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Abstract  

Plastic waste accumulation poses a major environmental challenge, with conventional 

recycling strategies insufficient to address its scale. Chemical upcycling of polyolefins 

into carbon nanomaterials (CNMs) offers a promising valorisation route, with one-

stage direct pyrolysis offering a simplified reactor configuration. However, direct 

exposure of catalysts to complex plastic-derived intermediates under these conditions 

increases susceptibility to deactivation and uncontrolled carbon deposition. The 

performance and mechanistic behaviour of transition metal catalysts under these 

conditions remain insufficiently understood. This thesis aims to elucidate how catalyst 

composition and structure affect CNM growth in direct LDPE pyrolysis. Bimetallic and 

microporous aluminosilicates supported formulations were predicted to outperform 

conventional monometallic alumina-supported catalysts, due to enhanced 

nanoparticle stability, carbon-metal interactions, metal-support anchoring and 

precursor cracking.  

Catalyst performance was evaluated by CNM conversion, morphology and graphitic 

quality, along with metal nanoparticle dispersion and support structure. Iron-based 

exhibited limited activity due to sintering and formation of deactivated phases. Cobalt 

displayed highest nanoparticle dispersion, forming both carbon nano-onions and 

carbon nanotubes, while Nickel catalysts displayed a higher selectivity for nanotubes. 

Contrary to initial expectations, bimetallic formulations did not consistently improve 

performance relative to monometallic systems. In contrast, secondary metal 

promoters were effective, with molybdenum optimal for conversion and manganese 

for graphitic quality.  

Zeolites outperformed traditional alumina or clay supporting materials, with 

performance influenced by synergistic effects between metal and support. Ni 

stabilised the zeolite frameworks, preserving the open three-dimensional pore 

structures, and thus bulk precursor diffusion and metal nanoparticle dispersion. 

Whereas, Co induced controlled framework collapse, allowing active metal sites to be 

exsolved from the restrictive one-dimensional channels, producing small pore-

templated accessible surface metal nanoparticles. These results show how catalyst 

behaviour in single-stage systems differs from multi-stage, and how catalyst 

performance is governed by metal-support interactions and structural evolution, 

providing mechanistically informed guidance for future catalyst design. 
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 Introduction 
Plastic waste presents a critical environmental and societal challenge, driven by the 

global dependence on fossil fuel-derived polymers. While plastics have become 

indispensable in modern life due to their versatility, durability and low cost, their 

resistance to degradation has led to widespread accumulation in natural habitats 

around the world. This contributes to vast environmental damage, significantly 

harming wildlife and entire ecosystems. Furthermore, the prevalence of microplastic 

pollution and the harmful chemical additives in plastic are causing a detrimental effect 

to human health. Currently, only a small fraction of plastic waste is recycled, with 

conventional recycling approaches hindered by limitations in feedstock sensitivity, 

product quality and process economic viability. Chemical upcycling offers a promising 

alternative, enabling the transformation of plastic waste into higher-value products. 

This section explores the current state of plastic waste management, assessing the 

suitability of different conversion routes to form products from waste plastic 

feedstocks. 
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1.1 The Current Plastic Waste Landscape 

1.1.1 The Plastic Waste Problem 

Plastics are a large and diverse family of polymer materials traditionally derived from 

fossil fuel-based feedstocks. The numerous desirable properties of plastics including 

strength, flexibility, moldability, light weight and low production cost has led to the 

widespread adoption of plastic material. Indeed, the world produced approximately 

450 million metric tonnes (MMT) of plastic in 2023, over 90% of which is fossil fuel 

derived [1] [2]. The productions and conversion of this plastic causes the release of a 

range of harmful pollutants including 1430 MMT CO2, 150 MMT CH4 and 13 MMT 

N2O in 2023 [3]. The ubiquity of plastics coupled with its slow degradation rate has 

resulted in around 300 MMT of plastic waste going to landfill in 2015 [4]. 

Mismanagement of these landfills, with 32 MMT estimated to be in coastal-

mismanaged landfill sites, leads to approximately 8 MMT of plastic waste entering 

oceans each year, according to estimates in 2015 [4]. These key figures of the global 

plastic waste problem are summarised in Figure 1.1. 

Figure 1.1. Global plastic waste problem, with key annual figures from various recent years, adapted 

from Jambeck et. al. [4]. 

These waste plastics are becoming increasingly widespread in both oceanic and 

freshwater environments. Over 700 species of marine animals, including seabirds, 
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fish and mammals, have been reported to ingest or become entangled in plastic 

debris, often with fatal consequences [5]. For instance, sea turtles and marine 

mammals can mistake plastic for food sources, causing 100,000 deaths annually [6] 

[7]. Similarly, seabirds are known to ingest large quantities of plastic, which 

accumulates in their stomachs, reducing their ability to consume real food and leading 

to the death of a million seabird annually [7] [8].  

The non-biodegradable properties of plastics mean they remain in marine ecosystems 

and only break down into smaller particles known as microplastics, with around 5.3 

MMT created annually [9]. These microplastics, defined as less than 5mm in diameter, 

are now ubiquitous in marine environments and have even been found in remote 

areas, such as in Arctic ice [10]. Microplastics can be ingested by marine organisms, 

causing them to enter and then accumulate up the food chain, eventually reaching 

humans through the consumption of seafood [11]. Additionally, microplastics are 

present in various freshwater and drinking water sources [11].  

Microplastic have been linked to various health issues, including inflammation and 

disruption of endocrine functions [12]. Furthermore, microplastic particles can serve 

as carriers for persistent organic pollutants, which are highly toxic and can readily 

adsorb onto the microplastics. The bioaccumulation of these toxic chemicals in the 

human body can lead to long-term health consequences, such as immune system 

suppression, developmental disorders and a heightened susceptibility to chronic 

illnesses, including various forms of cancer [13].  

Terrestrial ecosystems are also increasingly affected by plastic pollution. Harmful 

chemicals leach into the soil and groundwater, posing risks to wildlife and human 

populations. Additionally, the plastics itself can disrupt the natural processes of 

decomposition and soil structure, which can negatively impact plant growth and soil 

fertility [14]. This can reduce the availability of nutrients to crops and increase the risk 

of flooding by clogging drainage systems in agricultural fields [15]. Plastic production 

is a resource-intensive process that demands significant amounts of fossil fuels, 

particularly petroleum and natural gas. Indeed, plastic production is responsible for 

6% of global oil consumption [16]. Plastic waste also has a substantial economic 

impact due to the cost of cleaning up plastic pollution, along with the economic losses 

in industries such as tourism and fisheries, with the annual economic damage of 

marine plastic estimated at $13 billion each year [17]. 
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The issue of plastic waste is directly linked to multiple United Nations Sustainable 

Development Goals (SDGs), particularly SDG 3: Good Health and Well-being, SDG 

12: Responsible Consumption and Production, SDG 13: Climate Action and SDG 14: 

Life Below Water, which are shown in Figure 1.2. This further demonstrates the scale 

and severity of the global plastic waste problem [18].  

 

Figure 1.2. The UNSG goals which are most closely linked to the issue of plastic waste [18].  

1.1.2 Plastic Waste Types and Streams 

There are seven main types of plastic categories, low-density polyethylene (LDPE), 

high-density polyethylene (HDPE), polypropylene (PP), polystyrene (PS), 

polyethylene terephthalate (PET), and polyvinyl chloride (PVC). A seventh category 

encompasses miscellaneous or other plastics which include polyurethane (PU) and 

bioplastics. These are shown in Figure 1.3, along with their molecular structure and 

contribution to waste streams.  
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Figure 1.3. The types of different plastics showing (a) the monomer chemical structure and the 

associated waste streams broken down by (b) plastic type and (c) plastic waste stream [2]. 

Polyethylene (PE) has the simplest molecular structure among plastics, consisting of 

a straight chain of carbon atoms. This structure can have varying degrees of 

branching with neighbouring carbon chain. The molecular arrangement with HDPE 

has a more linear and tightly packed structure, whereas LDPE has a more branched 

and less densely packed structure [18]. This gives HDPE high strength and durability, 

making it suitable for products like containers, toys, and packaging that require 

protection from light exposure, such as milk bottles. Whereas, LDPE is more flexible 

making it suited for plastic bags, films, and squeezable containers. PP has a 

molecular structure similar to PE, but with a methyl group attached to every second 

carbon atom [18]. The rigidity and heat resistance of PP make it ideal for applications 

in the textile and automotive industries, including ropes, carpets, and car parts. PS 

consists of a carbon chain backbone with an aromatic group replacing the methyl 

group found in PP. This structure allows for the formation of numerous small air pocket 
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within the PS matrix, making it lightweight and ideal for protective packaging and 

insulation materials.  

PET is composed of two monomers, ethylene glycol and terephthalic acid, therefore 

introduction oxygen groups to the polymer structure [19]. The resulting polymer chain 

has excellent tensile strength and clarity, making PET the preferred material for clear 

plastic bottles and other packaging applications. PVC has a structure where every 

second carbon atom in the backbone is bonded to a chlorine atom [20]. This gives 

PVC its high strength and excellent electrical insulating properties, making it suited 

for plumbing and electrical wire coverings. PU is a versatile polymer composed of 

alternating diisocyanate and polyol segments, forming either flexible or rigid structures 

depending on the specific monomers used [21]. It is widely applied across industries 

due to its robustness, abrasion resistance and flexibility. Bioplastics, derived from 

renewable biomass sources such as starch or polylactic acid (PLA), are designed to 

reduce the ecological footprint of plastic use, although their biodegradability varies 

depending on environmental conditions and formulation [22]. 

Plastic waste can be classified into several distinct streams based on its source and 

composition. The major waste streams include packaging waste, building and 

construction, automotive, electronical and household. Among these, packaging waste 

is the most significant contributor, accounting for approximately 44% of global plastic 

waste [2]. This category includes single-use plastics such as bottles, bags, and food 

containers, which are predominantly made from PET, HDPE and LDPE plastics. 

Construction and demolition waste accounts for roughly 18% of plastic waste, 

primarily consisting of PVC used in pipes, flooring and insulation, and PU, found in 

insulation foam and coatings [2]. Automotive and electronical plastic wastes each 

contribute 8% of the total plastic use, which is primarily pp  [2]. Despite global efforts 

to manage plastic waste, only about 8% of all plastic is currently recycled, while 12% 

is incinerated and the remaining 80% accumulates in landfills or the natural 

environment [23]. Improving the technologies end of life management is vital to 

increase recycling and reuse, and ultimately reduce the harmful effects of plastic 

waste.  

1.2 Plastic Valorisation Technologies 

The approaches used to recycle and repurpose waste plastics can be broadly 

classified into four categories: primary mechanical, secondary mechanical, 

quaternary and chemical. Each approach has unique strengths and limitations, and 
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the suitability depends on the plastic type, contamination level and intended end use. 

