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Post-synthesis N-doping using a melamine precursor was shown by XPS to incorporate high 

quantities of nitrogen (up to 13%) on to the surface of the 30 nm thick shells of the hollow 

carbon spheres. On further investigation, N-doping by this method was shown to have 

minimal effects on the thermal stability and crystallinity of the materials. The N-doped HCSs 

were shown to be good anchors of Co particles as displayed by the good dispersion, activity 

and minimal sintering tendency of catalysts supported on N-doped HCSs.  

 

Studies conducted herein have demonstrated the versatility of carbon spheres as a model 

support, and how their properties can be tailored to suit the desired specifications by simply 

adjusting the synthesis parameters. We have also highlighted how the chemical inertness of 

these materials allows for studies on metal-metal interactions at elevated temperatures for 

bimetallic catalyst systems. The monodisperse, morphology-tunable aspects of carbon 

spheres were particularly useful in modelling the effect of the support morphology in Fischer-

Tropsch synthesis. It is believed that the versatility of CSs demonstrated in this study can also 

be exploited in other heterogeneous catalytic systems.  
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Chapter 6 describes an investigation of the effect of the support morphology on the 

performance of a Co Fischer-Tropsch catalyst. Solid and hollow carbon spheres with 

comparable properties were used as the model support materials in this study. 

 

Chapter 7 compares the use of a hollow carbon sphere and solid carbon sphere support in the 

preparation of a supported Fe FT catalyst. 

 

Chapter 8 provides a summary and conclusion on the use of hydrothermal carbon spheres as 

a model support material for Fe and/or Co Fischer-Tropsch catalysts. 
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CHAPTER 1 
INTRODUCTION - Fischer-Tropsch synthesis 

1.1 Background 

The Fischer-Tropsch (FT) process has recently become a subject of renewed interest 

particularly in the context of exploitation of large reserves of stranded gas, 

diversification of carbon sources for transportation fuels and environmental concerns 

triggered by the presence of pollutants such as aromatic compounds or sulfur in crude 

oil.[1-2] Carbon sources such as coal, biomass or natural gas can be converted to 

mixtures of CO and H2 (synthesis gas) by processes such as partial oxidation or steam 

reforming. The syngas can subsequently be converted to hydrocarbons in the FT 

process. For economic and logistic reasons, such energy conversions are best carried 

out in large scale projects. Therefore, the catalysts used in the FT process are required 

to have good activity, product selectivity as well as a long life span. 

 

When iron catalysts are used, the FT product stream consists of large amounts of 

linear alpha olefins as well as long chain linear paraffins and oxygenates.[3] 

Sometimes it is desirable to shift the selectivity of the process during production to 

maximize the fabrication of chemicals rather than producing large quantities of the 

lower value gasoline fuel. Notably, straight-run FT gasoline has a low octane rating 

and low cold-flow properties since it is predominantly linear; hence require upgrading 

in downstream hydro-isomerization and hydrocracking refinery operations.[4-5] 

Maximizing the gasoline yield is usually achieved by the oligomerization of the 

gaseous unsaturated FT products typically performed by using non-selective acid 

catalysts such as phosphoric acid, followed by hydrogenation to yield branched 

paraffinic products which are characterized by high octane numbers.[6-7] This 

procedure is particularly useful for high temperature FT synthesis because of the high 

yield of unsaturated hydrocarbons in the C3-C5 fraction. 

 

By contrast, FT-derived diesel fuel has a high cetane number (> 70 whereas the 

requirement is ~ 45).[7] This is because FT products are mainly linear paraffins, 

particularly when Co-based catalysts are used. To achieve a maximum diesel yield, 

the production conditions are set to favour the fabrication of waxes. For example, the 

use of Fe or Co catalysts at temperatures higher than 210 °C yields a product stream 
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ceased after the war following the discovery of additional crude oil reserves. 

However, interest in the FT process remained amid fears that crude oil reserves would 

soon be depleted. 

 

After World War II, Ruhrchemie and Lurgi developed a large-scale 

Arbeitsgemeinschaft (ARGE) process for wax production over iron catalysts. Around 

the same time, a technology based on a circulating fluidized bed reactor was 

developed at Kellogg. At this time, discoveries of large natural gas reserves in the 

United States of America together with declining crude oil reserves triggered interest 

in the Fischer-Tropsch process. Subsequently, a commercial gas-to-liquids (GTL) 

plant with a capacity of 7 000 bbl/day of primary product was commissioned by the 

Hydrocarbon Research Inc. at Brownsville, Texas. This plant utilized synthesis gas 

produced from the partial combustion of natural gas, and synthesis was performed in a 

fixed fluidized bed reactor using an iron catalyst.[6] This plant was soon shut down 

(1956) though because the cost of natural gas had increased sharply while crude oil 

became cheaper and was more readily available.[16] 

 

 

In South Africa, Sasol had been tasked with exploiting the large coal deposits present 

in the country and to convert them to gasoline, diesel and chemicals using the 

German-developed Fischer-Tropsch process. In 1951 Sasol received five proposals on 

available reactor technologies for their planned coal-to-liquids plant. A decision was 

made to settle for two of the proposed designs; a circulating fluidized-bed (CFB) 

reactor submitted by M. W. Kellogg, and an ARGE fixed-bed system by Arbeit-

Gemeinschaft Lurgi and Ruhrchemie. In 1955, Sasol started operating a large-scale 

FT synthesis plant at their Sasol I site in Sasolburg, South Africa, utilizing ARGE 

fixed-bed reactor and CFB reactor technologies. Two-thirds of the available synthesis 

gas was to be converted to synthetic fuels by using the Kellogg CFB system, while the 

ARGE fixed bed technology was used to convert the other third (at the time).[17] The 

catalyst used in the ARGE reactor consisted of iron supported on silica and had 

copper and an alkali as promoters. Unsupported iron fine powder was used as a 

catalyst in the CFB reactor.  

The early 1970s saw drastic increases in crude oil prices and this resulted in increased 

profitability in operations at the Sasol I site. Thus as decision was taken to construct 
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temperatures at the catalyst surface result in high methane yields and deactivation of 

the catalyst due to carbon deposition and sintering. At present, reactor types utilised in 

commercial FT synthesis include: tubular fixed-bed reactors, slurry phase reactors, 

fluidized bed reactors and circulating fluidized bed reactors. Only fixed-bed reactors 

have been discussed in this section because of their relevance to the study.  

 

1.4.1 Fixed bed reactors 

Modern fixed bed reactors are of a multi-tubular type and consist of many narrow 

tubes placed vertically with a cooling medium (typically water) in the outer shell of 

the tubes. The catalyst is placed inside the tubes and the narrow size of the tubes 

ensures efficient heat removal during FT synthesis. An example of a multi-tubular 

fixed bed reactor currently in operation at the Sasolburg plant in South Africa is the 

ARGE reactor developed by Ruhrchemie and Lurgi (Germany). This type of reactor 

consisted of an overall diameter of 3 m, and contained 2050 tubes which had a 5 cm 

internal diameter and were 12 m long (Fig. 1.1).[16, 22]    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 A schematic representation of a multi-tubular fixed bed reactor.[22] 

 

Multi -tubular fixed-bed (MTFB) reactors can be operated easily as the separation of 

the liquid wax products and the catalyst does not require any additional 

instrumentation. The liquid products simply collect in ports at the bottom of the 

reactor. Another advantage of this type of reactor is the relative ease at which it can 
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the hexagonal close packed (hcp) structure and the face centred cubic (fcc) structure. 

The phase formed usually depends on the conditions (gas composition, temperature) 

at which the calcined materials are reduced, and the type of cobalt species formed 

after activation affects the FT synthesis performance. Elbashir et al. observed that the 

nature of the support also determines the eventual phase; Co fcc was preferred on 

SiO2, whereas the Co hcp structure was the main phase on Al2O3 supported catalysts 

after reduction.[44] In FT synthesis, higher CO conversions and C5
+ selectivities have 

been measured on Co hcp catalysts relative to Co fcc samples (Table 1.2).[45] This 

could be associated with the larger quantity of surface defects (corners, edges) on the 

Co hcp structure than found on the cubic stacking (Co fcc). 

 

Table 1.2 FT data for hcp and fcc phases of Co/SiO2 catalysts. Reaction conditions: T 

= 220 °C, P = 20 bar, H2/CO = 2/1 and syngas flow rate: 3.0 sl h-1 gcat
-1.[45] 

 

Catalyst 

 

TOS (h) 

CO conv. 

