcc phase the dominant Co phase. The 

reduction profiles of all these catalysts (Co@MHCS, Co@MHCS@Ru and 

CoRu@MHCS), displayed similar reduction profiles on the conversion of Co
3
O

4
 to CoO 

(occurring in the range of 200-250 ℃). This therefore suggests that the Ru promoter 

regardless of its location relative to the Co
3
O

4
, did not significantly influence the hydrogen 
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induced Co
3
O

4
 conversion to CoO. However, the second reduction process from CoO to Co 

was visibly different for all the catalysts. These differences can be attributed to the relative 

location of Ru promoter to the Co nanoparticles. The transformation temperature of CoO 

on the catalysts increased following this trend, CoRu@MHCS < Co@MHCS@Ru < 

Co@MHCS. This trend implies that when the Ru promoter was placed further from the 

CoO nanoparticles the reduction temperature increased. It thus appears that in 

Co@MHCS@Ru a secondary hydrogen spillover process in which the hydrogen atoms 

(that were formed by dissociation of H
2
 molecules on Ru nanoparticles) were transported 

via a defective carbon shell to the CoO thus lowering the reduction temperature required to 

reduce CoO to Co when compared to the CoO on Co@MHCS.  



Co inside nanoreactor and hydrogen spillover on hollow carbon spheres 

 
126 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Co@MHCS@Ru 

Co@Ru@MHCS TMP48 [001]

2-Theta - Scale

30 40 5030 

50 

350 

450 

250 

150 

30 
40 50 

2-theta (
o

) 

    

  

∀ 
∀ 

  

    

  
  

T
em

p
e
ra

tu
re

 

(℃
) 

CoRu@MHCS Cal 250 [001]

2-Theta - Scale

30 40 5030 

50 

350 

450 

250 

150 

30 
40 50 

2-theta (
o

) 

    

  

∀ 
∀ 

  

  
  

  
  

T
em

p
e
ra

tu
re

 (
℃

) 
CoRu@MHCS 

Co@MHCS 

Ca1@250C1,2hrs [001]

2-Theta - Scale

30 40 5030 

50 

350 

450 

250 

150 

30 
40 50 

2-theta (
o

) 

  

  

  

∀ 
∀ 

  
  

T
em

p
e
ra

tu
re

 

(℃
) 

Figure 7. 6: In situ PXRD profiles of the catalysts under reduction conditions. Co3O4 (*), CoO (∀), α-Co (∞), β-Co (α). 
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Table 7. 2: In situ PXRD reduction. 

Scan # 
Temperature 

(℃) 

Observed Phase 

Co@MHCS CoRu@MHCS Co@MHCS@Ru 

1 30 Co
3
O

4
 Co

3
O

4
 Co

3
O

4
 

2 50 Co
3
O

4
 Co

3
O

4
 Co

3
O

4
 

3 100 Co
3
O

4
 Co

3
O

4
 Co

3
O

4
 

4 150 Co
3
O

4
 Co

3
O

4
 Co

3
O

4
 

5 200 Co
3
O

4
 CoO Co

3
O

4/CoO 

6 250 CoO/𝛼 -Co CoO/𝛽-Co CoO 

7 300 CoO/𝛼 -Co CoO/𝛽 -Co/𝛼-Co CoO 

8 350 CoO/𝛼 -Co CoO/𝛽 -Co/𝛼 -Co CoO/Co 

9 400 CoO/𝛼 -Co 𝛽 -Co/𝛼 -Co CoO/𝛽 -Co/𝛼 -Co 

10 450 CoO/𝛼 -Co 𝛽 -Co/𝛼 -Co CoO/𝛽 -Co/𝛼 -Co 

11 500 CoO/𝛼 -Co 𝛽 -Co/𝛼 -Co 𝛽 -Co/𝛼 -Co 

a
hcp cobalt (𝛽 -Co) and 

b
fcc cobalt (𝛼 -Co) 

 

 

The catalyst degree of reduction was also evaluated from the in situ XRD patterns.  This 

allowed a facile method to obtain the DOR at a specific temperature. Using the Rietveld 

refinement method, the DOR at 350 ℃ (the T used for the catalyst reduction) was 

approximately 29% for Co@MHCS, 50% for Co@MHCS@Ru and 100% for 

CoRu@MHCS at 350 ℃ (Figure 7.5). This can be compared to the actual DOR estimated 

by oxygen titration assuming a Co to Co3O4 transformation which  were lower at 21.5, 22.2 

and 61.3 for Co@MHCS, Co@MHCS@Ru and CoRu@MHCS respectively (Figure 7S.6 

and Table 7S.2) [97]. This difference can be attributed to the encapsulating nature of the 

carbon nanoreactor on the cobalt nanoparticles, in which some of the Co nanoparticles 

surfaces were not exposed to the oxygen gas as they were embedded inside the carbon shell 

which had predominantly microporous pore structure. The formation of amorphous CoxOy 

phases that cannot be detected during PXRD measurements can also enhance DOR from 

Rietveld refinement calculations as compared to the oxygen titration values [296, 297]. 

Nonetheless the observed DOR trend on these catalysts suggests a location dependent 
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effect of the Ru metal toward reduction of cobalt oxide nanoparticles due to the physical 

barrier separation by the carbon shell.          

 
Figure 7. 7: Co phase abundance changes as a function of temperature during in situ PXRD 

under a hydrogen environment: (a) Co@MHCS, (b)Co@MHCS@Ru, (c) CoRu@MHCS. 

 

These in situ PXRD studies therefore suggest that both primary and secondary hydrogen 

spillover processes do (or can) serve as Ru promotion processes on Co Fischer-Tropsch 

catalysts. It should however be noted that based on the observed reduction temperatures 

(specifically for CoO to Co transformation) the primary spillover is more favoured than 

secondary hydrogen spillover due to the surface diffusion of hydrogen on the carbon 

support being a rate limiting step [136]. Further reduction analysis using temperature 

programmed reduction (Figure 7.S7 Table 7.S3) suggest similar reduction profiles for the 

Co@MHCS and Co@MHCS@Ru,  with the Co3O4 to CoO transformation occurring at 

323 and 312 ℃ and the CoO to Co phase transformation occurring at 415 and 414 ℃ 

respectively. However, the CoRu@MHCS catalyst had a much lower reduction temperature 

(264 ℃) [128]. From the TPR data it can be concluded that the effect of Ru nanoparticles 
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on the Co oxide nanoparticles reduction using the dynamic characterization technique 

could not be effectively detected and separated with respect to the unpromoted 

Co@MHCS. This since the carbon support can be gasified at higher temperatures to form 

methane whose TCD signal overlaps with the signals that correspond to the hydrogen 

consumption by the Co oxide phases. The carbon support gasification (see Figure 7S.5 and 

Table 7S.3, and peak at approximately 700 ℃) was substantial on these catalysts due to the 

high defect content and low graphitic nature of the hollow carbon shell.         

 

7.3.4. Fischer-Tropsch Analysis 

The Fischer-Tropsch evaluation of the catalysts was performed at 220 ℃ and 10 bar 

pressure (Table 7.3 and Figure 7S.8) after reduction at 350 ℃. In the Fischer-Tropsch study 

the catalyst activity followed a similar trend (as the catalysts DOR) with respect to CO 

conversion of 11.8, 12.4, 18.3% for Co@MHCS, Co@MHCS@Ru and CoRu@MHCS 

respectively.  The catalyst turnover frequency increased with the increasing intimacy of the 

Co and Ru metals (from 14 to 24 ×10
-4

 s
-1

). In several other studies it has been shown that 

by loading the Co and Ru metal using a co-precipitation method or a sequential method the 

Co and Ru had different contact distances and hence gave affected Fischer-Tropsch 

activities, that changed with the Co-Ru contact [128, 304, 315]. The Co@MHCS and 

Co@MHCS@Ru with almost similar activity after reduction at 350 ℃ (similar extend of 

reduction),thus the Ru did not enhance the Co activity owing to Co and Ru separation and 

the carbon shell length that the spilt-over hydrogen had to travel over its defective 

structure.        

Although the high degree of reduction on CoRu@MHCS due to the primary hydrogen 

spillover should also lead to high Fischer-Tropsch activity, as evidenced by the Fischer-

Tropsch data, the synergistic effect on the Ru promoted Co catalyst cannot be ruled out to 

explain the observed data. This is due to the proposed positive electronic effects that a Ru 

promoter affords on Co atoms and the corresponding nanoparticles as it relates to its 

enhanced ability to dissociate hydrogen and carbon monoxide at higher rates [128, 315]. 

With this observation it can then be concluded that at 350 ℃ the secondary hydrogen 

spillover process does not help in increasing the catalyst DOR and the subsequent catalysts 

Fischer-Tropsch activity possibly due to the decreased diffusion rate the spillover hydrogen 

at this temperatures (i.e. 350 ℃ and 220 ℃). Therefore there was no discernible or 

significant effect of the Ru promoter on the Fischer-Tropsch activity of Co in the 

Co@MHCS@Ru catalyst, when compared with the unpromoted Co@MHCS. Because the 

catalysts had similar Co nanoparticles sizes the difference in activity can be attributed to 

the extent of catalyst reduction and the type of hydrogen spillover mechanism that was 

dependent on Co and Ru metal intimacy on the hollow carbon support. The low TOF as it 

relates to other catalysts in the literature is attributed to the microporous nature of the 
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hollow carbon spheres since it might lead to diffusion limitations for reactant and the 

products [198, 217].       

Table 7. 3: Fischer-Tropsch Synthesis results. 

Sample 

CO 

Conversion 

(%) 

Activity × 10−6 

(mol
CO

/g
Co

.s) 
TOF (s

-1
 10

-4
) 

Selectivity (C mol) % 

C
1
 C

2
-C

4
 C

5+
 

Co@MHCS 11.8 3.64 14 18.7 10.1 71.2 

Co@MHCS@Ru 12.4 4.68 18 20.8 8.3 70.9 

CoRu@MHCS 18.3 6.07 24 36.4 14.4 49.1 

Sample  
         Olefinicity (%): (molC=/molC-)*100% 

𝛼 C2
 C3

 C4
 

Co@MHCS 0.74 21.2 200.8 128.9 

Co@MHCS@Ru 0.69 5.66 95.7 59.6 

CoRu@MHCS 0.61 6.8 115.3 68.4 

 

Hydrocarbon selectivity (Table 7.3) of the catalysts suggests that the Ru promoter in these 

studies increased the formation of methane and paraffins. Methane selectivity increased as 

the Ru and Co nanoparticles intimacy increased; 18.7, 20.8 and 36.8% for Co@MHCS, 

Co@MHCS@Ru and CoRu@MHCS. Numerous studies have shown that the hydrogen 

dissociation on noble metal promoters leads to Co Fischer-Tropsch product distribution 

with high methane selectivity [131, 139, 305]. The high methane selectivity is however in 

contrast with several other studies where Co catalysts were promoted by Ru [316, 317]. In 

our study the high methane selectivity was also attributed to the microporosity of these 

nanoreactors that held up the high molecular weight products leading to their slow rate of 

effusion. High methane selectivity invariably leads to decreasing C5+ selectivity (71.2 for 

Co@MHCS, 70.9 for Co@MHCS@Ru and 49.1% for CoRu@MHCS), this also 

corresponded to the decreased ASF values of 0.74, 0.69 and 0.61 respectively. Catalyst 

olefinicity was evaluated using C2-C4 products. The presence of the Ru promoter enhanced 

the formation of alkanes over alkenes (see Table 7.3). The olefinicity of Co@MHCS@Ru 

and CoRu@MHCS was low as compared to the Co@MHCS catalyst. The lowering of the 

olefin content in the product spectrum was attributed to the cleaning effect of the Ru 

promoter due to its high propensity to dissociate hydrogen - hence the high hydrogen 

concentration on the catalyst surfaces, that increased the hydrogenation rate of the olefins 

[131, 315]. 



Co inside nanoreactor and hydrogen spillover on hollow carbon spheres 

 
131 

7.4. Conclusions 

We report on the synthesis of a catalytic nanoreactor for application in the Fischer-Tropsch 

Synthesis using cobalt nanoparticles encapsulated inside hollow carbon spheres. This 

synthetic method yielded porous catalytic composites whose morphology and defective 

nature was also exploited to study the effect of hydrogen spillover in the Fischer-Tropsch 

process. Co and CoRu nanoparticles with similar particles sizes were successfully 

encapsulated inside the hollow spheres, while a third catalyst was prepared by loading Ru 

nanoparticles on the outside of Co@MHCS catalysts. This guaranteed Co and Ru 

separation on the support. The catalyst reducibility (followed by in situ PXRD) was in the 

order CoRu@MHCS > Co@MHCS@Ru > Co@MHCS and suggests that the secondary 

spillover over the carbon shell on Co@MHCS@Ru did occur and enhanced the Co3O4 

reduction. However, this spillover effects was more pronounced at high temperatures. The 

secondary spillover rate is dependent to the number defects that form on the carbon as the 

reduction temperature was increased.   

The Fischer-Tropsch reaction results suggest that highly hydrogenated products will form 

due to the Ru on the Co active sites, owing to the hydrogen enriched surfaces included by 

the hydrogen spillover particularly on Co@MHCS@Ru. On the carbon support the 

secondary hydrogen spillover did not enhance the catalyst activity as the process did not 

enhance the catalyst DOR when compared to the unpromoted Co@MHCS catalyst.        
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Abstract: Water is understood to be one of the deactivating agents in Co Fischer-Tropsch 

synthesis, and the development of stable catalysts is of outmost importance. In this study 

Co and Ru promoted Co nanoparticles (corresponding oxide sizes of 7.7 and 6.1 nm 

respectively) were encapsulated inside hollow carbon spheres to study their resistance to 

deactivation by water under simulated Fischer-Tropsch conditions. The in situ 

magnetometer provided a n ideal instrument to study the catalysts in operando. With this 

instrument the catalysts showed a maximum DOR of around 60% for both Co@MHCS and 

CoRu@MHCS, while the Co/MHCS (i.e. Co outside the hollow spheres prepared by 

normal deposition precipitation method) displayed a maximum DOR of 41%. No re-

oxidation of the catalyst was observed at high water levels for all the catalysts. Sintering of 

the encapsulated Co nanoparticles was quite negligible (< 5%), however it was more 

pronounced for the catalyst Co nanoparticles loaded on the outside of the hollow carbon 

spheres (𝛾 > 22%). Our carbon nanoreactors as Fischer-Tropsch catalysts showed more 

stability against sintering and re-oxidation when compared the Co/MHCS 
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8.1. Introduction 

Cobalt Fischer-Tropsch synthesis is at the centre of the modern day gas to liquid (GTL) 

technology for the beneficiation of syngas from natural gas or biomass to high value 

products. This involves series hydrogenation reactions of carbon monoxide at elevated 

pressures and temperatures resulting in the formation of water and hydrocarbons.  