These approaches with intermediates and outputs are shown in Figure 1.4.  

Figure 1.4. Pathways for plastic recycling, showing how feedstock, intermediates and outputs. 

1.2.1 Primary Mechanical Recycling 

Primary mechanical recycling involves the reprocessing of waste plastic into a product 

of the same type, quality and specification. This is suited to recycling within a 

production line as waste scraps and offcuts as can be directly converted to the desired 

final product plastic. The straightforward nature of the process also makes it cost-

effective and energy-efficient as it requires minimal processing compared to other 

recycling methods. Since the process deals with clean and homogeneous waste, the 

recycled plastic maintains a high standard, often comparable to virgin plastic.  

Although, primary mechanical recycling lacks feedstock adaptability, making it only 

an effective method in these specific situations, and unsuitable for the majority of post-

consumer plastic or landfill waste [24]. Additionally, the material's properties degrade 

over multiple cycles, reducing the effectiveness, particularly in high-quality 

applications [24]. 

1.2.2 Secondary Recycling 

Secondary mechanical recycling takes a mixture of post-consumer plastics as the 

feedstock. After collection and transport to a recycling facility, the waste plastics are 

sorted into types, and can also be sorted into plastics with the similar additives and 

colourants. The separation process can either be performed manually or 

automatically making use of technologies such as near infrared or x-rays [25]. The 
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process results in lower-quality recycled plastic due to the degradation of mechanical 

properties during processing, particularly due to the presence of different additivities, 

other plastic types and contaminates [26]. Moreover, mechanical recycling is more 

energy and labour intensive than primary recycling, especially due to the need for 

extensive cleaning and sorting of the waste before processing [27]. To attempt to 

mitigate this, the recycled plastic is often mixed with virgin plastic, although this 

reduces the overall effectiveness of this method. 

1.2.3 Quaternary Recycling  

Quaternary recycling, or incineration, is a commonly used method for disposing of 

plastic waste while recovering energy. Many plastics have a higher calorific value than 

coal, making them valuable for energy generation [28]. Modern incinerators can 

achieve high efficiency heat or electricity recovery, with advanced air pollution 

controls reducing emissions [29]. However, the release of greenhouse gases and 

other pollutants is inevitable, making quaternary recycling the option with the highest 

environmental impact [30]. 

1.2.4 Chemical Plastic Recycling  

Chemical recycling involves breaking down waste plastics for monomer recovery, 

enabling repolymerisation into new, virgin-quality plastics. This process is particularly 

suitable for polymers like PET and PLA, which contain cleavable functional groups 

and can be depolymerised using solvents [31] [32]. Unlike mechanical recycling, 

chemical recycling allows for the removal of additives and contaminants, resulting in 

higher-quality outputs. However, it comes with higher costs due to the need for 

complex infrastructure, chemical reagents and energy intensive processing [33]. 

Additionally, monomer recovery requires clean, homogeneous plastic streams and is 

unsuitable to certain plastic types such as polyolefins, which produces a complex 

mixture of hydrocarbons rather than discrete monomers upon decomposition [34], 

[35].  

1.2.5 Chemical Upcycling 

Chemical upcycling aims to convert plastics into higher-value products rather than 

recycling them back into the original polymer [36]. This removes waste plastics from 

the lifecycle, while typically also replacing petrochemical feedstocks. Various 

technologies having been developed to achieve this, each with their own associated 

advantages and disadvantages. Hydrothermal liquefaction uses supercritical water to 

break down wet, mixed plastic streams but requires high-pressure equipment and 



9 
 

substantial capital investment [37]. Electrolysis methods using an electric current to 

decompose plastics can operate at ambient conditions, and product a range of higher 

value chemicals [38]. However, it is underdeveloped for practical implementation and 

less suited for non-polar feedstocks such as polyolefins [38]. Solvolysis decomposes 

plastic with the use of a solvent, although while applicable to certain plastics, often 

relies on solvents that are toxic or difficult to recover [39].  

1.2.6 Pyrolysis 

Pyrolysis uses elevated temperature to thermally decomposes plastics in the absence 

of oxygen, offering a relatively simple, well-established and cost-effective plastic 

conversion method [40]. Although, the process requires an inert atmosphere adding 

to required inputs and the high temperatures required are energy intensive. Catalysts 

can address some of these issues by enhancing conversion efficiency and increasing 

product selectivity [41].  

Generally, pyrolysis is suitable for a range of plastic feedstock, and also other 

materials including biomass and resins, indicating its versatility. However, some 

polymers remain unsuitable for upcycling, PVC with a chlorine content of around 57%, 

releases toxic hydrogen chloride gas during thermal decomposition [20]. This not only 

causes equipment corrosion and catalyst deactivation but also presents 

environmental risks [42] [36]. Pyrolysis of PET is also less desirable as its thermal 

decomposition yields a high proportion of benzoic acid, which can contaminate the 

other products and corrode processing equipment [43]. However, PET remains well 

suited for monomer recovery, and PVC suited to mechanical recycling [31]. This 

highlights the need for a multifaceted technological approach to manage plastic waste 

effectively, with the optimal technology option influenced by the feedstock and desired 

target products. 

Pyrolysis is particularly effective for plastics that are not compatible with monomer 

recovery, especially polyolefins (HDPE, LDPE and PP). This makes pyrolysis 

especially promising due to the abundance of polyolefins, with them contributing 

around half of all plastic waste [2]. Additionally, the range of high value products which 

can be achieved from the pyrolysis of polyolefins shows significant promise, which is 

fully covered in the next section.  
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1.3 Products from Polyolefin Pyrolysis 

The pyrolysis of polyolefins yields a diverse range of products, including liquid fuels, 

waxes, gases, hydrogen, and solid carbon char [44], which are shown in Figure 1.5. 

Figure 1.5. The range of traditional products derived from polyolefin pyrolysis [44]. 

1.3.1 Oil and Waxes 

Polyolefin pyrolysis oils are complex mixtures of alkanes, alkenes, and aromatics. Oils 

derived from polyolefins typically have low sulphur content than fossil fuel derived oil, 

thereby reducing pollutant emissions during combustion. These can be directly used 

as fuels, blended with diesel, or refined into gasoline, kerosene, and other 

petrochemical products [45]. Aromatic-rich pyrolysis oils particularly those high in BTX 

compounds (benzene, toluene, xylene) are valued in industrial applications such as 

resins, solvents, and pharmaceutical intermediates [46]. Long-chain paraffin 

components of the polyolefin pyrolysis product form waxes which have applications 

such as lubricant and mould release agent. After further refining, these can be used 

in cosmetics and paraffin-based products like candles and polishes [47]. Although, 

the cost of polyolefin derived hydrocarbon products is typically higher than the more 

established petrochemical alternatives. 

1.3.2 Gaseous Phase Products 

The hydrocarbon gas phase are typically light alkanes and alkenes. These gases are 

often reused within the process to provide thermal energy, improving energy 

efficiency. Externally, they have value in industrial heating, electricity generation and 

chemical synthesis of compound such as methanol or ammonia [48]. The market 

value for hydrocarbon products is typically moderate an around $0.5-$1.50. 
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Additionally, these are mature markets highly linked to established petrochemical 

supply chains, therefore adding further difficulties in switching to plastic derived 

options.  

Hydrogen gas a serve as input for fuel cells and industrial processes like ammonia 

production and oil refining. Similarly, to gaseous hydrocarbon products, hydrogen can 

be used directly as a combustion product to provide energy for the recycling process, 

with water as the only by-product.  

1.3.3 Carbonaceous Products 

Solid carbon is the primary solid by-product of plastic pyrolysis, which is typically in 

the form of amorphous char. Char often contains impurities and can cause operational 

issues such as catalyst fouling, coking, and reactor blockages, making it a generally 

undesirable output with limited applications, such as filler material or low-grade fuel.  

Amorphous carbon can exhibit forms, such as activated carbon or carbon aerogels, 

which offer higher value due to their high surface area and regular porosity, making 

them effective in applications such as filtration, adsorption and energy storage. 

Although, synthesising these from polyolefins is generally unfavourable due to 

difficulties in achieving a well-defined porous bulk structure. In contrast, the intrinsic 

lignocellulosic structure of biomass ideal for activated carbon (AC) synthesis, and 

organic templating molecules generally required for carbon aerogels.   

A high value target product which is well suited to a plastic feedstock is carbon 

nanomaterials (CNMs), which have a range of high-value and advanced application 

spanning electronics, energy storage, aerospace and biomedical fields. Their market 

value is significantly higher than other polyolefin pyrolysis products, commonly 

reaching over $1,000 per kg, and with higher values possible depending on structure 

and purity [49]. 

Therefore, CNMs present the most valuable and promising target products for 

polyolefin valorisation. The simple hydrocarbon structure of polyolefins, allows for a 

theoretical system to separate plastic into solely carbon material and hydrogen, 

producing both a clean energy and a valuable material resource. CNM can take many 

different forms, with each type displaying a range of unique properties and thus a 

range of different potential applications. Filamentous and spherical CNMs are 

generally the most promising for direct plastic conversion, which is fully reviewed and 

justified in Chapter 2, and thus these are considered target products. 
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1.4 Catalyst and Process Set Up Selection 

1.4.1 Catalyst Selection 

Catalysts targeting filamentous or spherical CNMs typically employ metal 

nanoparticles dispersed on solid supports, which facilitate hydrocarbon 

decomposition and carbon diffusion [102]. While a wide range of metals have been 

investigated for CCVD applications, their effectiveness varies significantly depending 

on physicochemical properties such as carbon solubility and thermal stability, as well 

as factors like cost and availability. Noble metals such as platinum and palladium offer 

high thermal stability and catalytic activity towards hydrocarbon decomposition, 

however their low carbon solubility inhibits carbon saturation and precipitation, leading 

to irregular CNM structures and low overall conversions. Furthermore, the high cost 

and scarcity of these metals make them unsuitable for scalable CNM production, 

especially when paired with low-cost plastic waste as the carbon source [103] [104].  

In contrast, Fe, Co and Ni are consistently reported as highly effective catalysts for 

CVD-based CNM growth. These first-row transition metals offer a balanced 

combination of catalytic activity for precursor decomposition, moderate to high carbon 

solubility, and sufficient carbon diffusion rates, all of which are essential for supporting 

filamentous CNM growth mechanisms [105]. Their catalytic performance has been 

validated across a broad range of feedstocks, and are particularly effective for 

hydrocarbon precursors, making them suited for the pyrolysis products of polyolefins 

[106][107][108]. In addition to performance, Fe, Ni, and Co are relatively abundant, 

cost-effective and reasonably environmentally manageable, enhancing their 

feasibility for industrial-scale deployment. Therefore, Fe, Ni, and Co are the metals 

investigated further in this thesis. The comparative differences between these metals, 

including alloyed systems and support interactions, are further discussed in the 

literature review section. 