[%]  

Selectivity  

TOF (s-1) CH4 C5+ 

Co hcp 

 

 

Co fcc 

 

16 

450 

 

13 

492 

63.1 

55.5 

 

45.1 

32.1 

3.5 

4.2 

 

6.4 

7.2 

88.2 

90.2 

 

86.1 

82.9 

0.095 

0.068 

 

0.092 

0.049 

 

 

From thermodynamic calculations, predictions show that the oxidation of bulk cobalt 

to CoO or Co3O4 during realistic FTS conditions is not possible. However, Co can 

possibly form mixed compounds such as cobalt aluminate upon interacting strongly 

with the support material.[46] Even though bulk oxidation of cobalt metal is not 

feasible thermodynamically, it has been shown from calculations that cobalt particles 

in the nano-regime can oxidise under typical FT synthesis conditions.[47] Visagie et al. 

attributed this observation to the surface energy of cobalt particles that are in the 

nanometre size range which contributes to overall oxidation process. On this basis it 

was determined that the oxidation of cobalt crystallites with sizes between 4 and 5 nm 

is viable under typical FT conditions, i.e. PH2O/PH2 = 1-1.5. In similar studies, Iglesia 

found that the oxidation and deactivation of cobalt crystallites below 6 nm occurs 

rapidly under realistic FT conditions.[48-49] 
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1.5.3 Iron -cobalt bimetallic catalysts 

As highlighted in earlier sections, Co has a high activity and selectivity to heavy 

hydrocarbon products but low WGS activity, whereas Fe is known to be active for the 

WGS reaction but its kinetic FT rate is postulated to be adversely affected by the 

partial pressure of water. However, when Fe and Co are used together, reports have 

indicated that they do not simply give the additive properties of the constituent 

metals.[50-52] Thus, a supported iron-cobalt (Fe-Co) bimetallic catalyst would seem to 

be a viable proposition for the conversion of syngas into fuels and commodity 

chemicals.  

 

Several advantages of Fe-Co bimetallic systems have been highlighted in the 

literature. By studying co-impregnated catalysts, Holmen et al. observed that alloying 

Co with moderate amounts of Fe improved the FT activity of Co catalysts without a 

corresponding increase in the WGS activity. Hence it was concluded that the increase 

in the activity was due to a higher FT activity of the Fe-Co mixtures when compared 

to pure Co catalysts.[53] Many other studies have also reached the same conclusion.[54-

56] It has also been reported that the use of a mixture consisting of Fe and Co has 

generated FT products with high yields of olefins and oxygenated products such 

alcohols, compared to individual Fe or Co catalysts.[57] For these systems, it is thought 

that the metallic Fe-Co alloy (formed upon reduction bimetallic precursor) is active 

phase in FT synthesis,[58] but this area still warrants further study because in situ 

characterization of these systems has been limited. 

 

Much of what is known about the activation process or the catalytic species in 

bimetallic systems has mainly been inferred from indirect experimental evidence. 

This has been done by the post-analysis of spent or reduced-then-passivated samples. 

This indirect approach often results in inconclusive or contradicting reports because 

of the complex phase transformations that occur in such systems. For example, the 

formation of an alloy on these systems is still uncertain.[59] The analysis of reduced or 

spent catalysts by many authors has revealed the presence of reflections that 

correspond to the Fe2Co, Co7Fe3 or Co/Fe alloys.[60-63] While elsewhere, studies have 

reported not detecting any features associated with alloy formation.[64] Tavasoli et al. 

have linked the formation small quantities of the alloy to an increase in alcohol 
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al. observed a decline in the ease of reduction from larger (20 nm) to smaller (6 nm) 

Co3O4 particles supported on silica. This effect was attributed to the differences with 

which large and smaller particles interact with the support.[67]  

 

FT catalysts are typically dispersed on metal oxides that include SiO2, TiO2, Al2O3 

and MgO. The chemical nature of the support material has been shown to influence 

FT performance. Studies on Co catalysts supported on these oxide materials by Reuel 

and Bartholomew found that the turnover frequency (TOF) in FT synthesis declined 

as follows; Co/TiO2 > Co/SiO2 > Co/Al2O3 > Co/MgO.[68-69] This is attributed to the 

presence of a strong metal-support interaction (SMSI) with the classical FT catalysts, 

Fe and Co. The strong interaction of these catalysts with the oxide supports has been 

shown to result in the formation of mixed compounds such as Co2SiO2,[35, 70] 

Co2AlO4,[71-72] CoTiO4,[73] Fe2SiO4
[38] or FeO-MgO,[74-75] which can only be reduced 

at elevated temperatures. An alternative approach to overcome challenges associated 

with SMSIs is to use carbon-based supports. Carbon is relatively inert hence it has a 

moderate interaction with the active phase particles when it is used as a catalyst 

support. 

 

  1.7 Carbon as a catalyst support 

Carbon, the sixth element in the periodic table, has unique properties. It can form 

stable bonds with itself as well as most elements due to the different hybridization it 

can undergo; sp, sp2 and sp3.[76] And as expected, the different C-C bonding 

configurations possible result in materials with varying properties. For example, 

diamond is one of the hardest materials known to mankind, whereas graphite is a 

slippery material and it is used as a solid lubricant. At present, carbon materials that 

have been synthesized include activated carbon (AC), carbon nanotubes (CNTs), 

carbon spheres (CSs), glassy carbon (GCs), carbon dots (CDs) and carbon nanofibers 

(CNFs). These materials possess different characteristics because the properties of 

carbon materials are strongly influenced by their morphology. Hence, the ability to 

selectively fabricate carbon materials of a particular morphology is very important for 

their various applications. Amongst these materials, CSs stand out because of their 

unique properties and has become an attractive research field due to its potential 

applications, e.g., in catalyst supports, confined nano-catalysis, lithium-ion secondary 

batteries, drug delivery, and as an energy storage medium.[77-79] 
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1.8 Carbon spheres as a catalyst support 

As a model catalyst support, advantages of CSs use are associated with their ease of 

synthesis which is possible without the use of catalysts, the ability to control their 

physical properties (size, purity, porosity), and the high yields of pure materials that 

can be synthesized. Due to their high surface-to-volume ratios, excellent structural 

stability, low electrical resistance, along with the possibility to modify their surfaces 

and interiors by coating and doping, CSs are well suited to be used as catalyst 

supports. Carbon spheres (CSs) can have different morphologies; solid, hollow, core-

shell or yolk-shell/rattle-kind structure. Il lustrations of the different morphologies are 

displayed in Fig. 1.6. Carbon spheres were used as a model support for Fischer-

Tropsch catalysts in this study. Details on the synthesis and subsequent use of carbon 

spheres as a support in heterogeneous catalysis are given in chapter 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Different kinds of CS morphologies that can be fabricated; a) solid CSs, b) 

hollow CSs, c) core-shell CSs and d) yolk-shell CSs.[80] 
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1.9 Aims and objectives 

The use of carbon-based materials as a model support for Fischer-Tropsch catalysts 

still comes short when explaining some phenomena that are actually observed in the 

reaction when metal oxide supports are used. This is partly because of the inability to 

fabricate carbons with flexible/tunable properties. These properties include surface 

area, pore structure, thermal stability and surface chemistry. These challenges 

prompted us to explore the use of hydrothermal carbon spheres as an alternative 

model support (to TiO2, SiO2, Al2O3) for FT catalysts, addressing issues on the 

control of their properties.   

 

The specific objectives of the study were; 

(i) To tailor the synthesis conditions of carbon spheres prepared by the 

hydrothermal method to yield materials which have high surface areas for 

use as model catalyst supports.  

(ii)  To exploit advantages related to carbon spheres in understanding phase-

activity relationships for Fe-Co bimetallic systems which could be 

important for improving catalyst performance and efficiency.   

(iii)  Determine the feasibility of using hollow carbon spheres as a model 

support for Fischer-Tropsch catalysts. Issues on their robustness and 

surface functionalization were to be addressed.  

(iv) Understanding the effect of the catalyst support morphology in FT 

synthesis by utilizing morphology-tunable carbon spheres as a model 

system.  

(v) To prepare Co, Fe and Fe-Co catalysts supported on carbons and then 

characterize them by using TEM, SEM, BET, TGA, XRD, FTIR, XPS and 

Raman spectroscopy.  

(vi) To study the reduction behaviour of the catalysts under realistic reaction 

conditions by using in situ powder X-ray diffraction (PXRD) and 

temperature programmed reduction (TPR) techniques. 

(vii)  To evaluate the catalytic performance of the prepared materials in the 

Fischer-Tropsch synthesis.  
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Figure 2.3 SEM images of (a) as-synthesized (CVD) CSs, (b) annealed CSs. Also displayed 

are HRTEM images of (c) edge of as-prepared CS, (d) edge of annealed CS, (e) coalescence 

region of two as-prepared CSs, (f) coalescence region of two annealed CSs.[37] 

 

2.2.2 Hollow carbon spheres 

The field of hollow structures, which consist of a large interstitial void surrounded by a 

permeable shell, has been extensively pursued by several research groups because of their 

unique properties. These include their low density, high surface area and the large variable-

sized inner voids. Consequently, these materials find applications in many fields, such as 

drug storage and delivery,[39] catalysis,[40] energy storage,[41] lithium-ion batteries,[42] water 

treatment,[43] fuel cells,[44-45] confined synthesis[46] and in optics and electronics.[47] In 

particular, hollow structures made of carbon, hollow carbon spheres (HCSs), are interesting 

to synthesize for use as supports for heterogeneous catalyst supports.  
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For the synthesis of HCSs, templating or scaffolding is the most frequently adopted approach. 

Synthesis of nanomaterials via the templating approach requires (1) production of the 

template should be reproducible and be of low cost; (2) simple modification of the surface of 

the templates; (3) accurate encapsulation of the template by the shell precursor to ensure a 

uniform layer; and (4) a facile method for the selective removal of the template.[46, 48] 

Fabrication of HCSs by the template approach is done using either the soft- or hard-template 

routes as illustrated in Fig. 2.4. 

 

 

 

 

 

 

Figure 2.4 Scheme illustrating the differences between (A) hard templating and (B) soft 

templating approaches. 