Consequently water is the main by-product of the Fischer-Tropsch catalytic process, and 

has been observed to play a significant role in the behaviour of Fischer-Tropsch catalysts in 

terms activity, stability and selectivity [318-320]. This is because under Fischer-Tropsch 

reaction conditions the resulting water molecules tend to chemically interact with the 

catalyst surfaces, causing possible oxidation and restructuring of the catalyst nanoparticles 

[66, 67, 78]. Fratalocchi and co-workers [320], observed after co-feeding water (up to 29 % 

H2O content) with syngas on a Co/Al2O3 catalysts at 220 ℃ and 25 bar, that (1) water 

permanently deactivated the catalyst possibly via re-oxidation of the Co active sites and (2) 

in terms of selectivity water inhibited the hydrogenation kinetics of the catalyst leading to 

low methane selectivity, increased olefin to paraffin ratio, decreased alcohol content and a 

higher water gas shift reaction rate. Given that the main deactivation mechanisms on Co 

Fischer-Tropsch catalysts include sintering and nanoparticles re-oxidation [19], it is 

therefore vital to understand the effect of water on the sintering and oxidation deactivation 

mechanisms during Fischer-Tropsch synthesis.    

In Co Fischer-Tropsch synthesis it has been proposed that the effect of nanoparticle 

sintering (via Ostwald ripening or particle coalescence) is responsible for approximately 

30% of the loss of activity [63]. It has also been suggested that vaporized water at higher 

temperatures (i.e.at Fischer-Tropsch conditions can enhance the sintering processes that 

happen on catalysts surfaces [321], thus water would generally increases particles together 

with thermal degradation processes. 

Bezemer et al. [66], studied the role of water on Co Fischer-Tropsch catalysts supported on 

carbon nanofibers (Co nanoparticles average size = 5 nm) using Mossbauer measurements 

in a flow reactor. The reduced cobalt catalyst was exposed to different H2O/H2 ratios of 1, 

2, 4, 10 and 30 (at 220℃. 20 bar and relative humidity of 25%). The analysis of the 

Mossbauer signal showed no oxidation of the nanoparticles. However, when the relative 

humidity was increased to 62% the Mossbauer spectrum showed a signal loss that 

corresponded to the presence of super paramagnetic nanoparticles (i.e. small particles). 

This loss was attributed to the sintering of the smaller nanoparticles. Furthermore, a 

comparison of the Fischer-Tropsch activity (at 220 ℃, 20 bar and H2/CO of 2) between the 

freshly reduced catalyst and one exposed to water were 2.3 ×10
-5

 and 1.1×10
-5

 molCO/gCo.s 

respectively, a decrease in activity attributed to the sintering of the Co nanoparticles from 5 

nm to 21 nm by nanoparticle coalescence. An in situ magnetometer study by Claeys and 

co-workers [67], on a Pt promoted Co catalyst supported on alumina (Co size between 3 
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and 15 nm) suggested that sintering occurred at by high CO conversions and high water 

partial pressures in the catalytic reactor under simulated Fischer-Tropsch conditions. They 

proposed a sintering mechanism in which the particles grew via the cobalt carbonyl species 

migration facilitated by surface hydroxides on the support. Eschemann and De Jong [64], 

also correlated the loss of FT activity (at 220 ℃, 20 bar and H2/CO = 2) of a Co catalyst 

supported on titania at high CO conversion (i.e. high water partial pressures) to catalyst 

sintering. In their study a Co/TiO2 catalyst prepared by deposition precipitation with an 

initial CO conversion of 61.4% and average Co size of 8.0 nm, showed a decrease in 

activity after 200 hours on stream (with a final cobalt time yield to initial cobalt time yield 

ratio of 0.72) and a corresponding Co nanoparticle size of 10.1 nm. 

It is also possible that high partial pressures of water in Fischer-Tropsch synthesis can 

result in the re-oxidation of the Co nanoparticles resulting in the formation an inactive Cox-

Oy phase [320]. This re-oxidation has been shown both theoretically and experimentally to 

be prominent on small super paramagnetic Co nanoparticles (< 4.4 nm). Hence, oxidation 

by water is Co particle size dependent [76]. Moritz et al. [78], prepared monodisperse 

Co3O4 nanoparticles of different sizes (2.8, 5.5 and 7.1 nm) on Stӧber silica spheres to 

evaluate their size dependent nature to different concentrations of water that were co-fed 

with syngas into the reactor (220 ℃ and different H2O, H2 and CO pressures). Using an in 

situ magnetometer the small Co nanoparticles (2.8 nm) was oxidized upon introduction of 

water (H2O/H2 ratio between 0.15 and 50) in the reaction chamber as evidenced by the loss 

of magnetization of the Co. Upon introduction of water onto the cobalt nanoparticles 

(average size of 5.5 nm) a significant loss of magnetization occurred when a H2O/H2 ratio 

of 20 was used. The onset of magnetization loss on the 7.1 nm nanoparticles was more 

prominent at H2O/H2 partial pressure ratio of 40 (initial oxidation ensued at H2O/H2 ratio of 

20 ). At a H2O/H2 ratio of 50, half of the 2.8 nm Co particles were oxidized, while only 4% 

of the Co was oxidized on the 7.1 nm Co particles. No significant growth in crystallite sizes 

were observed in this study, this was probably due to low catalysts loading. The oxidation 

mechanism by water was suggested to be enhanced by CO adsorption and the catalyst 

support (in this case, silica). And X-ray photoelectron spectroscopy study by Wu et al. 

[322], showed that a Co foil can be oxidized when it’s exposed by water at room 

temperature, thus alluding to the oxidizing nature of water that forms in situ during 

Fischer-Tropsch synthesis. However, Bezemer et al. [66], did not observe any oxidation on 

5 nm Co nanoparticles supported on carbon nanofibers when water [H2O/H2 in the range of 

1 to 30] was fed into the reactor at 220 ℃ and 20 bar. However, feeding water without any 

hydrogen resulted in some oxidation of the nanoparticles, thus - suggesting no oxidation 

under Fischer-Tropsch synthesis. 

The above studies clearly demonstrate that water is a major component that can lower the 

activity in Fischer-Tropsch synthesis. In this study we present an in situ magnetometer 

study of Co nanoparticles inside porous hollow carbon spheres to elucidate the stability of 
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these catalytic nanoreactors against deactivation via water. This was compared to a catalyst 

where the Co nanoparticles were loaded on the outside of the hollow carbon spheres. This 

study was performed using simulated Fischer-Tropsch conditions to mimic reaction 

conditions under typical high CO conversions. Furthermore, ability of the nanoreactors to 

hold up water molecules inside the hollow carbon spheres to increase encapsulated Co 

nanoparticles oxidation as compared to Co nanoparticles outside the hollow spheres was 

also evaluated.       

8.2. Experimental procedure 

 

8.2.1. Chemicals 

 

Styrene (Aldrich), polyvinylpyrollidone (PVP, MW 40 k, Aldrich), cobalt nitrate 

hexahydrate (Aldrich), Ethylene glycol (Aldrich), ammonia solution (25%; Fluka), 

potassium persulfate (Eimer and Amend), hexadecyltrimethylammonium bromide (CTAB; 

Aldrich), ruthenium chloride (Aldrich), hydrazine (35%, Aldrich), ethanol (98%; Merck), 

isopropanol (99%, Merck) were used as received. Deionized water was used in all the 

experiments where water was required.    

 

8.2.2. Synthesis of polystyrene spheres (PSSs)  

Styrene (16 mL) and PVP (0.2 g) were dispersed in 250 mL of a water/ethanol solution 

(water, 200 mL and ethanol 50 mL) by sonication and then stirred for 15 min. Potassium 

persulfate solution (0.3 g in 20 mL water) was added to the solution while stirring. The 

mixture was then heated at 80 ℃ for 24 hours. The product was then filtered and purified 

by washing with ethanol and then repeatedly using water. 

 

8.2.3. Loading of Co or CoRu on the polystyrene spheres (3% Co/PSSs or 3 %Co 

0.2%Ru/PSSs) 

PSSs (3 g) were dispersed by sonication for 30 minutes in a 200 mL (water/ethanol 

solution, 150 and 50 mL respectively). To this solution was added cobalt nitrate 

hexahydrate (0.445 g) while stirring until it completely dissolved forming a red solution. 

Deposition of Co nanoparticles was performed by a slow addition of a hydrazine solution 

(10 mL, 2 M), the solution was left to stir for 12 hours to ensure complete deposition of the 

Co nanoparticles. To make the bimetallic CoRu/PSSs composite the cobalt and ruthenium 

precursors (5.95 mL, 0.01 M, RuCl3) were dissolved together and loaded on the PSSs (Co, 

3% and Ru at 0.2%).    
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8.2.4. Synthesis of Co or CoRu nanoparticles inside hollow carbon spheres 

 

CoRu/PSSs, Co/PSSs or PSSs (3 g) and ammonia solution (25%; 2 mL) were dispersed by 

sonication for 30 min in 200 mL of ethanol water solution (150 mL ethanol and 150 mL 

water). Resorcinol (1.13 g), formaldehyde solution (37%; 2 mL) and  CTAB (1.5 g) in 

ethanol (150 mL), was then added to the first solution and the total mixture was stirred at 

room temperature for 20 h to form the resorcinol-formaldehyde (RF) polymer around the 

CoRu/PSSs or Co/PSSs. The resulting composite (CoRu/PSSs@RF or Co/PSSs@RF was 

then filtered and washed repeatedly with water followed by drying at 80 ℃ for 12 hours. 

Template removal and carbonization was performed following a one-step procedure inside 

a horizontal tube furnace. This was achieved by heating the CoRu/PSSs@RF or 

Co/PSSs@RF under nitrogen flow (50 mL/min) at 350 ℃ for 1 hour to decompose and 

remove the polystyrene template followed by annealing of the carbon spheres at 600 ℃ for 

2 hours under the nitrogen atmosphere. The resulting products were Co or CoRu 

nanoparticles inside porous hollow carbon spheres (i.e. Co@MHCS and CoRu@MHCS). 

MHCS, empty hollow carbon spheres were prepared in a similar way when the metal was 

loaded on the polystyrene spheres. 

8.2.5. Loading of Co nanoparticles on the outside of hollow carbon spheres 

(Co/MHCS) 

Cobalt nanoparticles (targeting 10% loading) were loaded on to MHCS by a homogeneous 

deposition precipitation procedure using urea. The MHCS (1 g) were dispersed in 200 mL 

of water and to this solution was added cobalt nitrate hexahydrate (0.31 g) and urea (0.1 g). 

The solution was then dispersed by sonication for 10 minutes. Deposition was then 

performed at 95 ℃ for 18 hours using the slow decomposition of the urea, which served as 

the precipitating agent. After precipitation the slurry solution was then dried at 65 ℃ using 

a rotary vapour. The sample was then dried at 100 ℃ in an oven, followed by calcination 

at 200 ℃ under 5% O2/Ar.  

8.2.6. Magnetic measurements 

Detailed descriptions of the analysis technique can be found in references [67, 78, 237]. 

Reduction, re-oxidation and sintering under Fischer-Tropsch conditions were performed 

inside an in situ magnetometer instrument. The fixed bed reactor (diameter = 12.7 mm, 

maximum pressure up to 50 bar)) was exposed to a field controlled magnet with field 

strengths of up to ± 20 kOe (i.e. ± 2 T). The hollow carbon sphere catalyst (0.1 g) was 

placed inside the fixed bed reactor. The saturation magnetization of the catalysts measured 

at 2 T was used to estimate the amount of metallic cobalt and hence the degree of reduction 

during reduction. This magnetization was also measured during dry and simulated Fischer-

Tropsch conditions. Information about particle sintering was obtained by performing a full 

magnetic analysis over ± 2 T to obtain the full hysteresis scan from which the remnant 
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magnetization (i.e. magnetization at 0 T) was used to estimate the nanoparticle size 

distribution after every set of reaction conditions (see Fischer-Tropsch process conditions 

below).    

8.2.7. Fischer-Tropsch Synthesis evaluation experiments 

The catalyst (0.1 g) was reduced at 350 ℃  and 1 bar in the reactor using ultra-pure 

hydrogen for 2 hours at a gas hourly space velocity of 500 mL/gcat.min. The reactor was 

then cooled to 220 ℃ under an argon gas flow, followed by a flow of syngas (H2/CO = 2) 

with a gas hourly space velocity of 150 mL/gcat.min and reactor pressure at 10 bar, for the 

dry Fischer-Tropsch synthesis run. To simulate Fischer-Tropsch conditions at high CO 

conversions the partial pressure of water was incrementally increased by co feeding it with 

the syngas to model both 70 and 95% CO conversions in the reactor. The oxidation and 

sintering behavior of the catalysts were monitored for two hours. Finally the reactor was 

cooled to 50 ℃ under argon and the catalyst passivated using 1% O2/N2 for 30 minutes.     

Table 8. 1: Reaction conditions under dry and simulated Fischer-Tropsch conditions. 

Water level PH2O (bar) PSyngas (bar) PH2O/PH2 Simulated XCO (%) Ptotal (bar) 

0 0 10 0 - 10 

1 3.62 10 1 70 13.62 

2 6.63 10 8.14 95 16.63 
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8.3. Results and Discussion 

8.3.1. Catalyst characterization 

The catalysts (Co@MHCS, CoRu@MHCS and Co/MHCS) were made by a templating 

procedure in which Co and CoRu nanoparticles were added to PSSs and then covered by a 

carbon layer made from resorcinol-formaldehyde as the carbon source [78]. 

Figure 8.1 shows TEM images of the catalysts and their size distributions. The hollow 

carbon spheres displayed size distributions between 300 and 420 nm and an average carbon 

shell of  28 nm. Using the hard template synthesis the Co and CoRu nanoparticles were 

encapsulated inside the hollow carbon spheres for Co@MHCS and CoRu@MHCS and no 

evidence of nanoparticles on the outside of the hollow carbon spheres was observed. 

Co@MHCS and CoRu@MHCS had average particle sizes of 7.7 and 6.1 nm respectively. 

The catalyst Co/MHCS was prepared by precipitation of the cobalt precursor using urea at 

95 ℃. The TEM images revealed a large particle size distribution for the Co3O4 particles of 

between 2 and 50 nm (Figure 1c,d). This could be due to the lack sufficient of anchoring 

sites (i.e. acid groups) on the pre-synthesized spheres and the dominant microporosity on 

the hollow spheres thus leading to the support’s low capacity to take up 10% of the Co 

metal with good dispersion (see red circles Figure 1,c and d),  hence the resulting wide 

range in catalyst dispersion and a bimodal average particle size centered at 8 nm and 16 nm 

and an overall average nanoparticle size  of 11 nm. 

 

Table 8. 2: Catalysts crystallite sizes and loadings. 

Sample 
Particle size (nm) 

Co
3
O

4
 content (%) /TGA 

XRD
 

TEM 

Co@MHCS 5.9 7.7±2.2 11.9 

CoRu@MHCS 6.1 6.1±1.3 12.1 

Co/MHCS 7.3 11.0 ±6.1 14.7 
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Figure 8. 1: TEM and particle size distributions of the catalysts, (a) Co@MHS, (b)  

CoRu@MHCS  and  (c, d) Co/MHCS. 