1.4.2 One and Two Stage Comparation 

CCVD and pyrolysis can be effectively integrated using either a one-stage or two-

stage process, each offering distinct operational advantages. In a two-stage 

configuration, pyrolysis and catalytic conversion occur in separate reactors. The 

pyrolysis reactor first thermally degrades plastics into hydrocarbon gases, which are 

then transferred to a second reactor containing the metal catalyst. This delivers a 

partially decomposed hydrocarbon mixture as the precursor, with a reduction in 

impurities, some of which can remain in the first stage as solids or can be filtered out 
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during intermediate steps [109]. Additionally, this separation allows for independent 

temperature control, ensuring that the optimal conditions for CNM growth can be 

established before the introduction of the carbon feedstock [109]. Whereas, the one-

stage process involves loading both the plastic and the catalyst into a single reactor. 

As temperature increases, pyrolysis occurs in situ, generating volatile hydrocarbons 

that immediately interact with the catalyst, although often at suboptimal temperatures 

for high-quality CNM formation [109]. In both cases, the used catalyst is cooled and 

removed in order to separate out the CNM product, and thus CNM product typical 

occurs in a batch or semi-batch mode [109].  

One-stage systems typically have lower capital costs and require less complex 

infrastructure, making them particularly suitable for mid-sized and pilot-scale 

applications [110]. Moreover, retrofitting existing incineration plants to operate as 

pyrolysis units is more feasible with one-stage systems, due to similarities in reactor 

design, thermal ramping behaviour, gas flow paths and containment systems [110]. 

Therefore, a there is a reduction in the complexity and capital expenditure required to 

adapt current incineration infrastructure. While one-stage systems offer practical 

benefits in terms of simplicity and cost, they also come with performance trade-offs. 

They are generally more susceptible to catalyst deactivation due to the presence of 

contaminants and elevated carbon fluxes at lower temperatures, which can lead to 

catalyst oversaturation and reduced conversions [109] [111]. Product quality is also 

affected, as these systems provide less control over the carbon deposition process, 

often resulting in CNMs with lower structural uniformity. However, some efficiency 

gains can be achieved through synergistic interactions between the catalyst and 

pyrolysis-active support materials, which aid in precursor breakdown and regulate the 

carbon supply rate to active catalytic sites [112] [113]. Overall, while two-stage 

systems require greater investment and operational complexity, they offer improved 

conversion efficiency and higher-value CNM products, making them advantageous 

for large-scale and high-purity applications. Whereas, one-stage offers a more basic 

but reliable design, making it suited to less expensive small to medium sized 

operations. The differences between one and two stage experimental set-ups are 

summarised in Figure 1.6. 
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Figure 1.6. Comparation between one-stage and two-stage experimental set-ups, feedstock composition 
and temperature profile. 

1.5 Research Question and Project Aims  

Conventional approaches for the catalytic conversion of plastic waste into CNMs 

typically involve a two-stage process. This method is often complex and cost-

intensive, requiring separate reactors for pyrolysis and carbon material growth, each 

with its own catalyst. Instead, this work aims to develop a single multifunctional 

catalyst capable of simultaneously facilitating pyrolysis and CNM synthesis within a 

one-stage process. This process offers a key advantage of simplified implementation 

and reduced capital and operation cost, making small-scale or decentralised plant 

implementation more feasible. Proven pyrolysis catalysts are integrated as the 

supporting material to support the dual-functionality required in this process.  

Furthermore, effective metal-support combination has the potential to lead to 

advantageous synergistic effects.  

However, this process configuration does impose significant demands, requiring 

catalyst with higher carbon flux tolerance, improved resistance to deactivation and 
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effectiveness over a wider range if operating conditions. Importantly, the roles of 

different metal species under these intensified conditions are not fully understood. In 

a one-stage system, the demanding environment may affect catalyst performance 

differently compared to traditional two-stage setups, altering the relative 

performances of different metal species. Furthermore, the overall performance of a 

catalyst is highly influenced by the metal-support interaction, therefore the introducing 

non-traditional support materials may also shift the relative performances compared 

to more conventional systems. These metal-support interactions are further 

influenced during the dispersion of the metal onto the support, making the preparation 

method used to achieve this another important factor in determining catalyst structure 

and therefore performance.  

A deeper understanding of these mechanisms involved is also required to better 

explain observed experimental outcomes and to identify the catalytic features that 

drive high performance. These insights will inform the design of future catalysts 

tailored specifically for efficient one-stage CNM production from plastic waste. 

Objectives: 

1. Evaluate the role of different metal catalysts for CNMs conversion, and 

investigate the underlying mechanistic reasons for the performance 

differences. 

2. Evaluate the role of different catalyst support, and explore how the metal-

support interactions and catalyst support morphology influence performance. 

3. Investigate the effect of preparation methods and conditions on the 

performance of one-stage catalysts. 

It is predicted that the performance of single-stage plastic pyrolysis systems for CNM 

synthesis can be significantly improved through holistic catalyst design. It is expected 

that bimetallic catalysts and secondary promoter metals can enhance catalytic 

performance under one-stage pyrolysis conditions by improving nanoparticle stability 

and modifying metal-carbon interactions. These effects are expected to reduce 

catalyst sintering, optimise carbon solubility and diffusion behaviour, and promote 

sustained CNM growth with improved graphitic quality. In addition, it is hypothesised 

that microporous aluminosilicate supports, such as zeolites and clays, will improve 

CNM formation compared to conventional alumina supports. The confined pore 

architecture is expected to regulate metal nanoparticle size distribution, strengthen 

metal-support interactions, and facilitate in situ cracking of polymer-derived 
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intermediates. This may enable controlled delivery of lower molecular weight carbon 

precursors to the active metal sites, improving conversion efficiency, CNM quality, 

and growth selectivity. 

1.6 Thesis Outline and Novelty 

This thesis explores the catalytic conversion of polyolefins into CNMs, focusing on the 

interaction between transition metal nanoparticles and hydrocarbon intermediates 

derived from plastic feedstocks. The literature review outlines the mechanistic steps 

involved in CNM formation and evaluates how catalyst formulation, primarily metal 

species and support materials, influences performance. The affect and role of 

different catalyst formulation in a one stage process are tested, with the resulting 

product evaluated in terms of carbon conversion, quality and morphology. The role of 

metal species is investigated through a comparison of monometallic and bimetallic 

transition metal catalysts, examining the influence of properties such as carbon 

solubility and metal site dispersion. This is followed by an evaluation of different 

support materials to understand how support morphology and metal-support 

interactions affect catalytic behaviour. The final results chapter focuses on catalystic 

development of a high performing metal-support combination through adjustments in 

calcination temperature, synthesis method and secondary metal addition. The novelty 

of this work lies in the development and comparation of these catalyst formulations, 

specifically: 

1. A comprehensive evaluation of mono- and bimetallic catalysts in a single-

stage plastic pyrolysis system, investigating how variations in metal 

composition and catalyst structure influence CNM growth mechanisms and 

catalytic performance. 

2. A comparation of the roles of secondary promoter metals, providing insights 

into their individual and relative effects on catalytic performance in plastic to 

CNM conversion. 

3. A direct comparation of diverse aluminosilicate support morphologies, 

including microporous and layered, which will offer generalised insights into 

how support morphology governs CNM formation from plastics. 

4. An investigation of catalyst preparation parameters, evaluating how synthesis 

conditions influence catalyst structure and performance in plastic-to-CNM 

conversion systems. 
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Overall, the results highlight how careful tuning of catalyst composition and 

preparation can significantly enhance the conversion of plastic waste into high-value 

CNMs. 
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Literature Review  
The conversion of polyolefins into carbon nanomaterials (CNMs) is a complex, multi-

step process governed by a series of interconnected chemical transformations. 

Central to this process is the interaction between hydrocarbon intermediates and the 

catalyst. The catalyst typically consists of transition metal nanoparticles (NPs) 

dispersed on a thermal stable support material. An effective metal-support formulation 

will efficiently decompose the hydrocarbon precursor to maximise carbon 

conversions, whist controlling the flux of carbon growth species to amorphous or 

defective carbon deposition and catalyst deactivation. This will enable the growth of 

well-structured CNMs, and ensure catalyst longevity. Therefore, in this section the 

review the mechanistic steps involved in CNM formation from plastic feedstocks, and 

evaluate how metal catalyst species, support materials and preparation methods 

collectively influence catalytic performance.  
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2.1 CNMs types: Morphology, Properties and Applications 

The primary types of carbon materials include graphene, graphite, fullerenes, carbon 

nano-onions (CNOs), carbon nanotubes (CNTs), and carbon nanofibers (CNFs), with 

the structures of these shown in Figure 2.1. 

 

Figure 2.1. The different molecular carbon arrangements for types of CNM, showing the role of geometric 
type and graphitic layering. 

2.1.1 Graphene 

Graphene consists of a single layer of sp2 hybridised carbon atoms arranged in a two-

dimensional hexagonal lattice, which is the basic building block for many other carbon 

allotropes [50]. Although, defects can form in this lattice, including Stone-Wales 

defects which consist of two pairs of pentagons and heptagons, and point vacancies 

which are due to a missing carbon atom in the graphitic lattice, which are illustrates 

in Figure 2.2. 
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Figure 2.2. Potential defects in hexagonal graphitic lattice (a) and (b) point vacancies and (c) Stone-

Wales defect.  

The atomic thickness and delocalised π-electron system of graphene gives it 

properties including high electron mobility, thermal conductivity and exceptional 

mechanical strength [51]. Therefore, graphene is suited for ultra-fast transistors and 

other electronic devices [51] and high thermal conductivity promise in heat dissipation 

applications such as nano-heat sinks and thermal interface materials. The large 

surface area and excellent conductivity enhance the performance of batteries and 

supercapacitors, facilitating rapid charge/discharge cycles and improves energy 

density in lithium-ion and sodium-ion systems [52] [53]. The high flexibility, 

transparency and ability to retain electronic conductivity when under mechanical 

deformation make it suitable for next-generation flexible displays, touch panels, and 

wearable sensors [54] [50].  