 

2.2.2.1 Soft-templating approach 

This is a bottom-up synthesis route that uses soft matter, that is, organic molecules or 

amphiphilic supramolecules such as surfactants and block copolymers which can form 

vesicle structures that act as templates during synthesis. Vesicle structures typically form 

through hydrogen bonding and hydrophilic/hydrophobic interactions in aqueous media.[49] 

The ability of these organic structures to self-organize into a range of supermolecular 

structures allows for easy manipulation of the pore structure of the nanomaterials. 

Cooperative interaction between suitable carbon precursors around the supermolecular 

structures gives a well-defined organic-organic structure.[50-51] The soft template can then 

either be consumed at later stages of the synthesis or removed by extraction or calcination 

procedures. It is also possible that the organic molecules can make emulsion droplets which 

can act as the template in a procedure called self-templating. The latter scenario does not 

require an additional template removal step.  
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Varying the sizes of silica spheres produced this way entails changing the water-to-alcohol 

ratio, TEOS and ammonia concentration or the chain length of the alcohol used. For example, 

Malay et al. compared the use of methanol, ethanol, propanol and butanol as the alcohol in 

colloidal silica fabrication. After monitoring the particle sizes using dynamic light scattering 

(DLS) they were able to demonstrate that the diameter of the particles increased with an 

increase in the molecular weight of the alcohol solvent.[59] 

   

Encapsulation of the silica with a carbon precursor can be done using one of these methods; 

hydrothermal synthesis, polymerization or chemical vapour decomposition. Here, the most 

commonly used carbon precursors include hydrocarbons such as toluene, benzene or styrene 

and low molecular weight polymeric mixtures of formaldehyde like phloroglucinol-

formaldehyde (or PF resin), phenol-formaldehyde (or resol) and resorcinol-formaldehyde (or 

RF resin).  Recently, Tang et al. synthesized N-doped HCSs with large mesopores (~20 nm) 

via a dual-template approach involving colloidal silica and the amphiphilic block copolymer 

polystyrene-b-poly(ethylene oxide) [PS173-b-PEO170].[60] These materials present new 

potential applications in heterogeneous catalysis because of their large and tunable pore sizes 

(Fig. 2.6). 

 

 

 

 

 

 

 Figure 2.6 Schematic illustration of the preparation of N-doped HCSs with large 

mesopores.[60] 
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Yolk-shell structures are an innovative and promising approach for making stable catalysts, 

and are based on the incorporation of the metal nanoparticles into a porous shell thus limiting 

particle leak and sintering during high temperature reactions.[8] The properties of the shell can 

then be engineered accordingly for improved performance in their applications. These 

include: (1) to have high porosity, (2) have a specific pore structure, and (3) be stable at the 

temperatures at which the reactions will be conducted. For example, Fang and co-workers 

showed the efficient use of mesoporous carbon@mesoporous silica rattle-like nanospheres 

for loading anticancer multidrug-based combination therapy systems. The advantage of this 

architecture was that the hydrophobic mesoporous carbon cores were found to have good 

affinity with water-insoluble drugs, whereas the biocompatible hydrophilic mesoporous silica 

shell had good affinity with water-soluble drugs.[70] 

 

 

 

 

 

 

 

 

 

Figure 2.10 Representation of yolk-shell nanoparticles with different structures: (A) structure 

with a single core, (B) structure with multiple cores, (C) structure with multiple shells, and 

(D) structure with a raspberry-like core.[71] 

 

Synthesis of yolk-shell carbon-based materials can be done either by the selective etching 

(dissolution method) or by the bottom-up approach which uses soft templating. The selective 
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metal nanoparticles by reduction of the metal salts using hot sodium citrate, followed by the 

formation and subsequent carbonization of sodium citrate to form the outer carbon shell. 

Residual water-soluble by-products are removed by a simple washing step. Fuertes et al. 

reported the synthesis of M@carbon (M = Fe2O3, Fe3O4, CoFe2O4, NiO, Cr2O3) by a simple 

impregnation of the inorganic precursors dissolved in ethanol into pre-synthesized hollow 

carbon spheres. [79] The generated core-shell materials had large surface areas (> 500 m2/g), 

high pore volumes (> 0.3 cm3/g) and the pore structure was mainly composed of mesopores. 

Recent studies by Hao and co-workers have also proposed a procedure for the synthesis of 

yolk-shell hybrid materials M@carbon (M = Cu, NiO) via a one-step co-pyrolysis method 

which utilized a metal-oleate complex and phenolic resin monomers as raw materials (Fig. 

2.12).[80] 

 

 

 

 

 

Figure 2.12 Schematic illustration for the preparation of Cu@C yolk-shell nanospheres with 

multiple cores.[80] 

 

Recently, the procedures for the fabrication of yolk-shell particles have been extended for use 

in the synthesis of nanostructured materials with multiple (two or more) shells and are 

expected to have better performances over their single-shelled counterparts for various 

applications. For example, Wang and co-workers synthesized multiple-shells of Co2SnO4 and 

SnO2 (Fig. 2.13) which have a mesoporous pore structure by annealing CoSn(OH)6 under 

inert conditions. These multiple-structured nanomaterials displayed superior activity for the 

degradation of organic pollutants since they are photocatalysts. This morphology increased 

the surface area of the material and thus the available active sites for adsorption of the 

organic pollutants, while the thin shells enhanced diffusion of electron-hole pairs which are 

generated on the surface of the photocatalysts.[81] 
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chemical inertness of carbon, post-synthesis introduction of these functional groups is usually 

done under harsh reaction conditions using oxidizing agents like hot nitric acid, sulphuric-

nitric acid mixture, potassium permanganate or hydrogen peroxide. The one-pot 

hydrothermal synthesis of CSs yields materials with surface oxygen-containing functional 

groups and hence oxidative treatments are not required.[85-86] 

 

2.3.2 Heteroatom introduction (doping) 

The introduction of heteroatoms such as nitrogen, boron, phosphorous or sulphur into the 

carbon framework of carbons (called doping), continues to draw extensive attention, because 

it brings additional advantages such as creation of more active sites and allow the 

introduction of new properties such as increased electrochemical catalytic activity, 

hydrophilicity, electrical conductivity and higher selectivity towards selected catalysis 

applications.[87] Interest in doping of carbons originates from the ability to modify the 

electron donor/acceptor characteristics of carbons and this results in the enhancement of the 

electro-chemical properties of carbon.   

 

Doping carbons with nitrogen endows the materials with additional surface nucleation sites 

which, in catalysis, can serve as anchorage sites thereby improving the dispersion of catalyst 

nanoparticles on the support material. Additionally, nitrogen-doped materials have a stronger 

metal-support interaction relative to pristine ones which can be advantageous as it enhances 

the stability of the catalyst for reactions done at elevated temperatures. These benefits are due 

to the attributes of nitrogen which include the strong electron donor behaviour of nitrogen 

which leads to enhanced bonding. The incorporation of N into a carbon lattice can take one of 

three common bonding configurations, i.e., quaternary (or graphitic), pyridinic and pyrrolic. 

Nitrogen-rich compounds such as acetonitrile,[88] phenylenediamine,[89] polyaniline,[90] and 

melamine[91]  are typically used as precursors for the fabrication of N-doped nanomaterials. 

Generally, catalysts supported on N-doped CSs display improved activity and selectivity 

which has been attributed to: (a) the nitrogen functionalized surface influences particle 

deposition by altering nucleation and particle growth kinetics thereby resulting in smaller, 

more uniform nanoparticles which tend to be highly dispersed on the support material, (b) 

modified electron donor/acceptor characteristics on the surface on the material, and (c) 
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Furthermore, Chen et al. compared DFT calculations of palladium adsorption on N- and B-

doped carbons. While it was observed that both doped materials displayed improved Pd 

adsorption, the authors found that the enhancement of Pd adsorption was more significant on 

B-doped support than it was for when nitrogen was utilized as the dopant under similar 

conditions.[104] 

 

2.4 Applications of CSs in catalysis 

Spherical carbons of varying architectures can be utilized in several heterogeneous catalytic 

reactions which vary in terms of complexity, selectivity towards products, liquid/gas phase 

reactions and as metal-free catalysts. For instance, Wang et al. recently reported a novel PtCo 

bimetallic yolk-shell catalyst with excellent catalytic performance for the hydrogenolysis of 

5-hydroxymethylfurfural (HMF) to 2,5-dimethylfuran (DMF) (98% yield after 2 h), a 

biomass-derived liquid fuel.[105] From the many applications of CSs in heterogeneous 

catalysis, particular attention has been given to Fischer-Tropsch synthesis, oxidative 

reactions, photocatalysis, reductive and hydrogenation reactions. 