Analysis of the catalysts by PXRD showed the Co catalysts phases to be Co3O4 and CoO, 

indicating  that for both the Co@MHCS and CoRu@MHCS full oxidation of the catalysts 

at 600 ℃ during annealing of the carbon shell had not occurred. This was due to the fact 

that an inert gas (nitrogen) had been used during the annealing process [178]. Only the 

Co3O4 phase was observed on Co/MHCS, after calcination at 200 ℃ in 5% O2/Ar. Catalyst 

crystallite sizes were estimated from the PXRD patterns (8.2,a) using the Scherer equation 

to be 5.9, 6.1 and 7.3 nm similar to with the number based average nanoparticle sizes 

calculated from TEM the images [295]. The TGA profiles shows were used to compute the 
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amount of Co loaded  on the catalysts based on the residual amount of Co3O4 left after 

complete decomposition of the carbon material in air (see Table 2 and Figure 8.2,b).      

 

Figure 8. 2: (a) Powder XRD and (b) TGA profiles of the catalysts. Co3O4 (^) and CoO (#) 

phases. 

8.3.2. In situ magnetometer measurements 

8.3.2.1. In situ catalyst reduction   

Catalyst reduction under ultrapure hydrogen was followed in situ using a magnetometer 

[78]. Both the Co3O4 and CoO are not ferromagnetic at this temperature range and any 

magnetization observed will be due to metallic cobalt. Thus the magnetization data can be 

correlated to the catalyst degree of reduction. The method is very sensitive and very small 

amounts of the Co species can be detected at low temperatures [323]. Analysis of the 

Co@MHCS reduction data (Figure 8.3,a), revealed that the catalysts had approximately 

30% of metallic Co prior to reduction with H2. This value remained relatively constant until 

a reduction temperature of about 150 ℃ was reached. Then a gradual increase in the degree 

of reduction that reached a maximum of between 54 and 61% at a reduction temperature of 

350 ℃ after 2 hours. A slight increase of the DOR of reduction (to approximately 65 %) 

after the reactor was cooled to 220 ℃ was also observed. CoRu@MHCS (Figure 8.3,b) 

displayed a similar reduction pattern. However, the initial metallic content was low at19% 

degree of reduction. This increased at temperatures just above 150 ℃, reaching up to 57% 

reduction after 2 hours at 350 ℃ - an increase to approximately 63% DOR occurred upon 

lowering the temperature to 220 ℃. The presence of metallic Co even before reduction is 

ascribed to the incomplete oxidation of the Co nanoparticles in the hollow spheres; 

Co@MHCS surprisingly contained only the CoO phase while a mixture Co3O4 and CoO 

phases were observed on CoRu@MHCS. The early reduction of the CoO phases at 150 ℃ 

was attributed to the possible hydrogen spillover from the Co nanoparticles that facilitated 
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their reduction at low temperatures. A further increase in the degree of reduction at 220 ℃ 

cannot be attributed to any increase in the metallic Co. This is because the magnetic 

response is also dependent on temperature and the subsequent increase must therefore be 

due to the temperature change only. From the data below it appeared that the Ru promoter 

effects did not enhance the CoO reduction. This may relate to the poor mixing and alloying 

of the Co-Ru because of the incomplete formation of the Co3O4 phase were Ru  ions can be 

entrenched inside the oxide lattice [128], thus leading to almost similar DOR for  both 

Co@MHCS and CoRu@MHCS. 

The reduction profiles for the Co/MHCS (Figure 8.3,c) shows that formation of metallic Co 

only began at temperatures above 300 ℃, reaching a maximum of  41% degree of reduction 

after cooling the reactor to 220 ℃. A low rate of reduction is seen when compared to the 

encapsulated Co nanoparticles, because the catalyst did not have any significant metallic 

Co before the reduction process.                       
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Figure 8. 3: In situ reduction of the catalysts: (a) Co@MHCS, (b)  CoRu@MHCS and (c) Co/MHCS. 
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8.3.2.2. Extend of reduction during dry and wet Fischer-Tropsch conditions  

The catalyst degree of reduction using in situ magnetization data was followed during 

Fischer-Tropsch synthesis (Figure 8.4). After introduction of the syngas a sudden drop in 

the catalyst magnetization was observed for all the catalysts. This slight drop in DOR has 

been associated with the adsorption of CO, C and O moieties on the Co catalyst surfaces 

[67, 323]. The catalysts extent of reduction under dry Fischer-Tropsch conditions remained 

constant with no loss of catalyst magnetization (at water level 1). An increase in the 

Fischer-Tropsch conversion by simulating high conversions through a co-feeding of water 

was subsequently performed to evaluate the re-oxidation resistance of the catalysts. At 

water level one (H2O/H2 ratio of 1, 70% CO conversion) the degree of reduction for all the 

catalysts (Co@MHCS, Co@MHCS and Co/MHCS) were constant time on stream. A 

further increase of the co-fed water to level 2 (H2O/H2 ratio of 8, 90% CO conversion) 

yielded no decrease in magnetization of the catalysts. However, a slight decrease (< 5% 

drop) in magnetization can be observed for CoRu@MHCS at this high water levels. This 

could be correlated with the Co nanoparticle size since the Co nanoparticles in this catalyst 

were smaller (at < 6 nm) thus they are more prone to re-oxidation at high water levels than 

larger Co nanoparticles. The evaluation of these catalysts at high water content co-fed with 

syngas gave results consistent with numerous other studies on the effect of water on Co 

Fischer-Tropsch catalysts. Bezemer et al. [66], showed that no re-oxidation occurred on the 

catalysts (Co/CNF, average size > 5 nm) when the catalysts were subjected to water in the 

presence of hydrogen at process conditions.  Furthermore Fischer et al. [77], showed 

through in situ studies of Co catalysts supported on alumina that there existed a critical Co 

crystallite size whereby re-oxidation is feasible. 

 In this study the Co@MHCS catalyst was exposed to the water level one (H2O/H2 ratio of 

1) followed by Fischer-Tropsch at dry conditions then back to water level one (H2O/H2 

ratio of 1) (see Figure 8.4, a). It was observed that cycling the catalyst between the wet and 

dry Fischer-Tropsch conditions did not negatively affect the catalyst degree of reduction. 

The DOR showed a slight increase after the removal of co-fed water from the syngas. It 

can thus be deduced that the metallic content of Co catalyst at high Fischer-Tropsch 

conversions does not easily undergo re-oxidation. This behaviour is not support dependent, 

as similar results had been obtained with other catalyst supports (i.e. alumina, silica) [67, 

78]. However, the catalyst nanoparticle size can determine the ease of Co nanoparticle re-

oxidation at high CO conversion and which is in turn also influenced by the catalyst metal-

support interface for very small Co nanoparticles. Furthermore in our study the DOR of the 

catalysts (under Fischer-Tropsch conditions) was not dependent on the Co nanoparticles 

location on the hollow carbon spheres supports; as the encapsulated nanoparticles showed 

similar behaviour to the Co nanoparticles loaded on the outside of the hollow carbon 

spheres thus also alluding to similar accessibility of water molecules on the different 

catalysts, possibility because of the hollow carbon sphere significant microporosity (see 
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Chapter 7, BET results) that can induce some diffusion limitation for water molecules to 

access the encapsulated Co nanoparticles.              



Co inside carbon nanoreactor stability at high ΧCO Fischer-Tropsch 

 
146 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. 4: Catalyst magnetization (i.e. degree of reduction) as a function of co-fed water during Fischer-Tropsch: (a) Co@MHCS, 

(b) CoRu@MHCS and (c) Co/MHCS. 
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8.3.2.3. Sintering under during reduction, dry and wet Fischer-Tropsch conditions 

Particle size evolution of the catalysts were evaluated us using the Langevin method [67, 

78, 237, 323], Co@MHCS and CoRu@MHCS’s particle size distribution were also 

extracted from the hysteresis plots (Figure S8.1). For the Co/MHCS this distribution could 

not be obtained because of the large gamma value corresponding to the percentage of Co 

with sizes above the critical size for superparamagnetism (see Table 8.3). The crystallite 

sizes of the catalysts (Co@MHCS, CoRu@MHCS) were analyzed after reduction at 350 

and 220 ℃ and also after different Fischer-Tropsch conditions (see Figure 8.5). For 

Co@MHCS (Figure 8.5,a) the cobalt size range remained at 26 nm under all the conditions. 

However, after reduction and simulated Fischer-Tropsch condition, the particles size 

distribution showed an increase in the percentage of Co sizes above 7 nm, implying a loss 

of the small Co nanoparticles by Ostwald ripening. The increase was small (Table 8.3) and 

the catalyst average gamma value remained relatively constant below 5 %. CoRu@MHCS 

(Figure 8.5,b) the size range was calculated to be smaller (17 nm) and showed no growth of 

Co nanoparticles by Ostwald ripening. This is possibly due to the catalyst’s narrow 

particles size distribution; hence there were no smaller Co nanoparticles that were 

aggregated with the relatively larger nanoparticles.  

The catalyst’s average particle size was centred on 5 nm compared to 6 nm on Co@MHCS, 

whose average size shifted to higher values (≥ 7 nm) at higher water levels (90% CO 

conversion). CoRu@MHCS average gamma value was less that 3% throughout the 

catalyst’s evaluation signifying the catalyst stability against sintering during harsh Fischer-

Tropsch conditions. For the Co/MHCS the particle size evolution could only be tracked 

using the gamma value. The value was almost 40 % at 220 ℃,  this can be taken as  

discrepancy since the gamma value for all the other was below 25%. However, by 

considering the gamma value at both the dry and wet Fischer-Tropsch conditions there was 

increase from 20 % (dry conditions) to just above 24% at Fischer-Tropsch conditions 

simulated at 90% CO conversion. This suggests a slight growth of the Co nanoparticles 

supported on the outside of the hollow carbon spheres, when compared to the Co 

nanoparticles of Co@MHCS and CoRu@MHCS whose gamma value showed an 

insignificant increase or decrease. The ability of Co nanoparticles to sinter has been 

suggested to be dependent on the catalyst supports. In their study Claeys et al. [67], 

postulated that the Co nanoparticles sinter (especially the smaller nanoparticles) via a 

formation of Co subcarbonyl species on an oxidic support (alumina). Bezemer et al. [66] 

also observed Co nanoparticles sintering during co-feeding of water on a carbon support 

(graphitic carbon nanofibers). This therefore suggest that the observed sinter resistance of 

the encapsulated Co nanoparticles can be attributed to geometry of the hollow carbon 

spheres support as it was formed and healed onto the Co nanoparticles. The nanoparticles 

embedded on the inside of the support supports which had the capability of limiting their 
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mobility against the sintering effects induced by water under the Fischer-Tropsch 

conditions used in the study.                           
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Figure 8. 5: Co particle size distribution after subjecting the catalysts at different reaction conditions, data extracted by the Langevin 

equation: (a) Co@MHCS and (b) CoRu@MHCS.
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Table 8. 3: Particles size distribution as obtained by the Langevin method. 

 Particle size range (nm) and Gamma (%) 

Co@MHCS CoRu@MHCS Co/MHCS 

Range 𝛾 Range 𝛾 Range 𝛾 

At 350  26 3.5 17 2.2 - 24.9 

At 220 26 4.5 17 2.3 - 39.6 

Dry FT 26 4.7 17 2.1 - 20.9 

H2/H2O level 1 39 4.3 17 2.4 - 22.4 

H2/H2O level 2 39 4.9 17 1.8 - 24.3 

 

Figure 8.6 shows the change in gamma value with time on stream, as noted above the value 

represents the fraction of the Co nanoparticles that are above the critical diameter for 

superparamagnetism to be observed. In this graph below all then gamma values 

(Co@MHCS, CoRu@MHCS and Co/MHCS) showed a downward trend suggesting an 

insignificant growth of the Co nanoparticles from the reduction process until the final 

analysis after subjecting the catalysts to syngas high water content (simulating up to 90% 

CO conversion).    
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Figure 8. 6: Gamma values of the catalysts as a function of time under different reaction 

conditions (reduction, dry and wet Fischer-Tropsch). 

8.3.2.4. TEM images of the spent catalysts 

The passivated spent catalysts were analysed using TEM after Fischer-Tropsch synthesis 

and their TEM images are shown in Figure 8.7. Co@MHCS and CoRu@MHCS displayed 

average particle sizes of 6.3 and 5.7 nm compared to observed averages of 6 and 5 nm from 

the in situ magnetometer studies. This showed that the nanoreactors indeed stabilized the 

encapsulated Co nanoparticles. The particle size distribution on Co/MHCS (Figure 8.7) 

remained broad (0-50 nm) hence the particle growth shift could not be easily discerned as 

for Co@MHCS and CoRu@MHCS.      
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Figure 8. 7: TEM images after in situ magnetometer studies. 

 

8.4. Conclusions 
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The encapsulated nanoparticles appear considerably resistant to sintering due to them being 

embedded on inside of the hollow carbon spheres shell. The limited sintering was also 

confirmed by the TEM analysis of the spent catalysts.     
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A sinter resistant Co Fischer-Tropsch catalyst 

supported on Titania; with Ru promoter and 

mesoporous silica as the structural promoter. 
 

 

Figure 9. 1: Image showing the Co/TiO2@mSiO2 three-phase material architecture. 

 

 

Supporting information: Appendix E 

Chapter 9 



A sinter resistant Fischer-Tropsch catalyst 

 
155 

 

 

 

Abstract: One of the pathways responsible for deactivation of Fischer-Tropsch catalysts is 

the loss of active metal surface area due to nanoparticle agglomeration. To combat this 

effect efforts have been made to increase the interaction between the metal nanoparticles 

and the support using materials like silica. Covering supported metal particles with a highly 

porous layer was used to stabilize Co nanoparticles on titania during reduction and under 

reaction conditions. In this study Co3O4 nanoparticles (size range 8-12 nm) supported on 

titania were stabilized by coating them with a thin layer of mesoporous silica (~ 4 nm) to 

make Fischer-Tropsch catalysts that are less prone to sintering (Co/TiO2@mSiO2). To 

mitigate the strong metal support interactions brought about by the titania and silica a Ru 

promoter was loaded together with the cobalt nanoparticles onto the titania 

(CoRu/TiO2@mSiO2). Variable temperature XRD studies on the evolution of the Co metal 

nanoparticles showed that there was no significant particle size growth under reduction 

conditions in the temperature range from 30 to 600 ℃. Chemisorption studies following 

reduction under hydrogen at 350 ℃ and 450 ℃ gave results consistent with the in situ XRD 

data when compared to the Co/TiO2. Fischer-Tropsch synthesis on the Co/TiO2@mSiO2 

and CoRu/TiO2@mSiO2 catalysts encapsulated inside the mesoporous silica shell exhibited 

good catalytic performance without any display of significant mass transport limitations 

that might arise due to a silica shell coating of the active sites. For these two catalysts the 

Fischer-Tropsch activity increased with reduction temperature without any significant 

negative changes in their selectivity due to sintering, while the activity on Co@TiO2 

decreased due to Co nanoparticle sintering.           
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9.1. Introduction 

The Fischer-Tropsch synthesis (FTS) is a key technology in the synthesis of liquid 

hydrocarbons from gaseous feedstock that can be derived from coal, natural gas and 

biomass [100, 242]. Cobalt metal is the preferred active catalyst in the synthesis of these 

hydrocarbons by FTS in a hydrogen rich syngas [67, 306, 324, 325]. The extended interest 

on the use of cobalt catalyst for FTS is due to the fact that cobalt metal is economically 

cheaper in comparison to the other high activity Fischer-Tropsch metals (i.e., Ru), and has 

a comparatively higher Fischer-Tropsch activity and lower propensity to water gas shift 

reaction than Fe. It is also highly selective to long chain hydrocarbons that can be easily 

upgraded to other beneficial products by hydrocracking [242]. 