Multi-layered graphene, consisting of layers stacked on top of each other and held 

together only by Van der Waals forces is known as graphite. The individual graphene 

sheets easily slide across each other making bulk graphite soft and brittle. This also 

gives graphite properties of high conductivity along the graphene sheet axis, thermal 

stability, and solid state lubricate [55]. The quality of graphite plays a large role in 

determining the suitability to different application. Low-grade natural flake graphite is 

commonly used as an industrial lubricant and in metallurgical processes such as 

steelmaking [55]. High-purity vein or synthetic graphite has more advanced 

application, including as an anode material for batteries, as the regular layered 

structure of graphite allows Li+ ions in lithium ion batteries to can intercalate between 

the graphene layers during charging [56]. Additionally, the crystalline structure of 

graphene makes it ideal for thermal protection systems in aerospace applications and 

radiation shielding in nuclear environments [57]. 
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2.1.2 Fullerenes  

Fullerenes are molecular allotropes of carbon in which carbon atoms are arranged in 

closed-cage structures [58]. The introduction of 12 pentagons into the hexagonal 

graphene lattice induces a curved morphology, forming the spherical or ellipsoidal 

shape of fullerenes. Since then various sizes have been discovered, from the smallest 

stable form of dodecahedral (C20), to larger structures with over 500 carbon atoms 

[59]. The unique morphology of fullerenes gives them high surface area and molecule 

entrapment abilities [60].  Additionally, the delocalised π-electron system and 

spherical geometry result in exceptional electron affinity and imparts curvature-

induced reactivity [61].  

Fullerenes have been widely studied for energy applications, serving as electron 

acceptors in photovoltaic cells, enabling the design of efficient solar cells [62]. 

Additionally, their structural rigidity and electron conductivity support usage in 

supercapacitors and as superconducting materials under certain conditions [63]. They 

have shown promise in biomedical research due to their ability to encapsulate small 

molecules and interact with biological membranes [64]. Functionalised fullerenes 

have been proposed as drug delivery vectors for cancer therapeutics and antioxidants 

[60]. However, their biodistribution, clearance mechanisms, and potential toxicity 

require careful consideration in clinical applications, making current applications 

limited.  

2.1.3 CNOs 

CNOs consist of concentrically layered fullerene shells encapsulating one another, 

with the curvature of the graphene layers contributing to quantum confinement effects 

and enhanced chemical reactivity. CNOs have attracted considerable attention in 

electrochemical energy storage due to their high electrical conductivity, accessible 

surface area and ability to accommodate rapid ion transport [65]. These features 

make them ideal candidates for supercapacitor electrodes and lithium-ion battery 

additives [65]. Functionalized CNOs have also demonstrated high electrocatalytic 

activity, particularly in applications such as oxygen reduction and hydrogen evolution 

reactions [66]. In biomedical contexts, CNOs have been explored as platforms for 

bioimaging and drug delivery, owing to their small size low toxicity and amenability to 

surface modification [67]. Their intrinsic fluorescence and ability to load therapeutic 

molecules or imaging agents enhance their utility in diagnostics and targeted therapy 

[68]. Additionally, CNOs show promise as catalysts or catalyst supports due to their 
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structural robustness and ability to anchor active sites across their curved surfaces 

[69]. 

2.1.4 CNFs 

CNFs are cylindrical nanostructures composed of graphene layers arranged in 

various configurations, typically with diameters ranging from tens to hundreds of 

nanometres. They exhibit good electrical conductivity, high tensile strength, and 

thermal stability [70]. CNFs are used in a variety of applications such as composite 

materials to enhance mechanical properties, in catalysis as support materials and in 

environmental applications for filtration and adsorption [71], [72]. The constituent 

graphene layers of a CNF can be organised in several distinct ways, namely platelet, 

ribbon and fishbone, with these morphologies shown in Figure 2.3 [73]. Each of these 

have differing chemical, physical and electrical properties and therefore suitability to 

certain application.  

A platelet arrangement has graphene layers stacked perpendicular to the fibre axis. 

This exposes the edge planes of the graphene sheets on the CNF surface, which 

gives high surface area and enhanced reactivity, making them suitable for in catalyst 

support applications [74]. In a ribbon structure the graphene layers align parallel to 

the fibre axis and therefore have continuous graphene planes along the length of the 

CNF. This offers high electrical conductivity which makes ribbon CNFs suited to 

applications in energy storage devices like batteries and supercapacitors. Tubular 

CNFs have concentric cylindrical layers of graphene wrapped round a solid carbon 

centre. Fishbone CNFs consist of concentrically stacked graphitic cone structures 

along the fibre axis. This combines the characteristic of exposed graphene edges and 

graphene layers along the CNF associated with platelet and ribbon type, respectively 

[75]. Therefore, a balance between surface reactivity and electrical conductivity is 

provided, which enhances electrochemical reactions and are also used in sensors 

applications and composite materials to enhance mechanical properties [75] [76].. 
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Figure 2.3. Schematic of different types of CNF (a) platelet-type, (b) fishbone-type (c) ribbon-type [73].  

2.1.5 CNTs 

CNTs consist of a tube of carbon which is in hexagonal lattice form, which can be 

capped by hemi-spherical fullerene-like carbon, first synthesised in 1991 [77]. CNTs 

can either be single walled carbon nanotube (SWNTs) or have multiple concentric 

giving walls giving multi-walled carbon nanotubes (MWNTs). The diameter of SWNTs 

can range between 0.4 nm, the smallest currently synthesised, up to 7 nm for the 

largest [78] [79], with the MWNT diameter being determined by the number of layers 

each adding ~0.34 nm. The length of CNTs is usually in the order of 10nm-10um, 

although ultra-long CNTs can reach several centimetres.  

CNTs have emerged as one of the most promising materials in the field of 

nanotechnology due to their remarkable properties, with SWNTs having an electrical 

conductivity which is 1000 times greater than copper [80] and MWNTs highest tensile 

strength of any discovered material [81]. SWNTs potential applications include 

advanced microelectronics [82], supercapacitors [83], semiconductors and 

biomedical applications such as drug delivery and gene therapy, giving SWNTs a 

higher value. MWNTs are often used as composite strength reinforcement for 

aerospace components, polymer materials and concrete [84], and can also be used 

as to improve conductivity in batteries [85], as an anticorrosive coating and in films for 

heat dissipation. 

Individual CNT structure and overall bulk arrangement are important in determining 

the properties, and therefore suitability for potential application. The orientation of the 
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graphic lattice along the CNT has an associated chirality, which determines whether 

it is a conductor or semi-conductor [86]. Metallic SWNTs exhibit exceptional electron 

transport properties with ultra-low resistance, making them ideal for interconnects, 

nanowires, electrodes and field emitters [87]. Semiconducting SWNTs are suitable for 

transistors, sensors, and photodetectors [87]. Morphologies such as bamboo-like 

CNTs, characterised by periodic internal compartments, are well-suited for drug 

delivery, molecular encapsulation and catalytic supports [88]. Helical CNTs, twisted 

due to non-hexagonal ring incorporation, offer potential in nanoactuators and 

electromagnetic shielding applications due to their elasticity and complex dielectric 

properties [89], [90]. A diagram of these individual CNT morphologies is shown in 

Figure 2.4.  

 

Figure 2.4. Morphological variants of individual CNTs showing (a) Bamboo-like and (b) Helical [76], [91]. 

The bulk structure of CNTs, which can be broadly be classified as aligned or tangled, 

also plays an important role in determining the suitability to certain applications. 

Aligned CNTs, often referred to as CNT forests, are oriented arrays where nanotubes 

grow in a uniform direction, enhancing directional electrical conductivity, thermal 

transport and mechanical strength [92]. Whereas, tangled CNTs form disordered mats 

or networks, typically resulting from random growth orientations. This entanglement 

creates a network with a larger void fraction and higher specific surface area, which 

is particularly advantageous for applications in adsorption, filtration, catalysis support 

and energy storage [93], [94].  
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2.2 CNM Growth Technologies 

A range of technologies have been used to synthesis CNMs, each offering distinct 

product characteristics and conversion effectiveness. This section provides a 

comparative analysis of these methods, focusing on their applicability to polyolefin 

conversion.  

2.2.1 Arc Discharge  

The arc discharge method is one of the earliest and most well-established techniques 

for synthesising CNMs, with CNTs discovered using this method in 1991 [77]. The 

process involves striking a high-current electrical arc between two graphite electrodes 

in an inert gas atmosphere, causing the sublimation of carbon atoms from the anode. 

The CNMs formed are usually high-quality with minimal defects, although arc 

discharge suffers from several drawbacks, particularly with the use of a polyolefin 

feedstock. Sustaining the arc and maintaining the high-temperature plasma requires 

substantial energy input, making it economically and environmentally costly on an 

industrial scale. It requires fairly extensive pre and post processing, especially with a 

plastic feedstock which need to be processed to form carbon material for the 

electrodes [95]. Additionally, arc discharge inherently causes the formation of soot 

and other unwanted biproducts, which would be further exacerbated when using 

polyolefins feedstock, require post-synthesis purification [96].  

2.2.2 Laser Ablation 

Laser ablation involves the use of a high-energy laser to vaporise a carbon target, 

which cools to form CNMs, particularly CNTs and fullerenes, with 

buckminsterfullerene first discovered by this method in 1985 [58]. The high-energy 

density and short pulse duration of the laser enable rapid heating and quenching, 

which is ideal for forming uniform, well-ordered CNMs with precise control over 

particle size and morphology [96]. However, the technique is limited by its high energy 

consumption, leading to high operational and maintenance costs due to the use of 

high-powered pulsed lasers and vacuum or inert gas chambers. Therefore, scalability 

is limited, with laser ablation operating primarily in small quantity batch mode reactors, 

with high running costs and capital investment. Additionally, conversion efficiency is 

relatively low, especially when utilising polyolefin feedstock. Similar to arc discharge, 

laser ablation requires a solid carbon target, meaning that plastics must first be 

converted into a graphitic form before being used [97]. 
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2.2.3 Exfoliation Methods 

Exfoliation is a top-down approach of isolating atomically thin layers from bulk layered 

materials, particularly graphite, to produce graphene or graphene-like structures. 

Indeed, a simple scotch tape mechanical exfoliation by Novoselov and Geim was 

responsible for the discovery of graphene [50]. While mechanical exfoliation is 

suitable for fundamental research due to its ability to yield high-quality monolayer 

graphene, it is not scalable for bulk production, with electrochemical exfoliation 

methods developed to address this issue. Electrochemical exfoliation typically uses a 

carbon electrode immersed in an electrolyte, which upon applying a voltage, 

intercalation and gas evolution cause separation of graphene sheets. A major 

limitation of exfoliation-based approaches, as with arc discharge and laser ablation, 

is the need for high quality graphitic carbon. Although, unlike arc-discharge or laser 

ablation, exfoliation does not rearrange the atoms forming the carbon lattice, therefore 

a high-quality graphitic material is required as the feedstock. This is particular difficult 

to form from a polyolefin feedstock, as a large hydrocarbon molecules precursor 

cause crosslinking between graphitic layers.  