 

2.4.1 Fischer-Tropsch (FT) synthesis 

 The use of carbon spheres as a support for FT catalysts is due to their advantages of minimal 

surface energies, controllable sizes and morphologies, tunable chemical properties and high 

mechanical stability of the CSs. Unlike conventional metal oxide supports like TiO2, SiO2 or 

Al 2O3 which tend to react with the cobalt FT catalyst precursor to form the CoTiO4, Co2SiO2 

or Co2AlO4 complexes, the relative chemical inertness of carbon supports makes them ideal 

model supports for FT catalysts. CVD-synthesized solid carbon spheres have been shown to 

be a better support for Co FT catalysts than carbon nanotubes because they are easier to 

prepare and contain no metal impurities.[106] Studies by Moyo et al. showed that oxidative 

treatment of the solid CSs using KMnO4 was superior to the traditional HNO3 treatment as it 

produced more functional groups on the carbon surface and these materials showed higher 

selectivities towards heavy hydrocarbons during FT synthesis.[107] Recently, yolk-shell 

Ru@C catalysts were demonstrated to be highly active in FT synthesis. In this yolk-shell 

architecture the ruthenium nanoparticles are partially embedded in the carbon support thus 
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2.2.4 Reduction reactions 

 In the past, transition metals supported on spherical carbons have been used to catalyse 

reduction processes. For example, Zheng et al. utilized Au-loaded solid CSs to catalyse the 

reduction of 4-nitroaniline into 4-phenylenediamine by NaBH4 with 100% conversions, while 

the unstable Au nanoparticles only resulted in 72% conversions (Fig. 2.14).[113] Zhang et al. 

reported the use of a novel RGO@Pd@C yolk-shell structure to catalyse the reduction of 4-

nitrophenol to 4-aminophenol. These double-shelled structures are composed of reduced 

graphene oxide (RGO) as inner shell and a carbon (C) layer as the outer shell, and were used 

to encapsulate Pd nanoparticles. The use of RGO@Pd@C nanoparticles allowed the 

reduction process to be completed within 30 seconds even with only a 0.28 wt% loading of 

Pd.[114] This reduction (4-nitrophenol to 4-aminophenol) has also been catalysed by Au@C 

yolk-shell nanoparticles and fast reaction kinetics were observed.[62, 115] Core-shell structured 

carbon spheres have also been used to catalyse reduction reactions. For example, Kim et al. 

used Pd@C core-shell catalysts for the reduction of nitrobenzene to aniline in the presence of 

sodium borohydride. Higher nitrobenzene conversions were observed on the core-shell 

catalyst than on unsupported Pd particles due to improved catalyst dispersion.[116] 

 

 

 

 

 

 

 

Figure 2.14 (a) TEM image of Au-loaded solid CSs, (b) UV-vis spectra of the Au/CSs 

catalyzed reduction of 4-nitroaniline (380 nm) into 4-phenylenediamine (320 nm). Scale bar: 

200 nm.[113] 
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2.2.5 Hydrogenation reactions 

The excellent properties of CSs have also been exploited in hydrogenation reactions. For 

example, high surface area (445 m2/g) Pd@C yolk-shell nanoparticles have been employed to 

catalyse the industrially important hydrogenation of chlorobenzene to benzene. Conversions 

of around 72% were measure after 90 min, with complete selectivity for the benzene product. 

This material was very stable during the reaction as the chlorobenzene conversion rate and 

selectivity remained unchanged after 5 cycles. For comparison, a Pd catalyst supported on 

activated carbon was also evaluated under similar conditions. While the latter catalyst 

displayed a higher conversion rate for the first cycle (81%), the catalyst was unstable and a 

conversion rate of 58% was measured after 5 cycles.[68]  

 

2.5 Concluding remarks and outlook 

Recent years have seen tremendous growth in the understanding of (a) the controlled 

fabrication of carbon spheres with different architectures and properties, (b) surface 

enrichment of carbons through doping with heteroatoms or functionalization, and (c) the 

effect that the carbon spheres nanoarchitecture and properties has in the application of the 

materials in heterogeneous catalysis. This understanding has fast-tracked the use of carbon 

spheres as support materials or metal-free catalysts in several heterogeneous catalysis 

reactions.  However, challenges still exist in this area. For instance, while most properties of 

carbon spheres can be readily tuned for their intended application, this, however usually 

involves additional steps during their synthesis which makes large-scale production of these 

materials cumbersome. An example is the use of structure directing agents like surfactants for 

controlling the pore structure of hollow and yolk-shell carbon spheres requires several 

additional steps. The use of one-step or one-pot procedures which produces materials with the 

desired properties still remains unsolved.  

 

Advantages associated with doping carbon spheres have been well demonstrated both on the 

properties of the CSs and on their performance in catalysis reactions. Recent studies have 

shown that doping using a post-synthesis procedure is better than in situ doping when the 

materials are used for catalysis applications. Post-synthesis doping is still not well understood 

and still warrants further study. Moreover, many reports exist in the literature on the 
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application of carbon spheres with different morphologies in heterogeneous catalysis. These 

reports have been useful in understanding how changing the properties of the nanostructure 

can influence its catalytic performance. Nonetheless, effects associated with the use of one 

morphology over another have still not been explored in detail. This is a challenge because 

the various morphologies require different synthesis approaches which results in materials 

with dissimilar inherent properties, making comparative studies difficult.  In this study, we 

have used CSs to study certain important aspects of the FT reaction such as the Fe-Co 

bimetallic system. It is well documented that the activity of either Fe or Co in FT synthesis is 

dependent on the interfacial interaction with oxidic supports typically used. This metal-

support interaction is strong in nature hence the study of Fe-Co bimetallic catalysts on oxide 

supports is complex. Therefore the use of a relatively inert CS support is an ideal probe on to 

the phases that form during calcination and activation steps of these systems.  
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CHAPTER 3 

 

General Experimental Methods 

 

3.1 Introduction 

This chapter highlights the differences related to the preparation of the various carbon 

materials, the preparation and characterization of mono- and bimetallic catalysts, as well as 

their evaluation in the Fischer-Tropsch synthesis process. Noteworthy, synthesis of all the 

carbons used in this study was achieved by the hydrothermal process, although the 

procedures were slightly modified to fabricate the different morphologies. It was desirable to 

improve the properties of the as-synthesized materials, and this was achieved by annealing 

them under inert conditions. The conditions and optimization details of the annealing step are 

described in chapter 4. The optimized conditions were also used to fabricate the materials 

used in chapter 5, 6 and 7.  

 

3.2 Synthesis of carbon spheres (CSs) materials 

Carbon spheres with solid and hollow morphologies were fabricated in this study. Solid 

carbon sphere synthesis was achieved by the use of glucose and resorcinol-formaldehyde 

(RF) carbon precursors, while hollow carbon sphere synthesis was restricted to the use of a 

RF carbon source. 

 

3.2.1 Synthesis of solid carbon spheres from a glucose precursor (CSs)  

 The hydrothermal method was used to synthesize solid carbon spheres from a glucose carbon 

source (CSs).[1, 2] In this method, a 0.3 M sucrose solution was added to a Teflon-lined 

stainless-steel autoclave maintaining a 90% filling ratio. The temperature of the autoclave 

reactor was slowly raised to 190 °C using a ramping rate of 1 °C/min, and was maintained at 

this temperature for 4 h. The recovered product was sequentially washed and centrifuged with 

distilled water and absolute ethanol to obtain a black powder. Subsequently, the black powder 
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was purified by utilizing Soxhlet extraction for the removal of polyaromatic hydrocarbons 

(PAHs). For this extraction procedure, toluene was used as the solvent. The CSs were then 

oven dried at 70 °C for 12 h. Then, the annealing of the carbons under inert conditions was 

evaluated as a method for tuning their properties. For annealing experiments, the temperature 

was maintained at 900 °C in the flow of N2 (20 mL/min), and the time was varied from 1 to 4 

h. 

 

3.2.2 Synthesis of solid carbon spheres from a resorcinol-formaldehyde precursor 

(SCSsRF) 

Solid carbon spheres were also fabricated by the extended Stöber method by utilizing a 

mixture of resorcinol and formaldehyde as the carbon source.[3, 4] Typically, an ammonia 

solution (0.5 mL, 25%) was added to an ethanolic solution consisting of deionized water (60 

mL) and absolute ethanol (24 mL) and was stirred for 1 h. Subsequently, resorcinol (0.6 g) 

was added followed by a 30 min stirring period. Then, formaldehyde (0.84 mL) was added to 

the mixture and stirring was continued for 24 h at 30 °C, followed by a hydrothermal 

treatment step performed at 100 °C for 24 h in a Teflon-lined autoclave. The recovered 

brownish powder was purified by washing/centrifugation with water and ethanol, and was 

then dried at 70 °C for 48 h. Carbonization was performed at 900 °C for 4 h in the flow of N2 

(20 mL/min) to yield the SCSsRF support material. 

 

3.2.3 Synthesis of hollow carbon spheres (HCSs) 

Hollow carbon spheres were fabricated via the hard-templating approach, with the 

hydrothermal method employed to encapsulate the template with carbon. Silica spheres, 

made by the modified Stöber method, were employed as the solid template. To synthesize the 

template, tetraethyl orthosilicate (TEOS, 2.13 mL) was mixed with 37.5 mL of absolute 

ethanol. This solution was then added to a mixture containing ethanol (25 mL), deionized 

water (7.5 mL) and ammonia (5 mL). The contents were stirred for 1 h to allow for the 

formation of colloidal silica spheres. Subsequently, resorcinol (0.5 g) and formaldehyde (0.7 

mL) were added to the solution to form a core-shell (SiO2@RF) composite. This notation 

represents a structure whereby the SiO2 is the core, whereas RF is the outer shell. The 

solution was allowed to stir for 24 h at room temperature, and then transferred into a Teflon-
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lined stainless steel autoclave, and hydrothermally treated at 100 °C for 24 h. The brownish 

product obtained was purified by sequential washing in ethanol/water solvents, followed by 

centrifugation for 5 minutes, and was then dried at 70 °C for 12 h. The SiO2@RF composites 

were then carbonized at 900 °C for 1 h under N2 (20 mL/min), followed by etching of the 

silica core using a 10%  HF solution to give the HCS support.  