It is notable that despite almost more than half a century of research on Co metal attempts 

to control and limit catalyst deactivation during the FT reaction and catalyst treatment is 

still ongoing [19, 67, 326]. 

Amongst the main causes of catalyst deactivation, sintering of cobalt particles under the 

reaction conditions has been proposed to be one of the major contributors in decreasing the 

Fischer-Tropsch activity of cobalt catalysts [19, 64, 327]. Catalyst sintering reduces the 

metal active surface area and can occur by these two mechanisms (1) particle coalescence 

or (2) Ostwald ripening [19]. To combat the deactivation of FTS catalysts by sintering, 

efforts have been made to increase the interaction between the metal nanoparticles and the 

support using strongly interacting materials like silica [328, 329]. One possibility is to 

cover the supported metal particles with a highly porous layer that can reduce sintering and 

thus stabilize FTS metal particles during reduction and under reaction conditions. 

A number of studies are available in the technical literature that discusses the effects of 

encapsulating or immobilization of active metal particles using porous oxidic layers to 

prevent metal nanoparticle sintering during catalytic processes [328, 330-332]. The positive 

effect of this confinement against metal particle sintering has been validated using several 

characterization techniques such as XRD, TEM and chemisorption studies, by comparing 

the catalysts before and after catalytic process conditions.  Lu et al. [328], observed that a 

silica layer placed on top of a TiO2 supported Pt catalyst greatly enhanced the sinter 

resistant capabilities of the system. In this case the silica shell was selectively deposited on 

the TiO2 supported to allow sufficient exposure of the metal active sites while serving as a 

spacer that isolated the individual Pt nanoparticles. The tri-phase (i.e. Pt/TiO2@SiO2) 

catalyst displayed good stability up 800 ℃ in air for 20 hours and showed significant 

activity in p-nitrophenol reduction reaction using sodium borohydride.  A TEM analysis 

study performed by Chen and co-workers for example [331], have shown that the oxide 

shell coating methodology could also extended to non-noble metal catalysts. CuO 

nanoclusters with an approximate size of 60 nm synthesized by a solvothermal method and 

then coated with a mesoporous silica shell were compared with non-coated nanoclusters. 
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The two nanoclusters were tested for olefin (norbornene) epoxidation over a period of time 

and a number of cycles. The CuO@meso-SiO2 remained unchanged after an 8 hour 

epoxidation reaction, whereas the CuO nanoclusters underwent severe sintering only after 4 

hours of reaction. Furthermore, an epoxidation reaction on CuO@mSiO2 for 720 hours did 

not show any significant catalyst particle aggregation. Similar procedures for preventing 

nanoparticle sintering have also been applied for bimetallic catalysts, such as Pt-Co 

nanoparticles for the oxygen reduction reaction (ORR) [333]. Pt3Co nanoparticles were 

coated by a silica shell and they were supported on carbon materials. High temperature 

annealing at 800 ℃ under 10% H2/Ar to allow sufficient alloying did not show any metal 

particle agglomeration. The Pt3Co@SiO2/C was compared with an uncoated Pt3Co/C 

catalyst after annealing at 800 ℃ and showed particles sizes of 3.1 nm and 24.6 nm 

respectively as (using PXRD) when compared with the original Pt3Co crystallite sizes in 

the range of 2-4 nm. This showed that the silica shell served as a structural stabilizer for 

preserving the original nanoparticle size and that the alloying capability of the material was 

not hampered. A number of other oxides such as, ceria and titania have also been used to 

similar effect as structural promoters and stabilizers to reduce metal nanoparticle sintering 

[330, 334, 335]. Reddy et al. [334], used a thin layer of TiO2 to stabilize Pt nanoparticles 

supported on silica spheres. The Pt/SiO2@TiO2 composite retained its morphology and 

shape after calcination at 600 ℃ in air with no apparent increase in Pt particle size. A high 

metallic dispersion of ~ 53 % was retained during a CO oxidation reaction demonstrating 

that the titania shell still allowed diffusion of reactants These studies therefore demonstrate 

that coating active metal particles with a protective layer can limit the nanoparticles affinity 

to sinter during catalysts pre-treatment and testing. 

 In this study we extend this protocol of preparing Co catalysts for FTS to study the effect 

of coating the supported cobalt nanoparticles with a mesoporous silica shell to limit the 

metal agglomeration during reduction and under FT conditions. The activity of uncoated 

cobalt catalysts was compared with that of cobalt catalysts encapsulated with silica shell to 

determine whether the increased metal interactions would (1) reduce sintering (2) lower the 

catalyst catalytic activity. 

9.2. Experimental 

9.2.1. Chemicals 

Titania (TiO2; Degusa), tetraethylorthosilicate (TEOS 98%; Aldrich), ammonia solution 

(25%; Fluka), hexadecyltrimethylammonium bromide (CTAB; Aldrich), ruthenium 

chloride (Aldrich), urea (Promark chemicals), ethanol (98%; Merck), cobalt (II) 

acetylacetonate (Aldrich), were used as received. Deionized water was used in the 

experiments. 
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9.2.2. Preparation of the cobalt supported on titania. 

Co/TiO2 

Cobalt particles (10% wt) were loaded on the titania support using homogeneous 

deposition precipitation. Titania (10 g) was dispersed in 450 mL of water, and cobalt (II) 

acetylacetonate (4.363 g) and urea (0.4 g) were added and then dispersed by sonication for 

20 minutes. Deposition of the Co particles was performed for 18 hours at 95 ℃ using the 

slow decomposition of the urea, which served as the precipitating agent. After precipitation 

the slurry solution was then dried at 65 ℃ using a rotary evaporator. The sample was then 

dried at 100 ℃  

CoRu/TiO2 

Preparation of the Ru promoted catalyst was prepared using the same method, but in this 

case the loading was done to give a loading of 9.5% and 0.5% cobalt and ruthenium using 

cobalt (II) acetylacetonate (4.145 g) and ruthenium chloride solution (0.1M, 4.95 mL). 

Calcination of the prepared samples was performed at 250 ℃ under static air for 2 hours. 

 

9.2.3. Coating of the Co/TiO2 with a mesoporous silica shell 

Coating of the Co/TiO2 catalysts precursors was done using TEOS as the silica source and 

CTAB as the surfactant. Co/TiO2 (4 g) was dispersed in 150 mL of ethanol by sonication 

for 30 minutes. To this solution was added ammonia solution (1 mL). To coat with the 

silica shell an ethanol solution (50 mL) containing TEOS (2 mL) and CTAB (3 g) was then 

slowly added into the first mixture while stirring. The resulting solution was aged while 

stirring at room temperature for 12 hours to allow complete precipitation of the TEOS. The 

product was then filtered by vacuum filtration and then washed with acetone followed by 

drying of the solid product at 100 ℃ overnight.  

The samples were calcined at 500 ℃ for 4 hours under static air. 

The materials obtained were called CoRu/TiO2@mSiO2 and Co/TiO2@mSiO2 (i.e 

mesoporous silica encapsulated Co or CoRu supported on titania) and Co/TiO2 (Co 

supported on titania). 

9.2.4. Material characterization 

TEM analysis was performed on a Tecnai spirit (T12) transmission electron microscope 

operating at 120 kV. The samples were dispersed in methanol by ultrasonication and 

loaded onto a copper grid. The bulk composition of the catalysts was analyzed using a 

Bruker D2 phaser equipped with a Lynxeye detector. The radiation used was the Co-Kα at 
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30 kV. The scan ranged from 10-90
o
 2θ in 0.0260 steps. N2 adsorption–desorption 

experiments were conducted at 195 ℃ using a Micromeritics Tristar 3000 surface area and 

porosity analyzer. Prior to an experiment, the sample was outgassed at 150 ℃ for 4 h under 

nitrogen gas. The BET surface areas were obtained from the adsorption data in a relative 

pressure range from 0.05 to 0.30. The total pore volumes were calculated from the amount 

of N2 vapour adsorbed at a relative pressure of 0.99. The pore size distributions were 

evaluated from the desorption branches of the isotherms using the Barrett–Joyner–Halenda 

(BJH) method. The micropore area and volume were calculated using the t-plot data. The 

TPR experiments were carried out with a Micromeritics Auto Chem II unit. The catalyst 

(approximately 0.1 g) was placed in a quartz tubular reactor which was fitted with a 

thermocouple for continuous temperature measurement. The reactor was heated in a 

furnace. Prior to the temperature-programmed reduction measurement, the calcined 

catalysts were flushed with high-purity argon at 150 ℃ for 1 h, to remove water or 

impurities followed by cooling to ambient temperature. Then, 5% H2/Ar was switched on, 

and the temperature was raised at a rate of 10 ℃.min
-1

 from 50 to 900℃. The gas flow rate 

through the reactor was controlled by three Brooks mass flow controllers and was always 

50 mL.min
-1

. The H2 consumption (TCD signal) was recorded automatically by a 

computer. Pulse chemisorption was performed using the Micromeritics Auto Chem II 

instrument to give the number of active metal atoms. The catalyst (ca. 0.2 g) was placed in 

a quartz tubular reactor. The sample was reduced at 350 or 450 ℃ for 2 h under hydrogen 

flow of 50 mL.min
-1

. Before injecting the active gas, the sample was purged using helium 

gas at 350 ℃ for 1 hour, followed by cooling to ambient conditions. Hydrogen 

chemisorption (assuming a H/Co ratio of 1) was then performed at 150 ℃ using ultra-pure 

hydrogen as the active gas and argon as the carrier gas. 

 

9.2.5. Evaluation of Fischer-Tropsch Synthesis reaction 

 

The Fischer–Tropsch synthesis was performed in a fixed-bed micro-reactor. A gas cylinder 

containing H2/CO/N2 mixtures (~60/30/10 vol. % purity: 99.99) was used to supply the 

reactant gas stream to the catalyst at a weight to flow rate (20 mL/min).  N2 was used as an 

internal standard in order to ensure accurate mass balances. Catalyst (1.5 g) was added to 

the reactor and reduced in situ at 350 ℃ or 450 ℃ for 2 h under a stream of H2 (1.5 bar at 

50 mL.min
-1

). After reduction, the reactor temperature was decreased to ambient 

temperature under a hydrogen flow, then heated up to 220 or 250 ℃ under synthesis gas at 

a pressure of 10 bar. All gas lines after the reactor were kept at 100 ℃, and a hot trap 

placed immediately after the reactor was held at 150 ℃ in order to collect wax. A second 

trap kept at ambient temperature was used to collect the oil and water mixture. The flow 

was controlled using a metering valve and measured by a bubble meter. The product stream 

was analyzed online using two gas chromatographs. A thermal conductivity detector 

(TCD), equipped with a Porapak Q (1.50 m × 3 mm) packed column, was used to analyze 



A sinter resistant Fischer-Tropsch catalyst 

 
160 

H2, N2, CO and a flame ionization detector (FID), equipped with a Porapak Q packed 

column was used for the online analysis of hydrocarbons. Hydrocarbons collected in the 

knockout pots were analyzed using an offline GC, equipped with a ZB-1 packed column.  

 

9.3. Results and discussion 

9.3.1. Catalyst structure characterization 

The Co particle loading was performed using the homogenous deposition precipitation 

(HDP) method which is one of the common methods employed for catalyst preparation to 

give uniform particle sizes [336]. TEM analysis of the catalyst particles on titania did 

display a uniform size with an average of about 10.1 nm after calcination at 250 ℃ (Figure 

9.2). The target Co loading were ~10%/.    

 

Figure 9. 2: TEM image and Co3O4 particle size distribution of Co/TiO2. 

Figure 9.3, shows TEM characterization of the catalysts that were made by adding 

TEOS/CTAB on the Co and CoRu/TiO2, it quite clear that a successful coverage of the 

Co/TiO2 composite with a mesoporous silica shell was attained (Figure 9.3,d) and the silica 

shell thickness was found to be ~ 4 nm. The coverage of titania with silica shell is well 

documented in the literature as the oxidic interactions of the silica and titania to form this 

type of composite is thermodynamically well favoured making the process of  coating the  

Co catalysts a facile one [337]. The porogen CTAB was removed from the silica shell by 

calcination at 500 ℃ for four hours. Little sintering was of the Co3O4 occurred on 

calcination at 500℃ as shown by the XRD line broadening analysis of crystallite sizes (see 

Figure 9S. 1 and Table in Figure 9S.2). A slight growth of Co3O4 catalysts (from 10.3 nm 

to ~11.8 nm) on the silica coated catalysts during calcination at 500 ℃ presumably during 

the CTAB removal process. The growth was more significant (from 10.3 nm to 12.9) 

when the uncoated catalyst (Co/TiO2) was calcined at 500 ℃ also.   
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Figure 9. 3: TEM images of the catalysts, (a) Co/TiO2, (b) Co/TiO2@mSiO2, (c) 

CoRu/TiO2@mSiO2 and (d) the magnified image showing the silica shell on the titania. 

Porosity analysis of the catalysts precursors was performed by using the nitrogen 

adsorption –desorption method (Table 1 and Figure 9S.3). It was observed that the silica 

coating was indeed mesoporous. This was confirmed by the increased BET surface area of 

the silica coated Co/TiO2 catalysts to 103 m
2
.g

-1
 and 113 m

2
.g

-1
 for Co/TiO2@mSiO2 and 

CoRu/TiO2@mSiO2 respectively when compared to the BET surface area of the uncoated 

Co/TiO2 of 56 m
2
.g

-1
. It can therefore inferred that the mesoporous silica shell with a 

thickness of approximately 4 nm and a percentage loading of 11.7% contributed to more 

than 40 % of the coated catalysts BET surface area. The mesoporous silica shell’s surface 

area alone can be estimated to be > 450 m
2
.g

-1
 by using the following equation; TSSA(m2/

g) = SSA (Co/TiO2) × χCo/TiO2 + SSA (mSiO2) ×  χmSiO2, where TSSA is the total BET 

Co3O4 particles 

Silica shell 

(a) (b) 

(c) (d) 



A sinter resistant Fischer-Tropsch catalyst 

 
162 

surface area. SSA (Co/TiO2) and SSA (mSiO2) are the specific surface areas of the Co/TiO2 

and the mesoporous silica shell respectively, while 𝜒 (x) is their weight fraction. The 

increased surface area after coating with the silica confirms that the catalysts are porous 

enough and the encapsulated Co nanoparticles would be able to interact with the synthesis 

gas during the Fischer-Tropsch synthesis. Further, the nanoparticle surface mobility would 

expected to be hindered by the encapsulating effect of the silica shell. The porous nature 

the silica shell was effected by the porogen [CTAB] that was used during the coating 

process [202]. 