2.2.4 Carbonisation of Structured Precursors  

Carbonisation of structured precursors is a bottom-up synthesis approach where an 

organic template material is thermally decomposed in an inert atmosphere to produce 

CNMs that retain aspects of the precursor's original structure. A key advantage of this 

method is the direct transfer of structural features from the organic precursor to the 

final carbon product. This strategy allows for morphological control of the resulting 

carbon, enabling the design of tailored CNMs. Incorporating polyolefins as an additive 

to the precursor mixture can be a strategy to increase overall carbon yield, particularly 

for low-carbon-yielding polymers. However, this often comes at the expense of 

structural integrity. The inclusion of polyolefins can introduce defects, phase 

separation and impurities in the resulting carbon material, thereby reducing the 

structural uniformity and quality of the material.    

2.2.5 Chemical Vapor Deposition (CVD) 

Chemical Vapor Deposition (CVD) is among the most versatile and widely used 

techniques for synthesising CNMs, including CNTs, CNFs, graphene, and carbon 

spheres. The process involves the thermal decomposition of a hydrocarbon feedstock 

over a catalyst surface at elevated temperatures, typically between 600°C and 

1000°C, which can then recombine to form organised carbon structures [98]. The 



33 
 

catalyst is typically a transition metal based and commonly supported on silica or 

alumina. When a plastic feedstock is used, it is typically initially decomposed to 

generate hydrocarbon gases, which serve as carbon sources for CCVD growth. CVD 

can produce high quality carbon products, with a process that is cost effective, has 

low energy consumption and is highly scalable. The conversion of plastic to carbon 

materials can be achieved directly, unlike alternative methods, simplifying and 

reducing the cost of the process. The combination of CVD with polyolefin pyrolysis is 

particularly effective as both requiring high temperatures and inert atmospheres, with 

pyrolysis converting plastic into CVD compatible hydrocarbon gases. Therefore, 

utilising CVD provides a scalable and efficient route for plastic conversion to valuable 

carbon materials. However, product purity and catalyst deactivation are issues, but 

which can be addressed with catalyst design and adjustment of conditions.  

Overall, while laser ablation and arc discharge can produce high-quality 

nanomaterials, their limitations in scalability and cost make them less practical for 

large-scale production, with the additional drawback of pre-processing of polyolefin to 

carbon. Exfoliation shares this same problem but with a greater degree of sensitivity 

to the quality of this intermediate. The introduction of plastic to the carbonisation of 

structured precursor will likely reduce the structural specificity and quality of the 

product. Therefore, overall CVD shows the highest potential for large scale CNMs 

synthesis, and additionally can be effectively integrated with pyrolysis, making it ideal 

for polyolefin conversion.  

2.3 CNMs Derived from Plastics 

The integration of plastic pyrolysis with CVD for CNM synthesis offers an effective 

route for polyolefin conversion. Selecting the most appropriate CNM to target is a 

critical step in developing catalytic upcycling processes for waste plastics. The 

feasibility of producing different CNM types from plastic using pyrolysis and CVD 

varies widely. Catalyst type, support material, morphology and reaction conditions all 

play a crucial role in determining the structure, quality, and yield of the final product. 

Therefore, identifying suitable target CNMs is essential for guiding catalyst and 

system design. 

2.3.1 Graphene 

Graphene can be produced by CVD, although typically a lower molecular weight 

hydrocarbon precursor is used. This is decomposed on a metallic foil catalyst, which 

produce single-layer graphene with high crystallinity effectively. However, when 
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plastic is used as a feedstock, it introduces a broader range of hydrocarbons, 

including long-chain alkanes, aromatics, and other high-carbon-density compounds. 

These contribute to multilayer graphene and amorphous carbon formation through 

catalyst carbon oversaturation [99]. Therefore, achieving high-purity, monolayer 

graphene from plastic feedstocks remains technically challenging and economically 

uncompetitive compared to conventional hydrocarbon sources. As a result, graphene 

production from plastic is currently less viable at scale than other carbon 

nanomaterials. Additionally, producing well-structured graphite directly from 

polyolefins is challenging, as it requires precise control over layer stacking and 

graphitisation. While high-temperature pyrolysis in the presence of catalysts can 

generate some graphitic carbon, the quality is often inconsistent and inferior to that 

produced from traditional precursors. 

2.3.2 Fullerenes 

Specific CVD conditions and controlled thermal degradation of polyolefins have been 

explored to produce fullerenes, although this presents a particular challenge when 

using polyolefin feedstock. Fullerenes typically require well-defined precursor 

fragmentation to provide a uniform growth species, which is particularly difficult to 

achieve with the mixture of hydrocarbons produced during polyolefin decomposition. 

Additionally, fullerenes usually require rapid quenching rates to preserve molecular 

structure, which are difficult to implement in a pyrolysis or CVD process. This makes 

them well suited for arc-discharge methods, with the yield and purity of fullerenes 

synthesised by CVD from a plastic feedstock remaining low. Additionally, CVD 

produces complex carbon mixtures that require separation and purification [100].  

2.3.3 CNOs 

CNOs show somewhat more potential for growth from a polyolefin feedstock. CNOs 

can be produced by CCVD on transition metal nanoparticles which serve as 

nucleation sites around which carbon deposits in multiple spherical layers. Pyrolysis 

of polyolefins provides higher molecular weight precursors which exhibit high carbon 

density, which can induce a high carbon flux at the catalyst surface. This causes 

conditions of moderate to high carbon supersaturation, which can result in the 

formation of CNOs. The formation of well-defined CNOs is enhanced by isotropic 

carbon deposition, in which carbon atoms arrive uniformly from all directions, which 

can be influences by reaction set-up and the nature of the catalyst itself. Therefore, 
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CNOs are a feasible target product in CVD-based upcycling strategies for waste 

plastics are the optimal selection for a polyolefin feedstock.  

2.3.4 CNTs 

CNTs represent one of the most viable and extensively studied carbon nanomaterials 

that can be synthesised from plastic-derived feedstocks using CVD. Numerous 

studies have demonstrated that CNTs grown from polyolefin pyrolysis vapours can 

exhibit structural and functional properties comparable to those obtained from 

conventional hydrocarbon gases. Similar to CNOs, CNTs grown by CVD nucleate on 

the surface of transition metal nanoparticles. These nanoparticles facilitate the 

decomposition of hydrocarbon vapours and promote the precipitation of carbon into 

tubular graphitic layers. A key distinction, however, lies in the anisotropic nature of 

CNT growth, which is influenced by the catalyst support interactions. Rate of carbon 

supply and diffusion on the catalyst also play a key role in determining if CNT or CNO 

is formed. The ability of CVD to utilise low-cost plastic feedstocks, combined with the 

high performance and application diversity of CNTs makes them a highly attractive 

target product in waste plastic upcycling strategies [101]. 

2.4 CNM Stages of Growth and Mechanisms 

The growth of CNMs from polyolefins typically proceeds through a multi-step process. 

Initially, the polyolefin undergoes pyrolysis, producing hydrocarbon intermediates and 

hydrogen. These can act as reduction agents, allowing the formation of active metal 

catalyst sites. These hydrocarbon precursors subsequently adsorb onto the surface 

of the reduced catalyst, where they decompose into active carbon species that 

facilitate CNM growth. The catalyst-support formulation and reaction conditions used 

will affect these conversion pathways, and therefore the quality and morphology of 

the CNM product. Therefore, the factors which effect catalytic performance will be 

clearer with a detailed understanding of the underlying mechanisms at each stage. 

2.4.1 Pyrolysis of Polyolefin 

The initial stage, polyolefin pyrolysis, is primarily driven by β-scission reactions that 

break the polymer chains into lower molecular weight compounds. β-scission 

reactions are driven by carbon radicles formed by high temperature, or ions formed 

through catalytic activity [53]. These facilitate chain cleavage, which produces a chain 

end alkene and radicle/ion terminated chains, which is shown in Figure 2.5a. 

Hydrogen transfer reactions, including hydrogen shifts within a molecule and 

hydrogen abstraction between molecules, allow the propagation of the radicle/ion, 
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facilitating further cracking at various chain locations, and thus producing a range of 

chain lengths. Additionally, mid-chain radicles/ions facilitate recombination producing 

branched products and cyclisation reaction producing aromatics, which is shown in 

Figure 2.5b. The promotion of aromatic intermediates has been proposed as 

beneficial to the final CNM product, highlighting the importance of the decomposition 

stage [54] [55]. 

Figure 2.5. A summary of the mechanisms involved in polyolefin pyrolysis, simplified for a carbon 

backbone showing (a) the β-scission reaction and (b) chain cyclisation reactions 

2.4.2 Catalyst Reduction 

Transition metal catalysts used for CNM growth are usually initially in an oxygen 

enriched form in the fresh catalyst, with reduction to the catalytically active metallic 

form. The mechanistic of the reduction influences not only the formation of active 

catalyst sites, but also their size and dispersion, key factors in determining catalytic 

performance. This reduction typically occurs in situ during the pyrolysis of the plastic, 

with the hydrogen gas and hydrocarbon radicals generated serving as reduction 

agents. Hydrogen has also been reported to stabilise metal NPs, allowing for 

controlled reduction that can maintain stable NPs. Whereas, the high reactivity of the 

hydrocarbon radicles can rapidly deoxygenate metal oxides, which can destabilise 

intermediate phases altering the formation pathway. These interactions between 

pyrolysis by-products and catalyst surfaces significantly shape the growth 

environment for CNT formation.  

2.4.3 Adsorption  

Once the metallic catalyst is reduced, the adsorption of hydrocarbon intermediates 

onto its surface becomes the next critical step. Adsorption strength governs how 

effectively these precursors bind to the catalyst and undergo activation. Stronger 
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adsorption facilitates precursor decomposition and dehydrogenation, often enabling 

CNM growth at lower temperatures. Active sites such as catalyst edges, corners, and 

defect sites exhibit higher adsorption energies compared to flat facets, enhancing 

reactivity. The nature of the hydrocarbon species influences adsorption behaviour. 

Long-chain hydrocarbons, common in PE pyrolysis, tend to bind more strongly due to 

their higher van der Waals interactions. This can be beneficial in delivering sufficient 

carbon to the catalyst surface but may also result in uneven surface coverage and 

reduced mobility, which can impair CNT uniformity [56]. In contrast, smaller 

hydrocarbons, while offering weaker individual adsorption, can cover the catalyst 

more uniformly and diffuse more freely, leading to more consistent CNM growth. 

Moreover, the geometry of the catalyst will influence the adsorption strength, with 

metal cluster shown the enhanced adsorption due to corner and edge sites by ab initio 

molecular dynamics simulations [16] [18].  

2.4.4 Decomposition 

Following adsorption, hydrocarbon precursors undergo catalytic decomposition to 

yield carbon growth species. This step is initiated primarily by dehydrogenation, in 

which the metal catalyst cleaves C-H bonds. For smaller, unsaturated hydrocarbons, 

decomposition typically involves relatively simple pathways, including sequential 

dehydrogenation and C-C bond cleavage. However, larger, saturated hydrocarbons 

such as those produced during PE pyrolysis present a more significant challenge. 