 

3.3 Catalyst preparation 

All the monometallic and bimetallic catalysts (Co, Fe, Co-Fe) prepared in this study were 

supported on carbon spheres (CSs, SCSsRF, HCSs, N-HCSs). For the metal precursors, nitrate 

salts [Fe(NO3)3·9H2O and Co(NO3)2·6H2O] were chosen in this study due to their good 

solubility in water which favoured simple deposition of easy-to-reduce cobalt and iron 

oxides.[5] For the synthesis of monometallic samples, the homogeneous deposition technique 

and a metal loading of 10wt% were utilized.   

 

Synthesis of the bimetallic catalysts on CSs was achieved by the deposition co-precipitation 

method using urea as the precipitating agent. A series of bimetallic catalysts were prepared 

by varying the Fe-to-Co ratio, and the total metal loading was kept at 10 wt.%. Typically, the 

metal nitrate precursors and urea (1.5 moles urea per mole of metal) were dissolved in 

deionized water (50 mL) and then added drop-wise to the CSs support, which was dispersed 

previously in deionized water (150 mL) at 90 °C. The hydrolysis of urea was allowed to 

proceed for 12 h with stirring, followed by drying at 70 °C under vacuum. Calcination was 

performed at 300 °C for 4 h in N2 (20 mL/min). The bimetallic samples were denoted xFe-

yCo/SCSs, in which x and y were the wt% loadings of Fe and Co, respectively, in the 

samples. The values of x and y were 0, 0.5, 2, 5, 8 and 10 to give the catalysts 10Co/CSs, 

0.5Fe-9.5Co/CSs, 2Fe-8Co/CSs, 5Fe-5Co/CSs, 9.5Fe-0.5Co/CSs and 10Fe/CSs.    
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3.4 Characterization 

3.4.1 Raman spectroscopy 

The great versatility of carbonaceous nanomaterials arises from the strong dependence of 

their physical properties on the ratio of sp2 (graphite-like) to sp3 (diamond-like) bonds. This 

ratio was quantified by performing Raman spectroscopy in this study. Raman spectra were 

measured using a Jobin Yvon T6400 micro-Raman spectrometer which used an Ar ion laser 

(514.5 nm) as the light source and was fitted with a liquid nitrogen-cooled charge coupled 

device detector (Fig. 3.1). The DuoScan attachment was used for the analysis of samples that 

were sensitive to burning by the laser. Power at the sample was maintained at 0.2 mW. 

 

 

 

 

 

 

 

 

 Figure 3.1 A Jobin Yvon T6400 micro-Raman spectrometer. 

 

3.4.2 Transmission electron microscopy (TEM) 

TEM analysis of the samples was done to study the morphology and sizes of the support 

materials or the catalyst particles. The measurements were performed on bright field mode by 

using an FEI Tecnai T12 instrument which was operated at an accelerating voltage of 12 kV 

(Fig. 3.2). Preparation of samples for TEM analysis involved the dispersion of the fine 

powders in ethanol by ultra-sonication until a homogeneous suspension was formed (5 

minutes). In the liquid form, the samples were subsequently added drop-wise on to an SPI 

carbon-coated copper grid and the solvent was allowed to dry at room temperature before 
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introduction into the microscope. Analysis of TEM results was done using ImageJ 1.43u 

software. The sizes of the carbonaceous materials or the metal particles were extrapolated 

from histograms generated by the measurement of about 200 particles from representative 

TEM micrographs.    

 

 

 

 

 

 

   

 

 

Figure 3.2 An FEI Tecnai T12 transmission electron microscope. 

 

3.4.3 Scanning electron microscopy (SEM) 

The SEM technique was used to study the external surface properties of the samples. 

Preparation of the specimen for analysis involved mounting them on a stub using a double-

sided carbon tape. Before being introduced into the instrument, the samples were coated with 

successive thin layers of carbon (graphite) and gold/palladium alloy by using a sputter coater. 

Coating was done to ensure that the samples were electrically conductive, thus minimizing 

charging and other related imaging artefacts during analysis. SEM data were recorded on an 

FEI Nova Nanolab 600 microscope (Fig. 3.3) generally operated at 30 kV and 0.63 nA. 

However, the power was adjusted accordingly to improve data quality. 
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Figure 3.3 An FEI Nova Nanolab 600 microscope. 

 

3.4.4 Energy-dispersive X-Ray (EDX) spectroscopy 

EDX spectroscopy was used to map out the distributions of elements on the surface of the 

samples. These experiments were done on an FEI Nova Nanolab 600 SEM using the INCA 

Microanalysis Suit version 4.08 software package. 

 

3.4.5 Nitrogen physisorption 

Textual properties of the materials were determined by N2 physisorption experiments using a 

method proposed by Stephen Brunauer, Paul Emmett and Edward Teller, abbreviated as the 

BET method. Prior to measurements, about 200 mg of the samples were outgassed at 150 °C 

for 6 h in a flow of N2 by using a Micromeritics Flow Prep 060 unit (Fig. 3.4a). The samples 

were then transferred to a Micromeritics TriSta 3000 instrument for analysis (Fig. 3.4b). All 

N2 adsorption measurements were performed under isothermal conditions (-196 °C) 

maintained by using liquid N2, and surface area data were determined in the relative pressure 

range P/P0 = 0.05-0.30. Pore volumes were determined at a relative pressure of P/P0 = 0.995, 
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and pore size distributions were plotted from the desorption branches of the N2 isotherms 

using the Barrett-Joyner-Halenda (BJH) method.[6]  

 

 

 

 

 

 

 

 

Figure 3.4 (a) Micromeritics Flow Prep 060 outgassing unit and b) Micromeritics TriStar 

3000 instruments. 

 

A detailed analysis of the pore structures of the materials was obtained by performing a 

multi-point BET analysis. This procedure allows for the classification of the pore structure 

into 6 different types possible (Fig. 3.5a). Furthermore, if hysteresis is observed on the 

isotherms, it can be classified accordingly as shown in Fig. 3.5b.[7]  
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Figure 3.5 (a) types of physisorption isotherms possible and (b) a classification of the 

different types of hysteresis loops.[7] 

 

3.4.6 Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy 

FTIR measurements were done to determine the functional groups present on the various 

carbon materials. The analysis was conducted on a Bruker Tensor 27 spectrophotometer 

fitted with an attenuated total reflection accessory (Fig. 3.6). All spectra were collected in the 

range of 550-4000 cm-1 with a resolution of 4 cm-1 and an average of 64 scans per spectra.  
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Figure 3.6 The Bruker Tensor 27 spectrophotometer. 

 

3.4.7 Thermogravimetric analysis (TGA)  

The thermal stability of the samples was monitored by using a PerkinElmer STA6000 

analyser (Fig. 3.7). Each sample (~10 mg) was heated from 50 to 900 °C at a heating rate of 

10 °C/min in an oxidizing atmosphere maintained by flowing air (10 mL/min). The 

thermogravimetric analysis with differential thermal gravimetry (TGA-DTG) profiles were 

recorded from 10 mg samples without any prior treatment. TGA data provided a plot of the 

loss in sample weight as various components of the sample decomposed as a function of 

temperature, whereas DTG results allowed for an easy identification of the maximum 

temperature where the decomposition took place.  

 

 

 

 

 

 

Figure 3.7 A PerkinElmer STA6000 instrument. 
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3.5.1 FT reactor setup  

The schematic representation of the rig setup utilized is displayed in Fig. 3.11. The system 

allows for accurate gas pressure monitoring by the use of pressure regulators (PRs) installed 

on different locations; on the gas cylinders, before and after the reactor. The PR placed before 

the reactor ensured that the gas going into the reactor was of the required pressure at any 

given moment. Furthermore, the PR placed after the reactor also confirmed this pressure. The 

reactor is made up of a 16 mm stainless steel tube with a frit and has a fixed-bed 

configuration. A thermocouple was inserted into the catalyst bed for temperature regulation, 

and Swagelok fittings were used for all connections. During FT synthesis, all lines after the 

reactor were maintained at 150 °C to avoid blockages. Two downstream hot and cold traps at 

150 and 20 °C, respectively, were used to retain the generated wax and oil products. These 

products were subsequently analysed on an off-line GC-FID. For the analysis of gaseous exit 

products, two on-line gas chromatographs fitted with a TCD and an FID were used. Argon 

(20 mLmin-1) was used as a carrier gas for the two GCs and the data from the instruments 

was captured and analysed using the Clarity software package. Gas flow rates on the system 

were measured using a soap bubble flow meter. 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 A schematic illustration of the rig reactor design. 
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3.5.2 Catalytic experiments  

Catalytic evaluations of the catalysts were conducted on a fixed-bed reactor loaded with 

about 0.5 g of sample which was suspended in a thin layer of quartz wool. Prior to FT 

synthesis, the catalysts were activated in situ at 350 °C for 18 h under the stream of H2 (45 

mL/min, 2 bar pressure) and a ramping rate of 1 °C/min was used. After reduction, the 

reactor was cooled to room temperature while still in the flow of H2. Then, synthesis gas was 

gradually introduced until a pressure of 10 bar and a flow rate of 20 mL/min were achieved. 

The reactor temperature was then increased at a ramping rate of 1 °C/min to achieve the 

desired FT synthesis temperatures (220, 250, 257 °C), and was maintained at this temperature 

initially for 100 h. However, the reactions were found to be very stable after achieving 

steady-state hence the reaction time was reduced to 50 h.   