 

Table 9. 1: Co, Ru and SiO2 loading amounts. 

Sample name BET surface 

area (m2/g) 

Pore volume 

(cm
3
/g) 

Silica 

loading 

(%)
a 

Cobalt 

loading 

(%)
a 

Ruthenium 

loading(%)
a 

Co/TiO
2
 56 0.289 0 10 0 

Co/TiO
2
@mSiO

2
 103 0.398 11.65 8.83 0 

CoRu/TiO
2
@mSiO

2
 113 0.348 11.65 8.39 0.44 

a
 Estimated based on the amount of material  precursor used  

 

9.3.2. Catalyst dispersion 

Pulse chemisorption studies were performed to determine the dispersion of Co the 

nanoparticles on the support at two reduction temperatures (350 and 450 ℃; Table 9.2 and 

Figure 9S.4). The estimated dispersions were in the range of 1 to 4%. Fischer-Tropsch 

catalysts supported on oxidic supports are generally observed to have low dispersions [92]. 

It should however be noted that such low dispersions observed are not necessarily due to 

the active metal sites having large particle sizes but are due to the strong metal support 

interactions on the metallic sites because of the nature of the metallic supports utilized [92]. 

Because Ru promoter facilitates the reduction of cobalt oxide, CoRu/TiO2@mSiO2 showed 

a higher metal dispersion in relation to the Co/TiO2@mSiO2 composite. It was also 

observed that for these two catalysts when the reduction temperature was increased to 450 

℃ the cobalt dispersions also increased. In contrast Co/TiO2 showed high dispersion after 

reduction at 350 ℃ when compared to Co/TiO2@mSiO2 (2.19 vs 1.66) at the same 

temperature, an increase in the reduction temperature to 450 ℃ for Co/TiO2 resulted in 

lower catalyst dispersion (1.14% vs 2.09%). This was attributed to some particle 
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agglomeration of the uncoated Co nanoparticles at 450 ℃ leading to a lower metallic 

surface area. 

Table 9. 2: Pulse Chemisorption at 350 and 450 ℃. 

 CoRu/TiO
2
@mSiO

2
 Co/TiO

2
@mSiO

2
 Co/TiO

2
 

Temperature (℃) 450 350 450 350 450 350 

Active particle size (nm) 25.4 41.2 47.5 59.9 87.4 45.4 

Dispersion (%) 3.92 2.41 2.09 1.66 1.14 2.19 

Metallic surface area (m
2
/g 

catalyst) 

2.23 1.37 1.25 0.993 0.771 1.48 

Metallic surface area (m
2
/g 

metal) 

26.53 16.35 14.17 11.24 7.705 14.8 

 

9.3.3. Catalyst reduction 

9.3.3.1. Temperature programmed reduction (TPR) 

 

TPR studies seek to provide information about the reducibility of the supported cobalt 

oxide nanoparticles. Displayed in Figure 9.4,a are the reduction profiles of the three 

catalyst precursors under the flow of 5% H
2
/Ar. The TPR profile of Co/TiO2 showed two 

distinct reduction peaks as characteristic of the Co oxide spinel phase. These reduction 

peaks correspond to the following phase transition peaks (i) Co
3
O

4
 →    CoO and (ii) CoO 

→ Co and 320 ℃ and 490 ℃ respectively. In comparison, the silica shell on the Co titania 

catalyst increased the reduction temperatures for these transitions (350 and 530 ℃) due to 

the increased metal support interactions induced by the oxidic silica shell [92, 306, 338, 

339]. To mitigate this problem reduction promoters using noble metals can be used to lower 

the reduction temperatures of the catalysts [20, 306]. The reduction of the catalyst 

CoRu/TiO
2
@mSiO

2 
was achieved at lower temperatures of < 400 ℃ . This reduction did 

not occur by formation of a stable CoO intermediate since the two reduction peaks overlap. 

This can be due to the increased reduction kinetics of the Co oxides that is promoted by the 

Ru promoter via hydrogen spillover process or even direct Co-Ru interactions [130, 137, 

274]. The reduction scheme for the catalysts precursors is summarized in Figure 9.4,b 

showing the dependency of the Co oxides reduction on silica shell and the Ru promoter. 
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Figure 9. 4:  (a) H2-TPR profiles of the prepared catalysts and (b) a scheme summarizing 

reduction their behavior 

9.3.3.2. In situ PXRD analysis  

Phase transformation 

 

The catalysts were studied in operando using variable temperature PXRD to determine the 

 320-490 

ºC 

Co/TiO2 H
2
 Co3O4/TiO2 

CoRu/TiO2@mSiO2 

Co/TiO2@mSiO2 

  

(a) 

(b) 
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evolution of the Co particles during the reduction process. This method was also used to 

ascertain that the silica shell offered some stability to the supported Co nanoparticles 

against sintering at high reduction temperatures.  

The step-wise reduction of the catalysts was monitored under PXRD from 50 to 600 ℃ in 

50 ℃ intervals 5% H2/N2 gas mixture (Figure 9.5, Figure 9S.5 and Table 9.3).  The 

reduction behaviour of the catalysts validated the one as observed under temperature 

programmed reduction. 

The PXRD patterns showed two Co oxide phase transformation and showed that almost 

complete reduction of the catalysts occurred below 600 ℃. The anatase phase of the 

support did not undergo any phase transformation to rutlie under these non-ambient 

conditions. 

The Co/TiO2 catalysts displayed complete transformation Co
3
O

4
 to CoO at 300 ℃ while the 

same transformation for the silica encapsulated Co/TiO2 commenced at 350 ℃. This 

transformation was also observed at lower temperatures (250 ℃) for the Ru promoted silica 

encapsulated Co/TiO2 (i.e. CoRu/TiO2) possibly due to a hydrogen spillover process taking 

place and the reduction of the CoO intermediate was also accelerated hence its subsequent 

conversion to Co at 300 ℃ as detected by in-situ XRD. The reduction process of CoO to 

Co for Co/TiO
2
 and Co/TiO

2
@mSiO

2
 were fully observed at 450 and 500 ℃  respectively. 

The Ru promoter reduced the reduction temperature by ±100 ℃ while the use of the mSiO2 

as the structural promoter without an reduction promoter raised the reduction temperature 

of the catalyst up by  ± 50 ℃. Figure 4 also displays the relative abundance the Co phases 

as calculated by Rietveld refinement using the fundamental parameter approach. The 

degree of reduction (DOR) of these catalysts based on the relative percentage of the Co 

phase was indeed hampered by the silica shell. These is deduced by considering XRD 

pattern collected at 450 ℃ for both Co/TiO2 and Co/TiO2@mSiO2, at this temperature the 

catalysts have a DOR of 100 and 13% respectively (Figure 9.6,a and b), hence attesting to 

an  increased metal support interactions on the structurally promoted catalyst. However, 

this effects were of offset by the Ru promoter as the CoRu/TiO2@mSiO2’s was observed to 

be 100% at a lower temperature of 350 ℃ (Figure 4,c) [92, 339, 340].         
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Figure 9. 5: In situ PXRD patterns of the catalysts under reduction conditions at ambient pressure. 



A sinter resistant Fischer-Tropsch catalyst 

 
167 

 

Table 9. 3: Observed Co phases during in situ PXRD analysis under reduction conditions. 

Reduction temperature (℃) Co/TiO
2
 Co/TiO

2
@mSiO

2
 CoRu/TiO

2
@mSiO

2
 

RT Co
3
O

4
 Co

3
O

4
 Co

3
O

4
 

50 Co
3
O

4
 Co

3
O

4
 Co

3
O

4
 

100 Co
3
O

4
 Co

3
O

4
 Co

3
O

4
 

150 Co
3
O

4
 Co

3
O

4
 Co

3
O

4
 

200 Co
3
O

4
 Co

3
O

4
 Co

3
O

4
 

250 Co
3
O

4
 Co

3
O

4
 CoO 

300 Co3O4/CoO Co
3
O

4
/CoO CoO/Co 

350 CoO CoO Co 

400 CoO/Co CoO Co 

450 Co CoO/Co Co 

500 Co CoO/Co Co 

550 Co Co Co 

600 Co Co Co 

 

Particle size evolution with reduction 

In situ XRD data was collected using an XRK cell and quantitative phase analysis was 

done by Rietveld refinement (Figure 9S.6) to study the cobalt particle size variation on the 

three catalysts during reduction (using 5% H
2
 nitrogen) from 50 ℃ to 600 ℃ [296, 297]. 

Silica coated catalysts (i.e. CoRu/TiO
2
@mSiO

2
 and Co/TiO

2
@mSiO

2
) did not show 

significant particle growth during the process (Figure 9.4 and Table 9S.1). When the 

catalyst precursor was not coated (i.e. Co
3
O

4
 on titania) the estimated crystallite sizes 

(calculated using a Rietveld refinement method of the XRD patterns) were in the range of 

10 to 12 nm for both CoRu/TiO
2
@mSiO

2 
and Co/TiO

2
@mSiO

2
. After phase transformation 

to CoO at elevated temperatures the sizes are observed to be around 9.4 nm and between 

8.5 and 9.3 nm respectively. Further reduction of these samples to form the Co cubic phase 

resulted in a further decrease of the estimated sizes to about approximately 7.5 to 8 nm and 

9 to 10 nm for CoRu/TiO
2
@mSiO

2
 and   Co/TiO2@mSiO2 respectively. At temperatures 

above 550 ℃ a slight increase in the Co crystallite sizes was observed indicating modest 

sintering at elevated temperatures. For the uncoated Co/TiO
2
 catalyst the Co particles sizes 

variation was as follows; Co
3
O

4
 crystallite size between 10 and 11 nm and around 8 -9 nm 

for the CoO phase. However, the Co phase was observed to increase from 8.9-16.2 nm at 

temperatures between 400 to 600 ℃. 

The in situ PXRD studies and subsequent refinement of the diffraction patterns showed that 

due to the increasing strong metal support interactions and possible formation of 
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amorphous Co with temperature the Co loading decreased with increasing reduction 

temperature [296].  

Growth of the Co crystallites on the silica coated catalysts may also be due to its thickness, 

as was observed by Lu et al. [328], were it was shown that a thicker silica shell offered 

more nanoparticles stabilization than a thin silica shell when the temperature was ramped 

up to elevated temperatures (i.e., 800 ℃) , in this case our silica shell was approximately 4 

nm, it is possible that the silica was only effective in stabilizing the Co nanoparticles only 

up 500 ℃. 
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Figure 9. 6: Abundance and crystallite size changes of Co3O4, CoO and Co phases during in situ PXRD reduction of the 

catalysts, Co/TiO2 (a,d), Co/TiO2@mSiO2 (b,e) and CoRu/TiO2@mSiO2 (c,f). 
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9.3.4. Fischer Tropsch Synthesis Study 

Catalysts activities 

Evaluation of the FTS activity to decipher the effect of the promoters on the catalysts was 

performed at 220 and 250 ℃ for 50 hours at each reaction temperature.  Pre-treatment of 

the three catalysts was done by reduction at different temperature (350 and 450 ℃) to 

observe the effect of the different reduction temperatures on the catalysts activity.  

Increased FT activity (see Table 9.4) in terms of CO conversion was observed for the 

catalysts coated with the mesoporous silica structural promoter.  It was however observed 

that when the reduction temperature was increased from 350 to 450 ℃ for the uncoated 

catalyst precursor (Co/TiO2) the FT activity of this catalyst decreased from approximately 

8.9 % at 220 ℃ and 3.5 % at 250 ℃. The different behaviour of these catalysts is attributed 

to a possible sintering process of the catalysts particles with increasing reduction 

temperature because the catalysts precursor Co/TiO2 did not have a structural promoter. In 

contrast the increased FT activity for Co/TiO2@mSiO2 and CoRu/TiO2@mSiO2 with 

reduction temperature is due to the increased percentage reducibility at 450 ℃ and 

stabilizing effect of the silica shell which hindered the propensity of the Co nanoparticles 

from sintering. It is worth noting that the silica shell did not hinder the mobility of reactants 

and products because the shell was highly porous. Several studies have shown that 

increasing reduction temperatures for catalysts can increase the catalytic activity but the 

problem of catalyst particle sintering remains an issue [297].  

 

 

The above studies therefore indicate that Fischer-Tropsch activity can be increased by 

enhancing the reducibility of the catalysts while slowing down the activity of metal particle 

sintering, which in this case was done by coating Co/TiO2 catalysts using a mesoporous 

silica shell.  

Comparing the activity of the two catalysts Co/TiO2@mSiO2 and Co/TiO2 at the reduction 

of 350 ℃  showed that at this temperature the silica shell plays a significant role in 

lowering the Co activity which is a result of the silica binding on the Co nanoparticles by 

strong interactions (lowering the Co active sites). 

We can thus conclude that reduction of the Co
3
O

4
 at 350 ℃ did not induce appreciable 

sintering of the Co particles on Co/TiO2 and the resulting difference in catalytic activity on 

Co/TiO2 and Co/TiO2@mSiO2 after reduction at 350 ℃ is due to the coating of the catalyst 

with the oxidic silica shell, limiting the extend of reduction on Co/TiO2@mSiO2. This 

showed that without adequate reduction the silica shell can lower catalytic activity while 

serving as a sinter resistant agent for the supported metal nanoparticles, 

CoRu/TiO2@mSiO2 gave high activity throughout [328]. The higher FT activity of 

Co/TiO2@mSiO2 over the Co/TiO2 at 250 ℃ can be explained by further sintering of the 

uncoated Co/TiO2 Co nanoparticles upon increasing the reaction temperature from 220 to 
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250 ℃ which is closer to the Huttig temperature of Co hence the enhanced mobility of 

the particles [12, 67]. 

 

As expected the results indicate that the higher reduction temperature gives a catalyst with 

a lower dispersion of active metal nanoparticle, due to particle agglomeration. However the 

effect of the strong metal-support interaction (SMSI) can be overcome by the higher 

reduction temperature for the coated catalyst precursors. It is therefore seen that the 

reduction temperature of 450 ℃ was not high enough to produce SMSI between the Co 

TiO2  and the silica shell [341]. 

The increased Fischer-Tropsch activity of the catalysts (Co/TiO2@mSiO2 and 

CoRu/TiO2@mSiO2) after reduction at 450 ℃ showed that the catalysts did not undergo 

any deactivation by formation of strong metal support interactions. Nobile et al. have 

shown that for Fe/TiO2 (Degussa P-25) an increased metal support interactions come into 

play at reduction temperatures equal or above 450 ℃ [340]. However, for the catalysts 

significant interactions that can lower the activity of our catalysts were not observed at 450 

℃ reduction temperatures, this can be due to the fact that the SMSI interactions actions due 

to the titania support are not the same for supported Co or Fe nanoparticles. The in situ 

PXRD also showed that the Co nanoparticles did not react with TiO2 at reduction 

temperatures up to 600 ℃ with no clear sign of the formation of CoTiO
3
. 