Their bulky and complex molecular structures can introduce side reactions and multi-

step decomposition mechanisms. Moreover, their high carbon density increases the 

likelihood of catalyst oversaturation, which can lead to encapsulation by amorphous 

carbon or inert graphitic shells, both of which deactivate the catalyst preventing further 

carbon growth. The catalyst also facilitates the recombination of hydrogen atoms into 

H₂ gas which is essential for sustaining catalyst activity, as the removal of surface 

hydrogen prevents site passivation and allows continued hydrocarbon activation. This 

shows the importance of the decomposition efficiency and mechanism on the 

performance of a catalyst.  

2.4.5  Graphitic Carbon Formation 

The formation of the CNM itself involves the assembly of carbon atoms into a graphitic 

lattice, which is governed by carbon dissolution, diffusion, and subsequent 

precipitation within the metal NP catalyst. Carbon solubility is central to this 

mechanism, as dissociated carbon atoms enter void spaces within the metal lattice 
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rather than forming covalent metal-carbon bonds as would occur in carbide formation. 

In metal solution, carbon atoms retain high mobility, enabling rapid diffusion through 

the NP, allowing for high uptake and transport of the carbon supply. Precipitation is 

driven by differences in carbon chemical potential between the dissolved state and 

the graphitic phase. Continued hydrocarbon decomposition increases the carbon flux 

to the particle surface, raising the dissolved carbon concentration and therefore its 

chemical potential. When the chemical potential of carbon in the metal exceeds that 

of graphitic carbon, the system becomes supersaturated and precipitation is 

thermodynamically favoured. 

The carbon solubility of the catalyst metal strongly influences CNM growth behaviour. 

If solubility is too low, carbon accumulates rapidly at the surface and can form 

amorphous deposits that encapsulate the catalyst, terminating growth. Conversely, 

excessively high carbon solubility can delay supersaturation and promote carbide 

formation or structural instability in the nanoparticle, reducing catalytic activity. 

Effective CNM catalysts therefore require moderate carbon solubility to allow carbon 

dissolution while still enabling controlled precipitation of graphitic carbon. 

2.4.6 Catalyst Phase Growth Modes 

The physical state of the catalyst during CNM growth can either be liquid or solid, 

giving two growth modes of VLS (vapour-liquid-solid) or VSS (vapour-solid-solid), with 

vapour referring to the precursor phase, and the third referring to the solid carbon 

product state. In VLS growth, the liquid phase of the NP allows rapid, isotropic 

diffusion of dissolved carbon and enables dynamic reshaping of the catalyst particle. 

This high atomic mobility facilitates the fast CNM growth rates and can support the 

formation of smooth, continuous carbon structures, since the metal lattice can easily 

be reshaped. However, liquid particles are also more prone to migration and 

coalescence, which can lead to catalyst sintering and therefore larger, less active 

NPs. Although the bulk melting temperatures of Fe, Ni, and Co are significantly higher 

than typical CNM synthesis temperatures, several nanoscale effects can reduce the 

effective melting temperature of catalyst particles. These include melting point 

depression in small nanoparticles, carbon dissolution within the metal lattice, and 

possible carbide formation. Under such conditions, the catalyst may behave as a 

liquid or quasi-liquid phase, enabling VLS-type growth. In VSS growth, the catalyst 

nanoparticle remains crystalline and solid. Carbon dissolves interstitially within the 

solid lattice and diffuses through bulk, grain boundaries, or along the surface before 
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precipitating as graphitic carbon. Diffusion is slower and more anisotropic than in a 

liquid, and nucleation preferentially occurs at high-energy sites such as edges, facets, 

or the metal-support interface. This can lead to stronger structural relationships 

between the metal crystal planes and the growing CNT, influencing diameter control 

and potentially chirality selection. 

2.4.7 Tip and Base Growth Modes 

CNTs can grow by two distinct growth modes, either tip or base growth, defined by 

the relative position of the catalyst to the growing CNT. In tip growth, the metal NP 

detaches from the substrate, and carbon is incorporated at the exposed tip of the 

catalyst as the CNT elongates away from the support. In base growth, the catalyst 

remains anchored to the support, and carbon incorporation at the catalyst interface 

pushes the CNT outward from its base. The interaction strength between the catalyst 

and the support largely determines which mechanism dominates, weak interactions 

favour tip growth, while strong interactions promote base growth. Catalyst particle size 

also plays a role, with smaller NPs tending to support base growth, while larger ones 

often lead to tip growth. The orientation of CNT growth relative to the catalyst can be 

either tangential or perpendicular. In tangential growth, the CNT forms along the 

catalyst surface, resulting in similar diameters for the CNT and the NP. In 

perpendicular growth, the CNT emerges from a localised region of the NP, typically 

observed with larger catalyst particles. Figure 2.6 summarises the different CNM 

growth modes. 
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Figure 2.6. Schematic illustration of CNT growth mechanisms and modes showing (a) Vapor–liquid–

solid (VLS) mechanism, (b) Vapor–solid–solid (VSS) mechanism (c) Base growth mode, (d) Tip growth, 

(e) Perpendicular growth (f) Tangential growth [57]. 

2.4.8 Carbon Separation  

The separation of CNMs from the catalyst is an inherently challenging process, with 

increased carbon purity typically coming at the expense of structural integrity [58], 

[59]. Additionally, the removal of transition metal nanoparticles and aluminosilicate 

supports relies on fundamentally different chemical mechanisms, therefore increasing 

the complexity of CNM separation from a supported catalyst [60]. Metal removal 

typically requires chemical treatments due to strong carbon-metal interactions, with 

encapsulated or pore-confined metal nanoparticles being particularly difficult to 

extract. Acid leaching is effective at dissolving accessible transition metal species, 

although are prone to introduce defects into the graphitic lattice, reducing product 

quality [59], [61]. Chelating agents, such as EDTA, provide a milder alternative, 

offering a potential route to separation with less CNM damage. Although, chelates are 

principally effective at ionic species such as metal oxides, and therefore requiring pre-

processing to be effective for pure metallic nanoparticles, with this oxidation step itself 

potentially causing damage [62]. Furthermore, the large size of some common chelate 

molecules can reduce the ability of them to reach metal sites. The removal of 

aluminosilicate supports is dependent on the degree of CNM binding or entanglement 

[60]. Physical methods such as ultrasonication may be sufficient to detach loosely 

bound, surface-grown CNMs, although will likely by ineffective at strongly bound or 

framework encapsulated. For these, chemical dissolution of the aluminosilicate 

framework is required, most commonly achieved through alkaline or acid treatment 
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[60]. Therefore, for the optimal separation process a multi-stage chemical and 

physical process is likely required [63].  

2.5 The Effect of Catalytic Metallic Species 

The choice of metal species used for the catalytic conversion of waste plastics into 

CNMs plays a critical role in determining product yield, quality, and morphology. The 

effectiveness of each metal depends on its ability to crack hydrocarbon precursors, 

sustain carbon diffusion and guide the formation of structurally uniform highly graphitic 

CNMs. To achieve this, metal NPs with small diameters and high thermal stability at 

reaction temperatures are desired, as larger particles tend to become inactive for 

CNM growth. The strength of metal–support interactions (MSI) varies by metal and is 

crucial for stabilising NP morphology under reaction conditions. Therefore, optimal 

metal species is dependent on the specific support material used. 

In addition to the catalyst composition, reactor configuration, processing conditions 

and feedstock type will all influence catalytic performance. The feedstock type and 

reactor set up will affect the flux and chemical composition of the hydrocarbon 

precursor reaching the catalyst. The catalysts ability to efficiently decompose 

precursor molecules will be more important for higher molecular weight feedstocks. 

Temperature affects which growth mechanism dominates, with metal catalytic 

properties such as carbon solubility influencing their effectiveness in following either 

VLS or VSS mechanisms. Therefore, the suitability of each metal is not absolute but 

context-dependent, shaped by its synergy with the support and the operating 

environment. 

However, the wide variation in experimental conditions, reactor configurations, 

supports used and feedstock types in different studies makes it challenging to directly 

compare the performance of different metallic species. As a result, comparative 

investigations conducted under consistent and controlled conditions are essential to 

accurately evaluate the influence of metal species, catalyst preparation, and support 

pairing. This section reviews the role and relative performance of Fe, Ni and Co 

monometallic and bimetallic catalysts. These species are selected due to their high 

performance and low cost, as detailed in the introduction chapter. A focus is put on 

identifying the mechanistic factors that govern their relative effectiveness in 

converting plastic waste into high-quality carbon nanomaterials. Some of the results 

from key papers are summarised in Table 2.1. 
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Table 2.1. Results from key papers evaluating the performance of different metal species. 

Catalyst Stages Feedstock 

Conversion 

(% Feedstock 

to Carbon) 

Ratio Reference 

Fe/Al2O3 

Multi LDPE 

17.9 0.51 

[64] 
Co/Al2O3 6.8 0.82 

Ni/Al2O3 9.6 0.74 

Cu/Al2O3 4.7 0.85 

Fe2O3/AC 

Single PP 

5 Unknown 

[65] Co2O3/AC 12 Unknown 

Ni2O3/AC 45 Unknown 

Fe/Al2O3 

Multi MIXED 

32.6 0.72 

[66] [67] Ni/Al2O3 21.1 0.95 

FeNi/Al2O3 40.7 0.43 

      

2.5.1 Monometallic 

Iron and nickel are the most extensively studied monometallic metals for CNM 

synthesis from waste plastics, whereas Cobalt has garnered less attention, and has 

been found to display lower performance. For instance, Acomb et. al. classified the 

Co-derived carbon as mostly amorphous through temperature programmed oxidation 

(TPO) analysis, a finding often used to justify the exclusion of Co from subsequent 

studies. However, this interpretation may be misleading, as Co can reduce the 

oxidation temperature of carbonaceous materials, potentially shifting the TPO peak 

position and underestimating the proportion of filamentous carbon. In fact, SEM and 

TEM imaging from the Acomb et. al. paper revealed that the carbon formed on 

Co/Al2O3 included a substantial population of multi-walled CNTs with uniform 

diameters and low structural variability. Mechanistically, Co’s moderate performance 

has been attributed to strong MSI with the support, particularly with Al2O3. TPR data 

showed that the CoAl2O4 spinel phase remained unreduced up to 900°C under 

hydrogen, suggesting that reduction to catalytically active Co0 may be hindered. 