 

3.5.3 Instrument calibration and product analysis 

Calibration of the gas chromatographs involved the use of two gases; syngas and a six-gas 

mixture. The composition of the six-gas mixture was CH4 (2.5%), C2H4 (0.2%), C2H6 (0.5%), 

CO (10.0%), CO2 (5.0%) and balance Ar, whereas the syngas consisted of H2 (60%), CO (30 

%) and N2 (10%). Fig. 3.12, Fig. 3.13, Fig. 3.14 and Fig. 3.15 displays typical GC traces 

recorded from the TCD and FID detectors during calibration and FT synthesis. The peak 

areas measured for each analyte during calibration were used to compute the amount of that 

corresponding analyte in the FT product stream. The conditions at which the gas 

chromatographs (GCs) were operated are summarized in Table 3.1. 

 

 

 

 

 

Figure 3.12 A GC-TCD trace recorded during syngas calibration. 
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Figure 3.13 A GC-TCD trace recorded during a typical FT synthesis run. 

 

  

 

 

 

 

Figure 3.14 A GC-TCD trace recorded during calibration with the six-gas mixture. 

 

 

 

 

 

 

 

 Figure 3.15 A GC-FID trace recorded during calibration with the six-gas mixture. 
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This chapter is still to be submitted for publication. 
 

CHAPTER 5 

 

Post-synthesis nitrogen doping of a hollow carbon sphere support for 

improved cobalt catalyst stability in Fischer-Tropsch synthesis 

 

5.1 Introduction  

Crude oil-derived liquid fuels are the overwhelming source of energy in the current 

transportation structure. However, the price of crude-oil is inherently unstable and is also 

influenced by economic and political factors.[1] The Fischer-Tropsch (FT) synthesis is an 

alternative route for producing clean transportation fuels and building-block chemicals from 

non-petroleum carbon resources such as coal, natural gas or biomass. Because of the 

economic significance of the FT process, it still receives world-wide attention from 

researchers in an attempt to improve its efficiency and profitability. Industrial catalysts for 

the process typically consist of Fe or Co particles dispersed on metal oxides like TiO2, Al2O3 

or SiO2 which provide excellent thermal stability and mechanical integrity.[2] Supported 

cobalt remains the catalyst of choice for the FT reaction due to its high per pass activity, high 

C5+ selectivity, longer catalyst lifetime, low oxygenate and CO2 selectivity and at present it 

accounts for a combined estimated production capacity of 250 000 barrels per day.[3-6] In 

contrast, iron catalysts are active in the water-gas-shift reaction and also favour the 

production of by-products like oxygenates and isomers. 

 

Recently, carbon-based materials have been successfully employed as model support 

materials for cobalt FT catalysts due to their unique properties, such as a tunable surface area, 

high thermal stability and tailorable surface chemistry. Their potential applications in 

catalysis, gas/energy storage, as adsorbents, and sensors have been reported.[7]  The properties 

of carbon materials are strongly influenced by their morphology,[8] currently reported 

morphologies include carbon spheres, carbon nanotubes, carbon nanofibers, carbon 

nanocoils, carbon nanowires, graphene, bamboo-like carbon and diamond like carbon. 

Hollow carbon spheres (HCSs) are particularly interesting because of their porous structure, 
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high surface area and low densities. The low densities of HCSs coupled with the high surface 

to volume ratios make them ideal support materials for the synthesis of highly dispersed 

catalysts. Additionally, the relatively inert carbon framework provides an ideal platform for 

studies on metal-support interactions, catalyst size effects and surface functionalization.   

 

The surface chemistry of carbon materials can be tailored by doping them using a heteroatom 

such as nitrogen or oxygen. Nitrogen doped carbons are more interesting as they have 

displayed superior activity when compared to oxygen functionalized carbons when used as 

supports for Fischer-Tropsch catalysts. It has been reported that nitrogen-doped carbons 

generate a favourable metal-support interaction, resulting in improved catalyst performance. 

Three effects are believed to result in the improved performance of N-doped catalyst 

supports: (1) modified nucleation and growth kinetics during catalyst nanoparticle deposition, 

which favours the formation of smaller catalyst particle sizes and therefore gives increased 

dispersion, (2) increased the metal-support interaction which led to improved catalyst 

stability during the reaction, and (3) modification of the electronic structure of the catalyst 

nanoparticles, which might enhance intrinsic catalytic activity.[9] N-doping has been shown to 

increase the catalytic performance of FT catalysts supported on CNTs,[10-11] CSs[12] and more 

recently graphene.[13] However, most of these carbons were functionalized via in situ N-

doping. Maldonado and Stevenson have demonstrated that in situ N-doping of CNFs can 

decrease the thermal stability of N-CNFs by ~90 °C relative to the pristine material due to 

increased disorder of the carbon framework.[14] 

 

Recently, N-doped carbons in which the doping was done by a post-synthesis methodology 

have been shown to be a superior support material. This is attributed to the better mechanical 

and thermal stability of the post-doped carbons. In a typical post-doping procedure, carbon 

materials are treated with a nitrogen-containing precursor, such as ammonia or melamine at 

high temperatures, which decomposes the precursor to give free radicals like NH2, NH, 

atomic nitrogen and hydrogen. The free radicals then attack the carbon matrix to form 

nitrogen-containing functional groups such as �±CN, -NH2, pyrrolic and quaternary 

nitrogen.[15] In this study we have explored the robustness of hollow carbon spheres by using 

them as a support material for Co FT catalysts under harsh reaction conditions (high 

temperature, pressure). Furthermore, the surface properties of hollow carbon spheres were 
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modified by a post-synthesis nitrogen doping procedure which led to N-HCSs. The effect of 

this surface functionalization procedure was studied by comparing pristine HCSs with 

nitrogen doped N-HCSs as a support material for a cobalt Fischer-Tropsch catalyst.    

 

5.2 Experimental methods 

5.2.1 Chemicals: Tetraethyl orthosilicate (TEOS, Sigma-Aldrich), ammonia solution (25%), 

absolute ethanol (99.6%), resorcinol (Merck), formaldehyde, hydrofluoric acid (HF, 10%), 

melamine, methanol, cobalt nitrate (Sigma-Aldrich), urea (Promark Chemicals) were 

obtained from the sources listed and used as received.  

  

5.2.2 Synthesis of hollow carbon spheres (HCSs) 

Hollow carbon spheres were synthesized by the hydrothermal method, utilizing a solid silica 

template as the core. The solid template was made using a modified Stöber method.[16-17]  

HCS synthesis started with the fabrication of core-shell SiO2@RF composites. In a typical 

synthesis, 2.13 mL TEOS was mixed with 37.5 mL of absolute ethanol. This solution was 

then added to a mixture containing ethanol (25 mL), deionized water (7.5 mL) and ammonia 

(5 mL). The contents were stirred for 1 h to allow for the formation of colloidal silica spheres 

which were used as a template. Subsequently, resorcinol (0.5 g) and formaldehyde (0.7 mL) 

were added make the core-shell structures. The solution was allowed to stir for 24 h at room 

temperature, and then transferred into a Teflon-lined stainless steel autoclave, hydrothermally 

treated at 100 °C for 24 h. The product was washed/centrifuged successively with water and 

ethanol, followed by drying at 70 oC for 12 h. Carbonization of the SiO2@RF composites was 

done at 900 oC for 1 h under N2 (20 mL/min), followed by etching of the silica core using a 

10%  HF solution to give pristine HCSs.   

 

5.2.3 Synthesis of nitrogen-doped hollow carbon spheres (N-HCSs) 

N-HCSs were prepared following a post synthesis procedure. The core-shell SiO2@RF 

composites were fabricated as explained above and were then mixed with melamine which 

was used as the nitrogen precursor. In particular, 2.82 g of melamine was allowed to dissolve 
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in methanol (200 mL) and then 4.7 g of SiO2@RF composites were added to the solution 

under stirring. The mixture was allowed to stir at room temperature and the methanol allowed 

to evaporate. Subsequently, the SiO2@RF-melamine composites were then carbonized under 

N2 (20 mL/min) for 1 h. Carbonization was done at two temperatures; 600 and 900 °C. The 

samples were then etched using a 10% HF solution to give N-doped HCSs which are labelled 

as N-HCSs600 and N-HCSs900 in accordance with the 600 and 900 °C carbonization 

temperatures used. 

 

5.2.4 Catalyst preparation 

Cobalt Fischer-Tropsch catalysts supported on carbon materials (10% Co loading) were 

prepared in this study. Three different carbon supports were used; pristine hollow carbon 

spheres (HCSs), N-doped hollow carbon spheres carbonized at 600 °C (N-HCSs600) and N-

doped hollow carbon spheres carbonized at 900 °C (N-HCSs900). The corresponding cobalt 

catalysts prepared from these supports have been labelled as 10Co/HCSs, 10Co/N-HCSs600 

and 10Co/N-HCSs900. All the catalysts were prepared by the homogeneous deposition 

precipitation method utilizing urea as the precipitating agent and cobalt nitrate 

[Co(NO3)2.6H2O] as the cobalt precursor. In a typical synthesis, the prepared carbon support 

was dispersed in 200 mL deionized water in a round-bottom flask and the temperature was 

raised to 90 °C. A solution composed of calculated amounts of the cobalt precursor and urea 

dissolved in deionized water (20 mL) was then added drop-wise under stirring. The 

hydrolysis of urea was allowed to proceed under these conditions for 12 h, after which the 

solvent was removed under vacuum on a rotary evaporator at 70 °C. Subsequently the 

catalyst was dried and then calcined at 300 °C for 4 h under N2.  