 

 

 

Table 9. 4: Fischer-Tropsch performance of the catalysts. 

Sample 

Reduction 

temperature 

(℃) 

Reaction 

Temperature 

(℃) 

CO 

Conversion 

(%) 

Activity 
 

(mol
CO

.g
-1

Co
h

-

1
) 

Selectivity (C mol) % 𝛼a 

C
1
 C

2
-C

4
 C

5+
 

CoRu/TiO
2
@mSiO2  

350 
220 31.6 0.024 14.3 12.1 73.5 0.72 

250 53.0 0.053 29.6 23.3 47.1 0.57 

450 
220 35.4 0.026 17.4 16.4 66.1 0.72 

250 58.9 0.065 25.8 21.9 52.2 0.67 

Co/TiO2@mSiO2 

350 
220 17.0 0.010 7.9 5.2 86.8 0.71 

250 41.3 0.032 27.0 21.7 51.2 0.64 

450 
220 22.2 0.012 10.1 9.3 80.6 0.74 

250 46.1 0.033 31.3 21.3 47.3 0.63 

Co/TiO2 

350 
220 27.5 0.014 8.3 10.6 81.0 0.73 

250 36.6 0.021 23.9 15.9 60.1 0.61 

450 
220 18.6 0.010 7.7 14.9 77.3 0.74 

250 33.1 0.018 24.5 20.9 54.5 0.59 
a𝛼 - estimated by the ASF equation using liquid alkane products from C9- C20. 
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Catalyst reduction time has a significant bearing on the formation of the strong metal 

support interactions since it was observed that reducing the catalysts at 450 ℃ for 6 hours 

did not give any FT activity.  This effect was observed on Co/TiO2 reduced at 450 ℃, post 

synthesis analysis of this catalyst XRD after FT synthesis showed no Co peak or phase, 

attributed to the formation of mixed metal oxides at the higher reduction temperatures.  

 

Therefore the reduction temperature, time and the ease at which the particles can 

agglomerate can therefore be the reason why Co/TiO2 gave SMSI and lower FT activity 

after reduction at a higher temperature (450 ℃). This phenomenon was not observed for the 

silica coated catalysts because of the protective shell. Nobile studied the effect of reduction 

temperature on Fe/TiO2 and observed that at temperatures ≥ 450 ℃,  there was an increase 

in SMSI by titania grain enlargement that lowered the catalyst active sites due to a  

formation of FeTiOx [340]. Furthermore, work by Duvenhage et al. [342], showed that at 

reduction temperatures of  400 ℃, a bimetallic CoFe/TiO2 catalyst Fischer-Tropsch activity 

was lower than that of the catalyst reduced at lower temperature of 300 and 350 ℃. This 

possibly due to the deactivation mechanism as suggested by Nobile and co-workers [340], 

a mechanism that would not evident on the silica coated catalysts.  

TEM images of the spent catalyst (CoRu/TiO2@mSiO2, which had the highest activity) of 

the coated catalysts did not show any silica shell breakage after Fischer-Tropsch synthesis 

for 100 hours at 220 and 250 ℃ (Figure 9S.7).  

 

Catalysts selectivities 

 

Methane is the most stable Fischer-Tropsch product and tends to form in large quantities on 

Co catalysts [31]. Increased methane selectivity always results in lower selectivity of high 

molecular weight products (i.e. C5+). Cobalt Fischer-Tropsch catalysts perform optimally 

(in terms of selectivity) at lower temperatures hence the increased methane selectivity at 

250 ℃.  

Fischer-Tropsch catalytic measurements showed that the silica coating did not in any extent 

have a significant effect on the catalysts hydrocarbon selectivity (Table 9.4). High reaction 

temperatures resulted in high methane selectivity but the space time yield (STY) of the C5+ 

is still to be high when compared to the yield (STY) obtained at 220 ℃ for all the 

individual catalysts. From these studies we can infer that the SMSI induced on the Co 

particles do not result in significant differences in catalyst selectivity. The Ru promoted 

catalyst displayed a higher activity and higher methane. This is because of the Ru 

nanoparticles by hydrogen spillover (or its promoter effect on the Co nanoparticles) [131, 

274] increased the hydrogenation rates. This increased the termination step on the C1 

monomers thus lowering the chain growth probability. With increasing CO conversion 

methane selectivity decreased on CoRu/TiO2@mSiO2 while it was observed that the 

methane selectivity increased for Co/TiO2@mSiO2. 
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The difference in hydrocarbon selectivity for the catalysts reduced at temperatures of 350 

and 450 ℃ can be accounted for by to the increased activity of the catalysts. The selectivity 

for C2-C4 gaseous hydrocarbons (between 5-25%) increased with FT reaction temperature 

and reduction temperature. The increased activity for the catalyst CoRu/TiO2@mSiO2 was 

accompanied by high yields of C5+ products (in terms of STY) when compared to the two 

catalysts which were not Ru promoted despite the high propensity of the Ru promoter to 

increase the methane fraction in the hydrocarbon products. No specific trend in the 

hydrocarbon selectivities of the catalysts at Fischer-Tropsch synthesis of 250 ℃ was 

observed. At this temperature the catalyst Co/TiO2@mSiO2 gave higher methane 

selectivity then the CoRu/TiO2@mSiO2. However, at 220 ℃ the C5+ hydrocarbon (in terms 

of STY) general trend was decreasing with increasing FT activity, together with an increase 

in methane selectivity. 

 

9.4. Conclusions 

 

This study was aimed at designing stable Co catalysts for Fischer-Tropsch synthesis using 

a mesoporous silica shell as the stabilizer. A thin layer of silica was successfully coated on 

the Co nanoparticles supported on TiO2. Increased metal support interactions that can 

lower the reducibility of the catalysts were countered by using a Ru promoter. In situ XRD 

studies under reduction and crystallite size calculations (of the Co phases) by the modified 

Scherer equation showed that the catalysts reduction followed the classical phase 

transformation from Co3O4 to Co via the CoO intermediate phase and that the crystallite 

growth under reduction was only observed after complete transformation to Co phase. The 

growth was more pronounced on the uncoated Co/TiO2 than on the silica coated catalysts. 

Fischer-Tropsch catalytic behaviour of the catalysts was consistent with characterization 

data, and furthermore the Ru promoter helped in giving a highly active sinter resistant 

catalyst.  

Therefore this study then highlights that a triphasic compact nanoreactor can potentially be 

used in Fischer-Tropsch catalysis without a significant change in the inherent Co 

nanoparticle activity and selectivity while on the one hand reducing the Co nanoparticles 

propensity to sinter under reaction conditions and high activity. 
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10.1. Conclusions 

 

In this study a synthesis of various catalytic materials to study the effect of hydrogen 

spillover on Fischer-Tropsch synthesis and Fischer-Tropsch catalyst stability against some 

deactivation mechanisms was undertaken.  

Hollow carbon spheres with controllable porosities were synthesized for use as the 

nanoreactor and encapsulation of metal nanoparticles inside these hollow carbon spheres 

yielded nanoreactor endowed with catalytic activity. Ru and Co nanoparticles were 

successfully encapsulated inside the hollow carbon spheres, however the preparation 

method required different synthesis technique because of the high solubility of Co in acids 

when compared to Ru.  

With these catalysts (i.e. Me@MHCS, Me = Ru or Co) Fischer-Tropsch synthesis could be 

performed inside the hollow carbon sphere interior without noticeable diffusion limitations 

of the reactants and products (this includes high molecular weight hydrocarbons). The 

Me@MHCS catalysts were robust and could withstand pressures up to 20 bar and 

temperatures under Fischer-Tropsch reaction conditions without fracturing and losing the 

hollow morphology. 

The hollow morphology of the carbon spheres was exploited to study the hydrogen 

spillover process by supporting the Ru (initiator) and the Co (acceptor) on different sides of 

the porous carbon shell.   

In the first study (Chapter 5) Ru nanoparticles encapsulated inside the mesoporous  hollow 

carbon spheres where shown to enhance the reduction of Co oxide loaded on the outside of 

the hollow spheres. Secondary hydrogen spillover was invoked to explain the complete 

reduction of the Co oxide nanoparticles relative to the unpromoted nanoparticles. 

Furthermore, in the study above it was postulated that some Co nanoparticles could be in 

direct contact with the Ru nanoparticles owing to the method that was used to load the Co 

nanoparticles(Chapter 6) . In a subsequent work a complete and sure exclusive separation 

of the two metals was achieved to effect of hydrogen spillover in Fischer-Tropsch 

synthesis. This was done by developing a new method for encapsulating Co nanoparticles 

inside the hollow carbon spheres using polystyrene templates. With pre-synthesized Ru 

nanoparticles loaded outside the hollow carbon spheres (to make Co@MHCS@Ru, 

Chapter 10 
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Chapter 7) secondary hydrogen spillover was inferred to explain the complete reduction of 

this catalyst when compared to unpromoted Co@MHCS.  

In both studies it was however observed that the secondary hydrogen spillover was not 

energetically more favoured than the primary hydrogen spillover process, possibly due to 

(i) the energy required for the transport of hydrogen atoms on the carbon support from the 

initiator to the acceptor, and (ii) the concentration of defects increased with high reduction 

temperatures.  

With regards to the Fischer-Tropsch performance of the different catalysts the Ru promoter 

intimacy with the Co nanoparticles was shown to play a significant role. Hence, the CoRu 

(direct metal contact) had higher activity than the Co@MHCS@Ru catalysts followed by 

the unpromoted catalysts. This difference in activities could be related primarily to the 

degree of reduction of the catalysts, with an increase in the extent of reduction increasing 

with the Co and Ru intimacy. The Ru promoter enhanced the formation of saturated 

hydrocarbons more than the unpromoted catalyst.  

It was also observed that the carbon nanoreactors stabilized the encapsulated metal 

nanoparticles against sintering better when the Co nanoparticles were loaded on the outside 

of the hollow spheres. Ru nanoparticles inside the hollow spheres (Chapter 5) showed less 

metal agglomeration after Fischer-Tropsch synthesis at 220 ℃ than after Fischer-Tropsch 

reaction at 250 ℃. Furthermore the stability of Co inside hollow carbon spheres studied 

using an in situ magnetometer under Fischer-Tropsch conditions with high CO conversions 

(up to 90%) simulated by co-feeding water showed that the Co nanoparticles did not 

undergo any significant deactivation by oxidation or sintering (Chapter 8). However, a 

slight growth of the Co nanoparticles was observed on Co supported on the outside of 

hollow carbon spheres.   

Lastly a compact nanoreactor using Co supported on titania was designed and tested in 

Fischer-Tropsch synthesis to evaluate its sinter resistant nature (Chapter 9). The catalyst 

encapsulated by a porous silica shell showed good stability under reduction conditions at 

temperatures up to 500 ℃. However, the silica shell lowered the catalyst reducibility, a 

setback that was counteracted by adding a reduction promoter in the form of Ru. The 

nanoreactor (Co/TiO2@mSiO2 and CoRu/TiO2@mSiO2) activity increased with reduction 

temperature while that of the uncoated catalyst Co/TiO2 decreased with increasing 

reduction temperature (from 350 to 450 ℃). These differences could be attributed to the 

uncoated Co catalyst absence of the silica  and subsequent support mobility that resulted in 

growth of the Co nanoparticles. An increase in the metal support interactions by the titania 

grain enlargement at higher reduction temperatures also played a role. 

 

 



Summary 

 
176 

 

10.2.  Outlook            

This work revealed that hollow carbon morphology can play a vital role in understanding 

the behaviour of Fischer-Tropsch catalysts and for designing new effective catalysts.  

 

(i) Of further interest will be the use of the hollow carbon spheres doped with 

different heteroatom (i.e. nitrogen) to study hydrogen spillover on Fischer-

Tropsch catalysts. Strong acid functionalization to increase OH
-
 groups on the 

carbon surface should also enhance the material’s hydrogen transporting 

capabilities due to increased defects.   

(ii) Hollow spheres made of titania, silica and alumina would be of great interest in 

elucidating the effect of catalyst supports enhancing the hydrogen spillover 

process during the Fischer-Tropsch synthesis process. This can also be studied 

using other promoters such as platinum and rhenium. 

 

(iii) The hollow carbo sphere morphology can also be used to study the Fischer-

Tropsch metal particle size effect by making yolk shell nanostructures with a 

single nanoparticle encapsulated inside individual hollow spheres. This would 

allow the study of nanoparticles that would not sinter and with limited metal 

support interactions as the nanoparticle would be free to move inside the hollow 

sphere. 

 

(iv) A further coating of the Me@MHCS catalyst with an acidic zeolite shell can 

give bifunctional catalysts that can be used to control the Fischer-Tropsch 

catalyst selectivity for a one step synthesis of liquid fuels. 
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5S.1. Sources of chemicals 

Tetraethylorthosilicate (TEOS 98%; Aldrich), formaldehyde (37%; Aldrich), resorcinol 

(Merck), ammonia solution (25%; Fluka), hexadecyltrimethylammonium bromide (CTAB; 

Aldrich), ruthenium chloride (Aldrich), urea (Promark chemicals), ethanol (98%; Merck), 

toluene (Merck), HF (40%; Associated chemicals) were used as received. Deionized water 

was used in the experiments.    

5S.2. Synthesis of modified Stӧber spheres. 

The silica spheres were made by adding 10 mL of ammonia solution into a solution of 

water and ethanol (20 mL and 200 mL respectively) [162, 268]. This solution was then 

stirred at room temperature for 10 minutes. To this solution was slowly added 15 mL of 

TEOS and the mixture stirred for 6 h to form monodisperse Stӧber spheres. CTAB (5 g) 

and TEOS (2.5 mL) in 50 mL of ethanol was added into the solution containing the Stӧber 

spheres. A mesoporous silica shell formed on the silica to generate a mesoporous silica 

composite material (mSiO2) after stirring the solution overnight (12 h) at room 

temperature. The mSiO2 spheres were then harvested by filtration and dried at 100 ℃ for 4 

h. This was followed by calcination of the material in air at 500 ℃ for 4 h.  This gave a 

silica yield of approximately 4.5 g. with a greater than 95% yield based on the TEOS used. 

5S.3. Preparation of Ru supported on hollow carbon sphere catalysts. 

The mSiO2 was prepared as described above and then coated by carbon using the 

procedures described in section 5.2.4 and 5.2.5 (but without Ru) and the silica removed by 

HF to give MHCS and HCS. Ru/HCS and Ru/MHCS were then prepared by loading 5% 

Ru onto the hollow carbon spheres by homogenous deposition precipitation. The deposition 

was performed as follows; hollow carbon spheres (MHCS or HCS, 1 g) were dispersed in 

200 mL of deionized water by ultra-sonication. To this mixture was added 0.1 g of urea and 

4.95 mL of 0.1 M RuCl3 solution. Homogenous deposition precipitation of Ru was 

performed at 95 ℃ for 12 h. The product was collected by filtration, washed thoroughly 

with deionized water and then dried at 100 ℃ overnight. The two catalysts (Ru/HCS and 

Ru/MHCS) were heated at 250 ℃ under nitrogen gas at 30 mL/min for 2 h prior to use and 

characterization. 