However, post-reaction XRD of the used catalyst confirmed the presence of metallic 

Co, suggesting that the hydrocarbon pyrolysis products were capable of reducing Co 

under in situ conditions, enabling highly uniform CNT formation.  
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Indeed, Co-based catalyst are use in the synthesis of high-purity single-walled CNTs 

by CO disproportionation and alcohol CVD routes. These systems rely on Co’s ability 

to nucleate highly uniform, narrow-diameter CNTs when paired with suitable 

promoters and supports. The success of these formulations indicates the potential of 

Co-based catalyst, with Co’s application to plastic to CNT conversion underexplored 

yet mechanistically promising. Therefore, Co-based catalyst in plastic feedstock 

systems warrant further investigation, particularly in combination with non-traditional 

support supports or NP formation promoters.  

Iron consistently demonstrates high catalytic performance across multiple studies, 

especially in two-stage pyrolysis systems, where pyrolysis vapours are converted to 

carbon over a downstream catalytic bed. Fe-based catalysts have displayed high 

performance for the conversion of plastic to CNMs. A foundational paper on the effect 

of different metal species on plastic conversion to CNTs by Acomb et. al., found that 

Fe/Al2O3 catalyst displayed a superior performance in terms of yields and 

graphitisation quality compared to Co/Al2O3 and Ni/Al2O3 for converting LDPE [64]. 

The superior performance of Fe was attributed to the higher carbon solubility of Fe, 

along with intermediate MSI strength, which enabled effective reduction to Fe0 while 

avoiding sintering, issues which effected other catalysts [64].  

Multiple papers have further confirmed the superior performance of Fe/Al2O3 over 

Ni/Al2O3 in terms of yields and graphitisation in similar two-stage processes, using a 

feedstock of PP [68] and mixed plastic feedstocks [67]. Fe-derived CNTs were 

consistently found to be longer, with a more uniform, attributed to the well dispersed 

and Fe’s high catalytic activity [67]. These results show, Fe is a highly effective 

catalyst for carbon nanomaterial synthesis from a variety of waste plastics, 

outperforming other metals in multiple traditional two-stage systems. 

Although iron generally outperforms nickel in conventional systems, there are several 

cases where Ni delivers superior results, particularly in non-traditional set up. These 

include one-stage processes [69], using non-traditional support [69] [54] or when 

processing complex or impure feedstocks [70]. These include uses of cordierite as a 

support material [69], the processing of recovered PE-rich landfill waste [70] and AC 

supporting both one [54] and two stage processing. In each of these cases, these was 

a vastly lower performance of Fe compared to Ni, suggesting a susceptibility to 

catalytic deactivation under certain conditions.  
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The consistently strong performance of Fe across multiple studies can be attributed 

to its favourable mechanistic and structural properties. Its high carbon solubility 

supports a bulk-mediated VSS growth mode with rapid carbon diffusion, enabling 

efficient high yield CNT synthesis, particularly in two-stage reactors where partial 

decomposition occurs before CVD. Additionally, Fe supports more stable carbon cap 

formation during nucleation than the other metals, enhancing the likelihood of 

sustained CNT growth.  

The lower carbon solubility of Ni restricts carbon accumulation potential, and thus 

reduces yields compared to Fe, but makes it more resistant to this poisoning. 

Although, Ni displays higher effectiveness at supporting surface-mediated CNM 

growth and strong hydrocarbon cracking ability, makes Ni more resistant to 

deactivation from carbide formation and carbon oversaturation. Whereas, Fe is more 

prone to carbon oversaturation, leading to deactivation from amorphous or graphitic 

can layers around the catalyst, or inactive carbide phase formation. These are a 

particularly high risk at lower temperatures where carbon can over accumulate before 

effective bulk diffusion and precipitation can occur. The same mechanism makes Fe 

more prone to catalyst poising by impurities, such as sulphur, oxygen, or halogens, 

which can become incorporated in the metallic crystalline structure, explaining the low 

Fe yield found by [70]. Carbon oversaturation can explain the poor performance of 

Fe/AC catalysts, with the support material itself inducing this effect, demonstrating the 

Fe’s lower versatility for support pairing. Thus, while Fe-based catalyst offers a higher 

potential ceiling in optimal conditions, Ni-based catalyst can outperform them 

particularly in more to challenging synthesis condition [64] [67]. 

2.5.2 Bimetallic Catalysts 

While Fe and Ni individually exhibit strong catalytic activity, numerous studies have 

shown that combining them into FeNi bimetallic systems produces synergistic effects, 

and thus improving catalytic performance [67] [68] [71] [72]. Yields and quality of FeNi 

based catalysts are consistently higher than their monometallic counterparts in Al2O3 

supported two-stage processes, using a variety of feedstocks  [67] [68] [71] [72]. 

Although, the largest discrepancy in yields was found using a one-stage process, 

demonstrating the intrinsic synergistic effects of the FeNi bimetallic catalysts.  In 

general, the bimetallic catalyst generated longer MWNTs with greater uniformity and 

reduced structural defects, compared to more curved, short and irregular carbon 

structures on their monometallic counterparts [68] [71] [72]. 
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The Fe:Ni ratio is a key element in determining the performance of the bimetallic 

catalyst. Yao et. al. found that FeNi/Al2O3 with higher Fe favoured higher carbon yields 

higher yields, whereas increasing the Ni content improved quality. Similarly, Li et al. 

found higher Fe content promoted carbon yield in unsupported systems. Therefore, 

these studies indicating that tuning of the bimetallic ratio is a balance between 

different desirable traits in the CNM product. Li et al. also investigated varied catalyst 

loadings relative to plastic mass, finding yields began to decrease at just 1 %wt metal 

loading, indicating that reduction of catalytic activity due to sintering can occur at with 

low loading in non-supported systems. Additionally, it has been found that 800oC is 

the optimal temperature for FeNi/Al2O3 catalysts, with increased yields and 

graphitisation compared to lower temperature [73] 

The enhanced performance of FeNi bimetallic systems is primarily attributed to 

synergistic effects between the metal species, enhancing overall catalytic 

performance. The formation of mixed oxide phases, such as NiFe2O4 spinels, during 

catalyst preparation which show greater stability compared to monometallic oxides. 

Therefore, improved fresh catalyst dispersion promoting smaller more uniform NPs 

and increased sintering resistance during reduction can be achieved, promoting 

catalyst longevity. 

Fe and Ni each bring distinct benefits to catalytic performance. Nickel excels at 

hydrocarbon decomposition, while iron supports higher carbon solubility and diffusion. 

FeNi NPs often form a core-shell arrangement, typically with a Ni-rich core and Fe-

rich shell. This allows carbon to dissolve efficiently at the Fe surface and diffuse 

inward, while the Ni core stabilises the particle structure and maintains catalytic 

activity [72]. Additionally, FeNi alloying alters the electronic structure of the catalyst 

by tuning the d-band centre. This increases the density of states near the Fermi level, 

which may enhance hydrocarbon adsorption and promoted dehydrogenation reaction, 

leading to more efficient hydrocarbon cracking [74]. The performance of Fe Ni and 

the bimetallic are summarised in Figure 2.7. 
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Figure 2.7. Schematic showing the performance and preferred growth mechanisms of Fe, Ni and FeNi 

under different growth conditions.  

2.5.3 Secondary Modifier Metallic Species 

Beyond binary FeNi systems, combining active Fe, Ni, or indeed Co with a secondary 

catalytic modifying metal has shown promising results in enhancing catalytic 

performance. These secondary metals often act as promoters rather than actives 

species themselves, influencing key parameters such as MSI, reducibility, NP 

dispersion and active phase formation. The effects observed depend strongly on the 

metal pairings and their influence on CNT growth dynamics, with both promoting and 

hindering effects observed depending on the metallic species.  

Magnesium has displayed a detrimental effect on catalytic performance. Carbon yield 

dropped sharply highly filamentous for monometallic Ni, to primarily amorphous 

carbon with the addition of Mg [75] [69]. This was attributed to overly strong MSI and 

the formation of inactive spinel phases like Ni Al2O4 and Mg Al2O4, contributing to a 

lower surface area reducing the number of accessible active sites [69]. Copper 

inclusion to Ni based catalysts showed mixed results, on one hand the bimetallic 

catalyst achieved a significantly higher carbon yield than monometallic Ni [76]. 

Although, this came at a cost to structural quality with the product displaying a lower 

graphic order and less uniform CNTs [76]. 

Two species which have been found to consistently displayed improved performances 

over other metallic species or monometallic counterpart is Manganese (Mn) and 
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molybdenum (Mo). Nahil et. al. [75] conducted a comparative study of alloying Ni and 

Al with different metals [75]. The catalysts are prepared using a co-precipitation 

method, with Al in a metallic phase rather than Al2O3. The Ni-Mn catalyst exhibited 

the highest carbon deposition, significantly outperforming Ca and Ce metal species. 

Although, the poorer quality and yields when compared to work using Al2O3 suggests 

that the oxide support form is preferable to the than in metallic form of Al. Additionally, 

Mn has shown to improve the performance of Fe-based catalysts in terms of yield and 

quality in a two-stage process using a PP feedstock [77]. The FeMn NPs were found 

to be smaller and more evenly dispersed, which likely contributed to more uniform 

and filamentous carbon formation [77].  

The incorporation of Mo into Fe-based catalysts has been shown to significantly 

improve catalyst performance. For instance, the inclusion of Mo in Fe/MgO systems 

has resulted in approximately double the carbon yield [78] [77]. Likewise, Mo has also 

proven effective in combination with other transition metals, with both NiMo [79] and 

CoMo [80] based catalysts demonstrated high performance for the conversion of 

plastic to CNMs. Furthermore, Dong et. al. [81] combined Mo with Fe, Co and Ni, 

supported on MgO for the catalytic pyrolysis of biomass and plastics, with substantial 

improvements observed for all three-metal species. These findings highlight Mo’s 

capacity to synergistically improve the performance of various transition metals for 

improved CNM synthesis 

The performance enhancements observed with the addition of Mn or Mo can be 

attributed their multifaceted role in enhancing catalytic activity of Fe, Co and Ni. The 

oxide phases of Mn and Mo coat or embed in the surface of Fe, Co or Ni oxide NPs 

during synthesis, providing multi-faceted stabilising effects. During thermal reduction, 

these oxides acts as a dynamic redox buffer which can cycle between different 

oxidation states [82]. This moderates the formation of active metallic NPs, allowing 

for a more controlled reduction, and can improve dispersion and control catalytic 

activity.  