 

5.2.5 Catalyst characterizations 

Powder X-ray diffraction (XRD) measurements were done using a Bruker D2 phaser with Co 

�.�.�� �U�D�G�L�D�W�L�R�Q�� ������ � �� ������������������ �Q�P������ �V�F�D�Q�� �U�D�Q�J�H�� ����-90° (2��) with 0.026° steps. The instrument 

was operated at 30 kV and 10 mA. Scanning electron microscopy (SEM) and energy 

dispersive X-ray spectroscopy (EDX) analysis was done on an FEI Nova Nanolab 600 

instrument. Sample preparation for transmission electron microscopy (TEM) analysis was as 

follows: the powder sample was dispersed in ethanol by sonication for 5 minutes. 
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Subsequently, the sample was added drop-wise to a carbon coated copper grid prior to 

analysis. Bright-field TEM images were recorded on a CCD detector fitted on a FEI Tecnai 

T12 Spirit operating at an accelerating voltage of 120 kV. 

 

Nitrogen adsorption measurements were carried out on a Micromeritics Tristar 3000 analyser 

operated at -196 °C. Prior to analysis, samples were degassed at 150 °C under N2 flow for 12 

h. Pore size distributions were determined by the BJH (Barrett-Joyner-Halenda) method 

while pore volumes were calculated at a relative pressure of 0.995 (P/Po) by assuming that the 

pores were filled with the condensate in the liquid state. Raman spectroscopy analysis was 

carried out on an InVia Raman spectrometer fitted with a DuoScan attachment. The spectra 

were recorded at a laser wavelength of 514.5 nm and the power at the sample was 0.2 mW. 

X-ray photoelectron spectroscopy (XPS) measurements were done on a SHIMADZU 

KRATOS analytical AXIS SUPRATM XPS system with monochromatic Al K�. radiation 

(1486.6 eV). The working pressure in the measurement chamber was kept at 1.8 x 10-8 torr.  

 

H2-temperature programmed reduction (TPR) experiments were done on a Micromeritics 

Autochem II instrument fitted with a thermal conductivity detector (TCD). Samples were 

outgassed in Ar at 150 °C for 30 minutes prior to the analysis with 5% H2 bal. Ar in the 

temperature range 50-900 °C. Brooks mass flow controllers were used to maintain the flow 

rate at 45 mL/min during the the analysis. The reducibility of the catalyst was also monitored 

by the in situ PXRD technique. A Bruker D8 Advance AXS diffractometer fitted with an 

Anton Paar XRK 900 reaction chamber was used for data collection. The diffractometer was 

operated at 40 kV, 40 mA and used a Cu radiation source �����.�.  = 0.154084 nm). Variable 

temperature measurements were done in the range 150-550 °C using 50 °C step-wise 

increments; subsequently the temperature was maintained at 550 °C for 2 h. Phase 

information was recorded on a VÅntec position sensitive detector in the 2 theta range 15-80°.  

The Rietveld refinement method incorporated in the TOPAS 4.2 (Bruker AXS) software 

package was used to analyse the in situ PXRD data. 
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5.3 Results and discussion 

5.3.1 Synthesis and doping of hollow carbon spheres (HCSs) 

Shown in Fig. 5.1 are TEM and SEM images of the SiO2 spheres, SiO2@RF composites and 

HCSs made in the study. Highly uniform and spherical silica templates were synthesized 

which had an average sphere diameter of 320 ± 20 nm (Fig. 5.1a-b). It was observed that the 

surface of the silica sphere was smooth and well defined. A carbon-coating process which 

involved resorcinol and formaldehyde as carbon precursors resulted in the formation of a 

SiO2-resorcinol-formaldehyde composite, denoted as SiO2@RF. The composite was then 

carbonized at 900 °C under N2 to convert the polymeric RF to a layer of carbon.  It can be 

seen from Fig. 5.1c-d that the composite consists of a silica core which is uniformly 

encapsulated by a carbon shell with a thickness of 30 ± 5 nm. In the final synthesis step, the 

silica template was etched out using a 10% HF solution to yield monodispersed pristine HCSs 

(Fig. 5.1e-f). The HF etching process did not affect the carbon shell thickness, as expected. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 TEM and SEM images of (a,b) stöber silica spheres, (c,d) core-shell SiO2@RF 

composites and, (e,f) hollow carbon spheres. The insert in Fig. 5.1e shows a single HCS. 

 

 

 

 

 



___________________________________________________ 120 

 

Synthesis of N-doped HCSs was achieved through a similar protocol as that used to make the 

pristine HCSs but with slight variations. After the synthesis of the SiO2@RF composite, 

melamine (dissolved in methanol) was added to functionalize the outer surface on the carbons 

with nitrogen. The materials were then carbonized in N2 at either 600 or 900 °C to yield N-

HCSs600 and N-HCSs900, respectively. CHNS elemental analysis was used to quantify the 

total nitrogen content on the materials after the carbonization steps and the results are 

presented in Table 5.1. The samples that were carbonized at 600 °C had a nitrogen content of 

13.1% while a lower N content of 5.4% was recorded after the 900 °C heat treatment 

procedure. The reduced nitrogen content at higher temperatures is attributed to the cleavage 

of C-N bonds at the higher temperature.[18-19] 

 

Raman spectroscopy is a useful and non-destructive technique for studying the structure and 

quality of carbonaceous nanomaterials.  Analysis of the D band versus the G band intensities 

(ID/IG) from the Raman spectra of HCS, N-HCSs600 and N-HCSs900 allowed an investigation 

of bonding features of the carbon spheres. It can be seen from the spectra that the ID/IG ratio 

increased with the nitrogen content in the samples (Table 5.1, Fig. 5.2), consistent with the 

increase of defects within the carbon framework after N-doping. Correspondingly, the D-

band position shifted to higher wavenumbers with an increase in the nitrogen content. The G-

band peak positions remained relatively unchanged even after N-doping. 
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Figure 5.2 Raman spectra of the pristine and the N-doped hollow carbon spheres. 

 

Table 5.1 Elemental nitrogen content and Raman spectroscopy data. 

�6�D�P�S�O�H �����1���F�R�Q�W�H�Q�W 

���&�+�1�6�� 

�,
�'
���,

�*��
 �'���E�D�Q�G�� 

�S�R�V�L�W�L�R�Q��(cm-1) 

�*���E�D�Q�G 

�S�R�V�L�W�L�R�Q�����F�P-���� 

�+�&�6�V 

  

�1-�+�&�6�V������ 

 

�1-�+�&�6�V������ 

 - 

 

�������� 

 

������ 

 �������� 

 

�������� 

 

�������� 

 �������� 

 

�������� 

 

�������� 

�������� 

 

�������� 

 

�������� 

 

Effects associated with post-synthesis N-doping on the thermal stability of the carbon 

supports were studied using thermogravimetric analysis (TGA). The synthesized pristine 

HCSs were seen to be highly stable in an oxidizing environment with a single decomposition 

peak at 596 °C (Fig. 5.3). This peak is attributed to the oxidation of carbon to carbon dioxide. 

The N-doped carbon materials also displayed good thermal stabilities with major 

decomposition peaks at 596 and 563 °C for the samples with 5.4 and 13.1% nitrogen 

 

 

 

 

 

 



___________________________________________________ 122 

contents, respectively. It is to be noted that the major decomposition peak on the N-doped 

samples demonstrates the absence of residual melamine in the materials. The lower thermal 

stability of the N-HCSs600 sample can be associated with two effects; (i) increased defects in 

the carbon framework due to nitrogen incorporation as also determined from Raman 

spectroscopy studies, and (ii) the lower carbonization temperature (600 °C) utilized during 

the preparation of this material. It was interesting to note that the N-HCSs900 had a similar 

decomposition temperature as found for the pristine HCSs. This is a benefit associated with 

the post-synthesis procedure for N-incorporation as the nitrogen precursor is only introduced 

when the carbon framework is already formed. Furthermore, it was noted that all three 

samples had c.a. 0% residue after TGA experiments, and confirmed that the silica template 

was completely etched out using HF acid giving carbons with high purity. In summary, TGA 

experiments confirmed that these materials would be stable at Fischer-Tropsch synthesis 

reaction temperatures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 (a) TGA and (b) DTA profiles of the pristine HCSs, N-HCSs600 and N-HCSs900. 
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The doping of carbon materials has been shown to improve the performances of supported 

catalysts. The common structural compromise for materials doped in situ with N is reduced 

thermal and mechanical stability. The thermal stability of N-CNTs, N-CNFs and N-CSs 

doped during synthesis has been shown to decrease by up to 90 °C relative to their pristine 

counterparts due to increased defects within the carbon framework.[14] In this study we found 

that because the dopant is only introduced after the carbon spheres are already formed 

minimum defects are introduced on the carbon structure. The overall change in the ID/IG 

ration was found to be 0.03, which is very small for samples containing a 13% difference in 

the heteroatom content. As a consequence of the minimal defects introduced only a small 

decrease (33 °C) in thermal stability was observed even though a relatively high N content 

(13.1%) was incorporated into the surface of the carbon material. 