5S.4. Material characterization 

TEM analysis was performed on a Tecnai spirit (T12) transmission electron microscope 

operating at 120 kV. The samples were dispersed in methanol by ultrasonication and 

loaded onto a copper grid. The particle size distribution of the materials formed was 

determined by counting at least 200 particles per sample by random selection from 

different TEM images. Gaussian statistics yielded values for the average particle sizes. 

SEM analysis was performed on a FEI Nova Nanolab 600 FIB/SEM instrument operating 
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at 30 kV. The sample loaded on a carbon tape was coated by a gold-palladium layer before 

the analysis. The bulk composition of the catalysts was analyzed using a Bruker D2 phaser 

equipped with a Lynxeye detector. The radiation used is the Co-Kα at 30 kV. The scan 

ranged from 10-90 2θ in 0.0260 steps. TGA was performed with a Perkin- Elmer STA6000 

TGA using nitrogen or air as the purge gas and a heating rate of 10 ℃.min
-1

. Raman 

spectroscopy analysis was performed using a Bruker, Senterra Raman spectrometer with a 

wavelength of 540 nm. The flow rate of the purge gas was always 20 mL.min
-1

.
 
N2 

adsorption–desorption experiments were conducted at -195 ℃ using a Micromeritics 

Tristar 3000 surface area and porosity analyzer. Prior to an experiment, the sample was 

outgassed at 150 ℃ for 4 h under nitrogen gas. The BET surface areas were obtained for 

adsorption data in a relative pressure range from 0.05 to 0.30. The total pore volumes were 

calculated from the amount of N2 vapor adsorbed at a relative pressure of 0.99. The pore 

size distributions were evaluated from the desorption branches of the isotherms using the 

Barrett–Joyner–Halenda (BJH) method. The micropore area and volume were calculated 

using the t-plot data. Pulse chemisorption was performed using the Micromeritics Auto 

Chem II instrument to give the number of active metal atoms. The catalyst (ca. 100 mg) 

was placed in a quartz tube reactor. The reactor was heated in a furnace. Prior to the 

analysis, the calcined catalysts were flushed with high-purity argon at 150 ℃ for 1 h, to 

remove water or impurities followed by cooling to ambient temperature. The sample was 

reduced at 250 ℃ for 2 h under a hydrogen flow of 50 mL.min
-1

. Before injecting the active 

gas the sample was purged using helium gas while cooling the sample to ambient 

temperature. Hydrogen chemisorption (assuming an stoichiometric factor of 2) was then 

performed at 75 ℃ using ultra-pure hydrogen and argon as the carrier gas. 

Particles sizes (dMe) were estimated using the equation dMe = 6×10
2×Mw/ρσNAD, where 

Mw (101.07 g.mol
-1

) is the metal atomic weight, ρ (12.410 g.cm
-3

) is the Ru density, 𝜎 

(0.0614 nm
2
.atom

-1
) is the atomic surface area of Ru, NA (6.022 ×10

23
 mol

-1
) is 

Avogadro’s number, and D is the Ru percentage dispersion [269]. It should be noted that 

nanoparticle dispersion can also be estimated using average particle sizes as obtained from 

TEM. In this case the using a simplified equation D = 1.33/dTEM we observed that the 

computed dispersions were higher than those estimated by pulse chemisorption. The 

different Ru particle sizes (and dispersion) relative to the average particles estimated by 

TEM can be accounted for by increased interaction of the Ru nanoparticles with the carbon 

shell and also the nature of the carbon shell’s porosity. The second method however 

assumes that all the surface atoms are exposed which is normally not the case for supported 

catalysts. The synthesis procedure to make these composites ensured that all Ru 

nanoparticles remained embedded on the inside walls of the nanoreactors. This synthetic 

procedure to make embedded catalysts has been reported by other authors using silicon 

oxide nanoreactors where Pd in a nanoreactor was successfully employed as a catalyst in 

Suzuki coupling reactions [160, 219, 261]. A transmission electron microscopy tilting 

experiment was also used to determine that the particles were indeed contained inside the 
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hollow carbon spheres (see supplementary, Figure 5S.5). Samples were tilted around a 

single axis in the range -25
o
 to +25

o
. The study also confirmed that the Ru nanoparticles 

were supported on the inside wall of the carbon nanoreactors and did not move freely 

inside the nanoreactors. Thus, sintering during reaction which is a common feature of 

unsupported catalysts should be limited to only those particles within a particular hollow 

carbon spheres [186, 270, 271]. SEM images were used to confirm the homogeneity and 

large scale coverage of the Ru nanoparticles by the carbon shell. EDX mapping of the 

samples (Figure 5S.3 and 5S.4) showed only the presence of Ru and carbon, confirming the 

purity of the samples. 

 

5S.5. XRD and TGA analysis 

The defects observed on the carbon material are thus attributed to a high content of 

topological defects that leads to the amorphous nature of the carbon spheres (C5, C7, C8 

carbon rings) [343]. This would be expected for carbon materials formed by annealing a 

resorcinol-formaldehyde polymer since the carbon was not formed in a stepwise bottom-up 

synthesis typically used to make highly graphitized carbon nanomaterials with limited 

defects. In contrast the sharper XRD pattern for Ru@HCS indicates the presence of both 

Ru and carbon diffraction patterns. The sharper peaks for carbon arise because coating by 

chemical vapor deposition using toluene  occurs at higher temperatures leading to a more 

graphitic carbon layer [176, 344]. This was also confirmed by Raman spectroscopy which 

showed a lower D-band to G-band ratio of 0.78, compared with Ru@MHCS that has an 

ID/IG value of 0.88. The D band can be used to qualitatively measure the degree of disorder 

on the carbon material while the G band measures the structural order of the sp
2
 carbon 

material [272, 345]. From the XRD patterns it was observed that the Ru is in a metallic hcp 

phase (ICSD Coll.Code: 54236, HCP crystal structure). 

TGA plots displayed in Figure 5.4,b showed that the Ru@HCS with a highly graphitic 

carbon shell was more thermally stable under air in comparison to the Ru@MHCS. The 

Ru@MHCS was completely decomposed by oxidation at temperatures in the range of 300-

350 ℃ while that of the Ru@HCS decomposed above 400 ℃ (Figure 5S.7). This data thus 

validated the results observed in the powder XRD patterns which showed that the 

Ru@HCS had a carbon shell with better structural integrity. The TGA plots showed that 

both the hollow carbon spheres contained a Ru loading of < 3% (Table 5.1). From the TGA 

plot the Ru content was determined as the resulting RuO2 that formed during oxidation of 

the material at high temperatures does not transform to the volatile RuO4 at temperatures 

less than 800 ℃ [274]. It is assumed that all the SiO2 has been removed by HF (see EDX 

data).  

5S.6. Evaluation of Fischer-Tropsch performance  

 

The Fischer–Tropsch synthesis was performed in a fixed-bed micro-reactor. A gas cylinder 

containing H2/CO/N2 mixtures (~60/30/10 vol. % purity: 99.99) was used to supply the 
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reactant gas stream to the catalyst at a weight to flow rate (W/F) of 15 g.h.mol
-1

.  N2 was 

used as an internal standard in order to ensure accurate mass balances. Catalyst (0.5 g) was 

added to the reactor and reduced in situ at 250 ℃ for 2 h under a stream of H2 (1.5 bar at 50 

mL.min
-1

). After reduction, the reactor temperature was decreased to ambient temperature 

under a hydrogen flow, then heated up to 190, 220 and 250 ℃ under synthesis gas at a 

pressure of 10 bar. All gas lines after the reactor were kept at 100 ℃, and a hot trap placed 

immediately after the reactor was held at 150 ℃ in order to collect wax. A second trap kept 

at ambient temperature was used to collect the oil and water mixture. The flow was 

controlled using a metering valve and measured by a bubble meter. The product stream was 

analyzed online using two gas chromatographs. A thermal conductivity detector (TCD), 

equipped with a Porapak Q (1.50 m × 3 mm) packed column, was used to analyze H2, N2, 

CO and a flame ionization detector (FID), equipped with a Porapak Q packed column, was 

used for the analysis of hydrocarbons online. Hydrocarbons collected in the knockout pots 

were analyzed using an offline GC, equipped with a ZB-1 packed column.  

 

 

Figure 5S. 1: SEM image and the EDS maps of the 0.5%Ru/mSiO2@C for Ru@MHCS. 

(a) SEM image of Ru/SiO2@MHCS, (b) Selected area for EDX mapping (c) EDX map for 

carbon and (d) EDX map for silica. (Ru was below detection limit). 

C Ka1_2 Si Ka1 

(a) (b) 

(c) (d) 
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Figure 5S. 2: SEM image and the EDS maps of the 0.5%Ru/mSiO2@C for Ru@HCS. (a) 

SEM image of Ru/SiO2@HCS, (b) Selected area for EDX mapping (c) EDX map for 

carbon and (d) EDX map for silica. 

 

C Ka1_2 Si Ka1 
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Figure 5S. 3: EDS map (a) of Ru@MHCS displaying the presence and the distribution of Ru inside the hollow carbon spheres and the 

corresponding carbon shell size distributions (b). Gold signal is due to the gold coating used during sample preparation.
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Figure 5S. 4: Figure S 4: EDS map of Ru@HCS (a) displaying the presence and the distribution of Ru inside the hollow carbon 

spheres and the corresponding carbon shell size distributions (b). Gold signal is due to the gold coating used during sample 

preparation. 
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Figure 5S. 5: TEM images of the catalysts taken at different tilting angles (for the same carbon sphere) Ru@MHCS (a) and Ru@HCS 

(b), obtained by single axis tilt. 
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Figure 5S. 6: Raman spectra of the catalysts. 

 

Figure 5S. 7: Differential thermogravimetric plots of the catalysts showing the major 

temperature regimes whereby there is a higher decomposition of the catalysts material 

under the flow of air, Ru@HCS (a) and Ru@MHCS (b). 
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Figure 5S. 8: N2 adsorption/desorption isotherm and pore size distribution curves of the 

MHCS (a,b), and HCS (c,d) empty spheres. 

Table 5S:  1: N2 adsorption/desorption data. 

Sample name BET surface area 

(m2/g) 

Micropore area 

(m2/g) 

Pore volume  

(cm3/g) 

MHCS 941 37 2.05 

HCS 82 - 0.32 

Ru@MHCS 944 135 1.47 

Ru@HCS 75 1.44 0.27 

Ru/MHCS 928 81 0.82 

Ru/HCS 102 11 0.27 

 

(a) (b) 

(d) (c) 
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Figure 5S. 9: TEM images and Ru particle size distributions (PSD) of Ru/MHCS (a,b) and 

Ru/HCS (c,d) catalysts and (e) Magnified view of the Ru particles on the carbon surface. 
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Figure 5S. 10: PXRD patterns of the supported Ru catalysts, Ru nanoparticles are too small 

and could not be detected by XRD diffraction 
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Figure 5S. 11: TGA and differential thermogravimetric profiles of the catalysts Ru/MHCS 

(a) and Ru@HCS (b). 
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Figure 5S. 12: Plots showing the (a) CO conversion, (b) activity and (c) turnover frequency 

of the Ru nanoparticles supported outside the hollow carbon spheres under the Fischer-

Tropsch synthesis process. 
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Figure 5S. 13: Plots showing the CO conversion under the Fischer-Tropsch synthesis 

process. 
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Figure 5S. 14: Methane selectivity versus CO conversion plot for both catalysts, Ru@HCS 

(A, ∆, X) and Ru@MHCS (B, E, φ) at reaction temperatures 190, 220 and 250 ℃. 

 

 

Figure 5S. 15: Product selectivities (a) methane and (b) C5+ hydrocarbons. 
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Figure 5S. 16: TEM images and particle size distribution of spent catalysts after Fischer 

Tropsch synthesis at 190, 220 and 250 ℃. Ru@MHCS (a,c) and Ru@HCS (b,d). 
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Figure 5S. 17: TEM images and particle size distribution of spent catalysts after Fischer-

Tropsch synthesis at 190 and 220 ℃. Ru@HCS (a,c) and Ru@MHCS (b,d). 
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Figure 5S. 18: TEM images and particle size distribution of spent catalysts after Fischer-

Tropsch synthesis at 190, 220 and 250 ℃. Ru/MHCS (a,c) and Ru/HCS (b,d). 

 

Table 5S:  2: Fischer-Tropsch Synthesis performance of the supported Ru catalysts. 

   
Selectivity (C mol) % 

Sample  
Reaction Temperature 

(℃) 

CO Conversion 

(%) 
C

1
  C

2
-C

4
 C

5+ 
 

 
190 11.7 17.2 5.2 77.1 

Ru/MHCSs 220 13.9 31.4 6.1 62.5 

 
250 20.4 71.8 4.2 24.0 

 
190 7.8 16.0 4.9 78.9 

Ru/HCSs 220 10.6 39.4 5.1 55.4 

 
250 20.9 66.5 5.6 27.4 

Fischer-Tropsch reaction conditions: T = 190, 220 and 250 ℃  Psyn.gas = 10 bar, W/F = 15 

g.h.mol
-1

. 
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Scheme 6S. 1: Catalyst schematic and their corresponding nomenclature. 

 

6S 1. Rietveld refinement method 

Quantitative phase analysis (QPA) using Rietveld refinement [346],  was performed using 

the fundamental parameters approach in TOPAS 4.2 software. [347, 348] The derivation of 

the algorithms used in TOPAS 4.2 to calculate phase loading (in percentage) in each of the 

experiments has been presented elsewhere. [235] The fundamental parameters approach 

involved the determination of a peak-profile function (taking into account peak broadening 

due to instrumentation parameters), based on user input and the PXRD powder diffraction 

scans, which were refined by a least-squares procedure until a reasonable fit is achieved. 

Crystallite size determination from diffraction data was attained by using the in-built 

Scherrer equation. The model refined in Rietveld’s method includes parameters related to 

the instrument, phase concentration, particle size, lattice constants and other parameters 

related to the materials being refined, all these values can then be extracted once a 

successful Rietveld refinement has completed.[297]  

These CIF files [downloaded from https://icsd.fiz-karlsruhe.de/search/basic.xhtml] were 

used for the refinement: Carbon support (graphite-2H, database_code_ICSD 31170), Co3O4 

(database_code_ICSD 9362), CoO (database_code_ICSD 9865), Co(fcc)  

(database_code_ICSD 44989), Co(hcp) ( database_code_ICSD 44990) and Ru 

(database_code_ICSD 54236).  

https://icsd.fiz-karlsruhe.de/search/basic.xhtml
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Figure 6S. 1: (a) General scheme for synthesis of the mesoporous hollow carbon spheres with or without Ru inside. (b) SEM 

images of the silica (or Ru on silica) spheres template before carbon coating, (c) SEM images of mesoporous hollow carbon 

spheres (MHCS) after  template removal of the silica template  and TEM images of: (d) the empty mesoporous hollow carbon 

spheres (MHCS), (e) Ru nanoparticles inside the MHCS (i.e., Ru@MHCS, after bubblig toluene for one hour during 

carbonization) and (f) an image of Co nanoparticles loaded outside MHCS of Ru@MHCS giving 0.2% Ru@MHCS@Co.  
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Figure 6S. 2: Size distributions of: (a) the silica spheres, (b) MHCS for Ru@MHCS and  

(c) Ru nanoparticles for Ru@MHCS 

 

 

 

 

 

 

 

 

 

Figure 6S. 3: EPMA mapping and WDS spectra of Ru@MHCS@Co showing the 

distribution and relative abundance of C, Co and Ru on the sample. 
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Figure 6S. 4: Nitrogen adsorption isotherms of the silica sphere templates and the resulting 

hollow carbon spheres. 
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Table 6S. 1: BET surface area, pore volume and pore diameter of the catalysts. 

Sample name BET 

surface 

area/ m2/g 

Micropore 

area/m2/g 

Pore volume/ 

cm3/g 
Pore diameter 

/nm 

SiO2 (Stober spheres) 14 - 0.04 10.6 

SiO
2
@mSiO

2
 165 - 0.27 6.4 

MHCS 472 - 1.15 7.8 

0.2% Ru@MHCS 462 - 0.65 4.4 

0.5% Ru@MHCS 485 - 0.71 5.1 

0.2%Ru@MHCS@Co 433 5 0.77 6.8 

0.5%Ru@MHCS@Co 421 - 0.55 4.6 

CoRu/MHCS 416 20 0.95 9.1 

Co/MHCS 425 12 0.86 8.3 
 

 

 

Figure 6S. 5: Typical full in situ PXRD scan of the catalysts (i.e., Co/MHCS) under a flow 

of 5% H2/N2 gas. 
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Figure 6S. 6: Co (hcp) to Co (fcc) ratio as calculated using Rietveld refinement QPA. 

Table 6S. 2: Co phases changes under in situ PXRD reduction, hcp cobalt (𝛽-Co) and fcc 

cobalt (𝛼-Co). 

Temperature (℃) 
Sample phase 

Co/MHCS CoRu/MHCS 0.2% Ru@MHCS@Co 0.5% 

Ru@MHCS@Co 

30 Co
3
O

4
 Co

3
O

4
 Co

3
O

4
 Co

3
O

4
 

50 Co
3
O

4
 Co

3
O

4
 Co

3
O

4
 Co

3
O

4
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O

4
 Co

3
O
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 Co

3
O

4
 Co

3
O

4
 

150 Co
3
O

4
 Co

3
O

4
 Co

3
O

4
 Co

3
O

4
 

200 Co
3
O

4
 CoO Co

3
O

4
/CoO CoO 

250 Co
3
O

4
/CoO CoO/β-Co CoO/Co CoO/Co 

300 CoO/α-Co 𝛽 -Co/α-Co CoO/𝛼 -Co CoO/𝛽 -Co/𝛼 -Co 

350 CoO/𝛼 -Co 𝛽 -Co/𝛼 -Co CoO/𝛽 -Co/𝛼 -Co CoO/𝛽 -Co/𝛼 -Co 

400 CoO/𝛼 -Co 𝛽 -Co/𝛼 -Co CoO/𝛽 -Co/𝛼 -Co CoO/𝛽 -Co/𝛼 -Co 

450 CoO/𝛼 -Co 𝛽 -Co/𝛼 -Co 𝛽 -Co/𝛼 -Co 𝛽 -Co/𝛼 -Co 

500 CoO/𝛼 -Co 𝛽 -Co/𝛼 -Co 𝛽 -Co/𝛼 -Co 𝛽 -Co/𝛼 -Co 

30 CoO/𝛼 -Co 𝛽 -Co/𝛼 -Co 𝛽 -Co/𝛼 -Co 𝛽 -Co/𝛼 -Co 
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Figure 6S. 7: Oxygen titration adsorption isotherms of the catalysts used for calculating a 

catalysts degree of reduction obtained at 200 ℃ (a) and the resulting PXRD pattern of the 

spent re-oxidized catalyst. Carbon (%), Co3O4 (@) and Ru (#) (b). 

Table 6S. 3: DOR values of the catalysts. 

Catalyst Degree of reduction (O2 –

titration)/% 

Degree of reduction 

(XRD)/% 

Co/MHCS 62.4 24 

CoRu/MHCS 90.2 100 

0.2% Ru@MHCS@Co 61.5 35 

0.5% Ru@MHCS@Co 63.2 44 
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Table 6S. 4: Peak parameters of the TPR profiles after deconvolution. 

Sample Nitrate 

decomposition 

/℃ 

Peak 1 # 

/℃ 
Peak 2 ^ 

/℃ 
Integrated area ratios 

(𝐴𝐶𝑜𝑂 → 𝐶𝑜 /𝐴𝐶𝑜3𝑂4 → 𝐶𝑜𝑂  ) 

Co/MHCS 206 282 429 2.93 

CoRu/MHCS - 247 482 0.89 

0.2%Ru@MHCS@Co 206 299 403 2.85 

0.5%Ru@MHCS@Co 224 306 405 3.54 

# attributed to Co
3
O

4 
→ CoO, ^ attributed to CoO → Co, except in the case of CoRu/MHCS 

where this peak is probably due to support gasification catalysts by metallic Co. 

 

Table 6S. 5: Hydrogen consumption estimated from TPR peaks. 

Sample Peak 1 #/ 

mmol/g 
Peak 2 ^ 

/ mmol/g 
Total hydrogen 

consumption/ 

mmol/g 

DOR(%)
a 

Co/MHCS 1.10 3.23 4.33 131 

CoRu/MHCS 2.35 2.10 4.46 128 

0.2%Ru@MHCS@Co 1.44 4.10 5.53 173 

0.5%Ru@MHCS@Co 1.24 4.41 5.65 168 

a
DOR > 100% due to support gasification at higher temperatures, therefore not true 

representative of the catalyst DOR. 
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Figure 6S. 8: TPR profile of 5% Ru/MHCS + 15% Co/MHCS (1: 4 wt/wt) physical 

mixture. 

 

Figure 6S. 9: CO conversion plots of the different catalysts over 100 hours Fischer-Tropsch 

reaction time on stream. 
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Figure 6S. 10: PXRD patterns of the fresh and spent catalysts, Carbon (%), hcp Co($), fcc 

Co (@) and Ru (#), CoO (^) . XRD patterns obtained after passivation of the catalysts in 

the reactor at room for 0.5 hour using 5% O2/Ar (15 mL.min-1) gas mixture. 

 

Table 6S. 6: Co crystallite sizes before and after Fischer-Tropsch synthesis as calculated 

using Rietveld refinement. 

Sample 
Co3O4 crystallite 

size before FT /nm 

Co crystallite size after FT /nm  (% 

relativeWt) 

α-Co β-Co CoO 

Co/MHCS 4.8 5.5 (74.4) 4.6 (19.7) 4.4 (5.8) 

CoRu/MHCS 4.7 7.1 (62.2) 5.6 (37.8) - 

0.2%Ru@MHCS@Co 4.8 6.5 (61.3)  5.6 (38.6) - 

0.5%Ru@MHCS@Co 4.7 6.4 (69.1) 3.7 (30.9) - 
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Figure 7S. 1: SEM of PSSs template loaded with Co nanoparticles (a), PSS@C after carbon 

coating (b), Co@MHCS (c) and CoRu@MHCS (d). 

  

Figure 7S. 2: TGA profile of PSS@RF showing the onset of the polystyrene decomposition 

and the resulting hollow carbon spheres shell size estimation. 
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Figure 7S. 3: EDX profiles of the catalysts. 
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Figure 7S. 4: High resolution EM images, selected area diffraction and PDF plot  of the 

encapsulated nanoparticles on CoRu@MHCS. 
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Figure 7S. 5: Raman spectra of the catalysts showing Co3O4 and carbon excitation bands. 

 

Table 7S. 1: Materials BET surface area. micropore surface area and pore volume. 

Sample name BET surface 

area (𝐦𝟐/𝐠) 
Micropore 

area 
(𝐦𝟐/𝐠) 

Pore volume  

(𝐜𝐦𝟑/𝐠) 
Pore diameter 

(nm) 

PSSs 2 - 0.005 - 

PSSs@RF-C 12 - 0.04 13.8 

Co@MHCS 483 322 0.59 4.9 

CoRu@MHCS 438 232 0.55 6.1 

Co@MHCS@Ru 443 265 0.52 4.7 
. 
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Figure 7S. 6: Oxygen pulse chemisorption for Co bulk oxidation at 200 ℃. 

 

Table 7S. 2: Extend of reduction as evaluated from in situ XRD and oxygen titration 

experiments. 

Catalyst Degree of reduction (O2 –pulse)/% Degree of reduction 

(XRD)/% 

Co@MHCS 21.5 28.7 

Co@MHCS@Ru 22.2 49.9 

CoRu@MHCS 61.3 100 
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Figure 7S. 7: Temperature programmed reduction (TPR) of the catalysts, Co@MHCS (a), 

Co@MHCS@Ru (b) and CoRu@MHCS (c). 

 

Table 7S. 3: Peak parameters of the TPR profiles after deconvolution. 

Sample Co
3
O

4 
→ CoO  

(℃) 

CoO → Co 

(℃) 

Integrated area ratios 

(𝐴𝐶𝑜𝑂 → 𝐶𝑜 /𝐴𝐶𝑜3𝑂4 → 𝐶𝑜𝑂  ) 

Co@MHCS 323 415 2.4 

Co@MHCS@Ru 312 414 1.6 

CoRu@MHCS 264 (corresponding to Co3O4 → Co) 
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Figure 7S. 8: CO conversion plots of the catalysts over 100 hours Fischer-Tropsch 

synthesis test. 
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Effect of Water on the Stability of Co Fischer-

Tropsch Nanoparticles inside Hollow Carbon 

Spheres: An In Situ Magnetometer Study 
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Figure 8S. 1: Catalysts hysteresis loops after different reaction conditions. (a) Co@MHCS, 

(b) CoRu@MHCS and (c) Co/MHCS.
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9S.1. In Situ PXRD analysis and Rietveld analysis details. 

X-ray diffraction experiments were performed on a Bruker D8 Advance fitted with an 

Anton Paar XRK 900 in situ cell. The diffractometer used a sealed copper tube as the X-ray 

source operating at 40 kV and 40 mA that provided X-rays with a wavelength of 0.15418 

nm in parallel beam geometry. 

Quantitative Rietveld refinement [346],  was performed using the fundamental parameters 

approach in TOPAS 4.2 software [347, 348]. The derivation of the algorithms used in 

TOPAS 4.2 to calculate phase loading (in percentage) in each of the experiments has been 

presented elsewhere [235]. The fundamental parameters approach involved the 

determination of a peak-profile function (taking into account peak broadening due to 

instrumentation parameters), based on user input and the PXRD powder diffraction scans, 

which were refined by a least-squares procedure until a reasonable fit is achieved. 

Crystallite size determination from diffraction data was attained by using the in-built 

Scherrer equation. The model refined in Rietveld’s method includes parameters related to 

the instrument, phase concentration, particle size, lattice constants and other parameters 

related to the materials being refined, all these values can then be extracted once a 

successful Rietveld refinement has completed.  
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Figure 9S. 1: Ex situ PXRD patterns of the catalysts, TiO2 (@) and Co3O4 (^). 

 

 

 

 

 

 

 

Sample name 
RwP 

Anatase Rutile Cobalt(III)oxide 

 
Loading 

(%) 
Crystallite 

size (nm) 
Loading 

(%) 
Crystallite 

size (nm) 
Loading  

(%) 
Crystallite 

size (nm) 
CoRu/TiO

2
@mSiO

2
 3.00 74.8 19.7 13.6 25.2 11.61 11.9 

Co/TiO
2
@mSiO

2
 2.96 76.8 19.8 12.3 24.9 10.92 11.8 

Co/TiO
2
_Cal@500 2.86 76.5 20.6 11.39 27.6 12.15 12.9 

Co/TiO
2
 2.79 77.2 20.4 10.6 29.6 12.20 10.3 
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Figure 9S. 2: Rietveld refinement pattern of the ex situ XRD profiles and the quantitative phase 

analysis (QPA) data relating to the refined phases present in the catalyst. 
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Figure 9S. 3: N2 adsorption/desorption isotherm of the catalysts used to calculate their BET 

surface area. 
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Figure 9S. 4: Typical hydrogen pulse chemisorption trace of the catalysts at 150 ℃. 
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Figure 9S. 5: Typical in situ PXRD scans of the catalysts under reduction conditions, full pattern from Bragg angle 10-90
o
, 

measurements taken at 50 ℃ intervals up to 600 ℃. 

 

 

CoRu/TiO2@mSiO2

2-Theta - Scale

10 20 30 40 50 60 70 80 90

30

100

200

300

400

500

600

20 30 40 60 70 80 90

2-theta (o)

5010

TiO2

Co3O4

CoO

Co



Appendix E 

 
222 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9S. 6: Typical quantitative Rietveld refinement graphs (red plot) showing the fitted PXRD model on to the experimental PXRD 

pattern. The model was used to calculate the crystallite sizes of the cobalt oxide and cobalt phases. For Co3O4 phase (a), CoO (b) and 

Co (c).   
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Table 9S. 1: Co phase and particle size changes under in situ PXRD reduction as calculated 

using Rietveld refinement. 

Scan 

# 
Temperature 

Sample phase  Co/TiO2 

CoRu/TiO2@mSiO2 Co/TiO2@mSiO2 Co/TiO2 

1 30 12.06 Co3O4 11.08 Co3O4 9.98 Co3O4 

2 50 11.42 Co3O4 11.45 Co3O4 10.19 Co3O4 

3 100 11.84 Co3O4 11.01 Co3O4 10.39 Co3O4 

4 150 10.24 Co3O4 11.64 Co3O4 9.94 Co3O4 

5 200 10.23 Co3O4 9.82 Co3O4 11.06 Co3O4 

6 250 9.47 CoO 12.2 Co3O4 11.14 Co3O4 

7 300 9.0/3.1 CoO/Co 12.2/8.2 Co3O4/CoO /8.08 Co3O4/CoO 

8 350 7.35 Co 9.05 CoO 7.62 CoO 

9 400 7.6 Co 9.32 CoO 7.3/8.9 CoO/Co 

10 450 7.36 Co 8.9 CoO/Co 8.2 Co 

11 500 7.98 Co 8.5 CoO/Co 11.5 Co 

12 550 8.4 Co 9.478 Co 14.2 Co 

13 600 9.1 Co 10.7 Co 16.32 Co 
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Figure 9S. 7: TEM image of the CoRu/TiO2@mSiO2 after Fischer-Tropsch synthesis at 250 

℃. 
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