 

5.3.2 X-ray photoelectron spectroscopy (XPS) analysis 

Data measured from X-ray photoelectron spectroscopy (XPS) experiments was used to 

determine the elemental compositions and bonding configurations of nitrogen, carbon and 

oxygen on the carbon supports. As shown on the wide scans in Fig. 5.4a, the spectra 

confirmed the presence of N, C and O on the N-doped samples while N was not detected on 

the pristine HCSs as can be expected. High resolution N 1s spectra were recorded to 

characterize the bonding configurations of the nitrogen atoms. The N 1s spectra of the N-

HCSs were deconvoluted by fitting four Gaussian peaks at 398.36, 400.87, 401.65 and 

403.40 eV.[20-22] These peaks are due to pyridinic nitrogen, pyrrolic nitrogen, graphitic or 

quaternary nitrogen and oxidized nitrogen or pyridine oxide, respectively. It is worth noting 

that the N atom in pyridinic nitrogen has sp2 hybridization with two neighbouring C atoms, 

while the N atom in pyrrolic nitrogen is substituted into a five-membered carbon ring. For the 

peaks with high binding energies, the N atom in quaternary nitrogen has sp3 hybridization 

with three C atoms attached to the N because it is incorporated into a graphene layer, while 

the N atom in oxidized nitrogen is attached to two C atoms and one O atom.   

 

Table 5.2 summarises the percentage contributions for the different nitrogen bonding 

configurations after deconvolution of the N 1s spectra which are presented in Fig. 5.4. It was 

observed that increasing the carbonization temperature from 600 to 900 °C changed the 
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bonding configurations of nitrogen atoms on the surface of the hollow carbon sphere support 

materials. For instance, the pyridinic nitrogen content decreased from 35.8 to 27.1% at 

elevated temperatures. The ratios of pyrrolic, graphitic and oxidized nitrogen increased in the 

N-HCSs900 sample relative to data measured for the N-HCSs600 support material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 XPS data measure from the samples, (a) wide scan spectra, and high resolution N 

1s spectra of (b) N-HCSs600 and (c) N-HCSs900. 
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Table 5.2 XPS N 1s spectral parameters from the deconvoluted peaks 

 

Sample 

 Nitrogen bonding configurations (%)  

R2 value Pyridinic-N Pyrrolic-N Graphitic-N Oxidized-N 

N-HCSs600 

 

N-HCSs900 

 35.8 

 

27.1 

33.2 

 

34.8 

24.0 

 

28.2 

7.0 

 

9.9 

0.989 

 

0.984 

 

High resolution XPS spectra were also analysed to investigate the effect of post-synthesis 

nitrogen doping on the bonding configurations of the surface carbon and oxygen atoms. Fig. 

5.5a-c shows C 1s spectra of the different carbon supports. The spectra were deconvoluted 

into three peaks with maxima at 284.64, 285.37 and 287.07 eV, corresponding to various 

carbon functional groups (Table 5.3).[23] The peak at 284.64 eV is attributed to pure graphitic 

carbon sites (C=C, C-C, C-H), the peak at 285.37 eV is due to carbon atoms with sp2 

hybridization (C-O, C-N), while the peak with a maxima at 287.07 eV is designated to the 

O=C-O and O=C-N surface functional groups. As shown in Table 5.3, the N-doped samples 

display a significant decrease of pure graphitic carbon sites and an increase in the amount of 

carbon with sp2 hybridization. The sp2 hybridized sites contain nitrogen groups and this 

confirms the incorporation of N into the carbon network. This observation is in agreement 

with Raman data where a slight increase in the sp2 content was seen. The higher quantities of 

Type 2-C and Type 3-C on the N-HCSs600 sample relative to the N-HCSs900 sample are 

related to the total N content on these materials. 

 

A similar approach was also adopted to deconvolute the high resolution O 1s spectra into 

three peaks corresponding to the following functional groups; -C=O (531.02 eV), C-O-C 

(531.95 eV) and O-C=O (533.01 eV).[24] The contributions of these functional groups to the 

total O content are listed in Table 5.4. It can be observed from the Table that post-synthesis 

N-doping favours the C-O-C (Type 2-O) and O-C=O sites, whereas the pristine HCSs display 

a higher �±C=O content (i.e. Type 3-O). 

 

 



___________________________________________________ 126 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 High resolution C 1s spectra for the (a) HCSs, (b) N-HCSs600, (c) N-HCSs900 and 

O 1s data for (d) HCSs, (e) N-HCSs600 and (f) N-HCSs900. 
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Table 5.3 C 1s spectra analysis 

 

Sample 

Bonding configurations (%)  

R2 value Type 1-C 

(C=C, C-C, C-H) 

Type 2-C 

(C-O, C-N) 

Type 3-C 

(O=C-O, O=C-N) 

HCSs 

 

N-HCSs600 

 

N-HCSs900 

55.6 

 

21.3 

 

26.0 

30.2 

 

48.9 

 

45.8 

14.2 

 

29.8 

 

28.2 

0.998 

 

0.998 

 

0.995 

 

 

Table 5.4 O 1s spectra analysis  

 

Sample 

Bonding configurations (%)  

R2 value Type 1-O 

(-C=O : 531 eV) 

Type 2-O 

(C-O-C : 532 eV) 

Type 3-O 

(O-C=O : 533 eV) 

HCSs 

 

N-HCSs600 

 

N-HCSs900 

44.5 

 

28.4 

 

22.3 

45.3 

 

49.1 

 

52.1 

10.2 

 

22.5 

 

25.6 

0.978 

 

0.982 

 

0.962 

  

 

5.3.3 Textual properties of the support materials 

Specific surface areas of the carbon supports were measured by the BET method and the 

results are tabulated in Table 5.5. The carbon supports were found to have large surface areas 

(> 400 m2/g) which are in agreement with TEM measurements that showed that these 

materials possess a large inner void. For instance, the pristine hollow support had a specific 

surface area of 507.1 m2/g. Furthermore, incorporation of the nitrogen precursor on the outer 

surface of the carbons was noted to slightly decrease the surface area, possibly through pore 

blockage. The pore structures of all the materials displayed mesoporous characteristics as 

their average pore sizes were greater than 2 nm.  
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5.3.4 Catalyst characterization 

5.3.4.1 Microscopic analysis 

Fig. 5.6 shows TEM images for the 10Co/HCSs and 10Co/N-HCSs900 catalysts and the 

corresponding particle size distributions. It can be seen that the cobalt nanoparticles 

supported on the pristine HCSs have a slightly larger average particle size (7.7 nm) while the 

particle size distributions are similar. For the samples supported on the N-doped HCSs, it was 

observed that the average particle sizes were inversely proportional to the nitrogen content on 

the support. Hence the 10Co/N-HCSs600 sample had the smallest particles followed by the 

10Co/N-HCSs900 with average particle sizes of 5.7 and 6.4 nm, respectively. Generally small 

cobalt oxide particles were seen on all the supports and this is attributed to the low density of 

the hollow carbon spheres which provides a large surface for the metal precursor deposition. 

However, the particles appeared to be slightly better dispersed on the N-doped supports as 

determined from the microscopy images (Fig. 5.6d). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 TEM images and the corresponding Co particle size distributions for (a, b) 

10Co/HCSs and (c, d) 10Co/N-HCSs900 samples. 
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5.3.4.2 Thermal stability of catalysts 

Thermogravimetric analysis (TGA) of the catalysts was also carried out to study the influence 

of cobalt nanoparticles on the thermal stability of the hollow carbon supports. A plot of the 

TGA derivative curve allowed for the identification of points where maximum weight loss 

occurred during the experiments. Fig. 5.7 depicts TGA/DTA profiles of the catalysts which 

were measured in a flow of air using a heating rate of 10 °C/min. As can be seen from the 

derivative curves in Fig. 5.7b, the decomposition temperature was less than 480 °C for all the 

carbon supports after loading cobalt oxide. This is in contrast to oxidation temperatures 

greater than 560 °C recorded prior to loading the catalyst precursor. The decrease in thermal 

stability is attributed to cobalt nanoparticles catalizing the oxidation of carbon to carbon 

dioxide. The decomposition trend of the catalysts was similar to that observed prior to 

loading the active phase precursor, with the 10Co/N-HCSs600 sample having the lowest 

stability. Meanwhile, a residue of about 16% was noted after the TGA experiments and is due 

to Co3O4 which was loaded onto the supports. This percentage residue corresponds to 11.7% 

Co which was close to the theoretical Co loading of 10wt.% added onto the hollow carbon 

spheres. 
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Figure 5.7 (a) TGA and (b) DTA profiles for the 10Co/HCSs, 10Co/N-HCSs600 and 10Co/N-

HCSs900 samples. 

 

5.3.4.3 Powder X-ray diffraction  (PXRD) 

Ex situ PXRD data of the calcined samples is shown in Fig. 5.8. The peaks at 2�� positions of 

28.2 and 50.6° were present in all the patterns and are attributed to the (002) and (100) 

diffractions of graphitic carbon.[25] The 10Co/HCSs, 10Co/N-HCSs600 and 10Co/N-HCSs900 

samples all displayed peaks at 2�� positions of 21.9, 42.5, 70.0 and 77.2° which are typically 

indexed as the (111), (311), (511) and (440) diffraction planes of face-centred cubic Co3O4 

[PDF No. 00-043-1003]. It was therefore concluded that surface nitrogen functionalization 

did not affect the crystallographic phase of the metal precursor as the spinel phase of cobalt 

 

 

 

 

 

 

 
































































































