Mn and Mo serve as physical barriers that limit NP sintering and migration at high 

temperatures, although the mechanisms vary between the two species. Mn tends to 

form a more coherent shell around particles, leading to superior NP dispersion and 

preventing sintering [83]. Additionally, Mn can act as an interfacial binder that 

reinforces anchoring between the catalyst and the support surface, further reducing 

particle agglomeration [83]. Mo, on the other hand, can migrate to the support surface, 
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modifying the support itself and enhancing acidic or basic surface properties, which 

indirectly influences catalytic performance. Additionally, this can strengthen MSI and 

thus suppress sintering of metallic NPs and potentially improve catalytic performance 

[84][85]. Although, excessive loading of either element is detrimental. High Mn 

concentrations can lead to catalytically inert Mn-rich alloys, diluting the activity of Fe 

or Ni [86]. Similarly, excess Mo can form carbides or large oxide aggregates that 

hinder active sites, disrupting the uniformity.  

2.6 Effect of Support 

Catalyst performance in converting plastics to CNMs is highly dependent on the 

choice of support. As seen previously, MSI plays a central role by influencing how 

metal species are dispersed, stabilised and retained. Different metal-support pairings 

induce unique MSI effects, making the combination more important than the individual 

components alone. The physical characteristics of the support, such as surface area 

and porosity, affect NP dispersion and the availability of active sites. In addition, some 

supports actively catalyse precursor breakdown and regulate carbon delivery to the 

metal NPs, which further shapes CNM yield, quality and morphology. In addition, the 

support characteristics play a role in carbon delivery to these active sites, with porosity 

allowing for bulk precursor diffusion and acid sites catalysing precursor breakdown. 

2.6.1 Carbon-based Supports 

Carbon-based supports have garnered increasing attention for the synthesis of 

CNMs, due to their high porosity and surface area, tunability of surface functional 

groups and inherent thermal stability. Carbon supports are often derived from 

renewable or waste biomass, promoting the process sustainability. In the context of 

plastic waste conversion, their ability to stabilise dispersed metal NPs, facilitate 

hydrocarbon cracking, and influence carbon morphology has been demonstrated 

across a number of studies. The use of activated carbon, carbon black, and biomass-

derived chars have all been shown to produce high quality and yield CNMs.  

Modekwe et. al. [87] directly compared the influence of different activation methods, 

namely non-activated, chemical with KOH and steam activated on the performance 

of NiMo/AC for PP conversion. Chemical activation yielded the highest CNT yield due 

to increased surface area and potassium incorporation, which enhanced precursor 

formation and AC porosity. The resulting CNTs were long, entangled and moderately 

structured. Steam activation led to s much lower yield but the most crystalline CNTs 

with a narrower diameter. This was attributed to the formation of metastable NiMoO4 
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phases, which are catalytically inactive thus reducing yield, but stabilise NP formation 

thus leading to disperse, small diameter NPs. Additionally, the surface area of the 

steam active catalyst was the lowest. Non-activated support produced an 

intermediate yield of bamboo-like CNT structures. The absence of additional chemical 

species indicate carbonisation was driven more by intrinsic properties of the carbon.  

Gong et. al. [54] investigated how different surface functionalisation treatments of AC 

influence the catalytic performance of Ni2O3-based systems in the conversion of PP. 

Air-oxidised AC and untreated AC exhibited the highest hydroxyl group content and 

correspondingly produced the highest CNT yields. This suggests that surface 

functional groups, particularly hydroxyl groups, promote the formation of reactive 

intermediates during PP decomposition and enhance CNT growth. By contrast, 

hydrogen-treated ACs had significantly lower surface hydroxyl content, reducing the 

yields obtained using these catalysts. The removal of these surface functional groups 

reduced the acidity and the ability to stabilise intermediate aromatics, thereby 

impairing the CNT formation process. 

The effectiveness of carbon-based supports has also been demonstrated by [55] by 

converting a mixed plastic feedstock using a CB support. They demonstrated that the 

CB support was more effective than traditional aluminosilicate supports for the 

conversion of plastic mixtures containing PS, which was found to be detrimental to 

the traditional support catalyst. This was attributed to the CB’s ability to stabilise the 

aromatic intermediates formed during PS pyrolysis and therefore subsequently 

convert them into an organised carbon lattice.  

Despite these promising results, carbon-based supports do have several drawbacks. 

A key limitation lies in the difficulty of separating the final carbon product from the 

support material. High temperature oxidation can selectively remove amorphous 

carbon while preserving graphitic structures, but this process demands precise 

temperature control. Even with such control, the overlapping oxidation temperatures 

of various carbon types often result in unintended damage to graphitic CNTs. 

Moreover, catalysts with high carbon solubility may not be ideal for carbon supports, 

as strong interactions with the support’s carbon atoms can lead to oversaturation and 

carbide phase formation, hindering CNT formation. 
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2.6.2 Oxide Supports 

Oxides used as supports can be broadly grouped into alkaline earth, transition metal, 

basic metal, and mixed metal categories, each imparting distinct chemical and 

structural effects on catalytic behaviour. The type of oxide species has a profound 

impact on catalytic performance by modulating the catalyst's chemical reactivity, 

structural stability, and compatibility with the metal phase.  

Among commonly studied supports, Al2O3 consistently demonstrates superior 

catalytic performance across both nickel and iron-based systems. In the conversion 

of PE, Li et al. [88] reported that Ni/Al2O3 produced the highest carbon yield and most 

graphitic carbon, forming uniform bamboo-like MWNTs. Whereas, Ni/ZrO2 and 

Ni/Nb2O5 yielded negligible filamentous carbon and instead formed disordered CNOs 

and amorphous aggregates with low graphitic quality. Al2O3 has also demonstrated 

superior performance in Fe-based catalysts for PP conversion, with a moderate yield 

improvement over Fe/SO2 and Fe/TiO2. Additionally, the Fe/TiO2 catalyst formed 

mostly twisted carbon nanofibers with inferior structural order, as opposed to the 

CNTs observed on Al2O3 and SiO2.  

Veksha et. al. [89] investigated how forms of different calcium-based supports 

influence the performance of nickel catalysts for decomposing plastic-derived 

hydrocarbons. Among the supports tested, CaCO3 and Ca(OH)2 clearly outperformed 

CaO, facilitated the formation of MWCNTs, with moderate graphitic quality. In 

contrast, Ni/CaO produced predominantly non-filamentous carbon and exhibited the 

poorest level of graphitisation for the tested catalysts. This was attributed to 

significantly greater pore volumes and higher surface areas of CaCO3 and Ca(OH)2 

compared to CaO. These porous properties enabled better dispersion of Ni NPs, 

improved catalytic accessibility, and more effective decomposition of hydrocarbons. 

Furthermore, the basic nature of CaCO3 and Ca(OH)2 enhanced hydrocarbon 

cracking and polyaromatic intermediate formation, which are beneficial for CNT 

growth. 

Calcium-based supports were further investigated by Modekwe et. al. [90] et. al. with 

the performance of mixed oxide supports in comparison to single metal oxides 

evaluated for converting PP into CNMs. CaTiO3 demonstrated superior performance 

with the highest carbon yield and most graphitic CNTs, indicating the synergistic 

potential of mixed metal oxide support. Despite having a moderate surface area of, 

its large pore size and the presence of metastable crystalline phases enhanced metal 
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dispersion, suppressed NP agglomeration and improved catalyst stability. 

Furthermore, while other catalysts followed a tip-growth mechanism, NiMo/CaTiO3 

favoured base-growth, indicating a stronger MSI which anchored the NPs during CNT 

formation, which improved the uniformity of the CNTs grown.  

Jia et. al. [91] et. al. tested La2O3, MgO, and SrO effect on the performance of nickel-

based catalysts in converting LDPE and PP. The Ni/La2O3 catalyst showed the best 

performance, achieving the highest carbon yield of mostly high-quality bamboo-like 

multi-walled CNTs. This was attributed due to moderate MSI, promoting nickel 

dispersion and reduction. Ni/Mg, with strong MSI, stabilised smaller nickel particles 

but hindered reduction, resulting in a lower yield and limited CNT formation. Whereas, 

Ni/Sr, with weak MSI, had poor nickel dispersion and particle stability, leading to 

sintering and the formation of defective CNTs and carbon nano-onions. Although 

some non-traditional oxide supports such as La2O3 show strong catalytic potential, its 

high cost limits large-scale feasibility. In comparison, Al2O3 is not only widely available 

and cost-effective but has consistently shown good performance across a range of 

catalytic systems. While the alternative oxides may not match the full potential of 

Al2O3-based supports, these studies highlight how properties such as porosity, 

balanced MSI and surface functional groups are critical in enhancing catalytic 

efficiency and CNT quality.  

2.6.3 Aluminosilicate Supports 

Aluminosilicates are a diverse group of materials with a range of structures and 

properties, which include zeolites, clays and mesoporous aluminosilicates. Zeolites 

are crystalline aluminosilicates characterised by a highly ordered framework 

composed of SiO4 and AlO4 tetrahedra linked by shared oxygen atoms. Zeolites have 

a well-defined microporous network, which can exhibit 1D, 2D or 3D pore channels 

which imparts high surface area and porosity. The substitution of Si⁴⁺ by Al³⁺ in the 

framework introduces a negative charge, which is balanced by extra-framework 

cations. This introduces strong acid sites into the zeolite framework, which can be 

enhanced by increasing the Al/Si, offering a high degree of control over catalytic 

performance. Mesoporous offer larger pore sizes than zeolites and facilitate the 

diffusion of bulky molecules, making them suitable for plastic waste conversion. 

However, their synthesis often requires template-assisted or surfactant-directed 

methods, which are more complex and expensive compared to conventional 

supports. Clays are natural abundant and inexpensive, and typically display a 
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phyllosilicate structure with a layered morphology and interlayer cation. These 

features can offer a uniform surface for metal dispersion and stabilisation, although 

the lack of porosity and low acidity may limit catalytic performance.   

The performance of zeolite and clay-based supports was tested by Song et. al. [92] 

[93] using Beta zeolite, H-ZSM-5 zeolite and montmorillonite clay as a support for 

Ni2O3. It was found that Beta yielded a significantly higher carbon outperformed the 

other supports, producing a high carbon yield and greater MWNT purity. This 

enhanced activity was attributed to H-Beta’s stronger acidity and larger pore size, 

which facilitated better hydrocarbon cracking and access to active sites, respectively. 

The thermal behaviour of the Beta support may also be beneficial, with partial 

structural breakdown under high-temperature conditions exposing new acid sites 

during the reaction, effectively increasing in situ catalytic surface area and enhancing 

overall conversion efficiency.  

Yao et al. [94] expanded this comparative framework by employing Ni-Fe bimetallic 

catalysts on different zeolite and mesoporous supports, including MCM-41, ZSM-5, 

Beta, and NKF-5, for converting mixed plastic waste. Ni-Fe/MCM-41 exhibited the 

highest carbon yield and graphitisation, a result attributed to its high surface area and 

mesoporous structure, which supported excellent metal dispersion and reactive 

intermediate diffusion. Ni-Fe/ZSM-5 and Ni-Fe/Beta performed intermediately, while 

Ni-Fe/NKF-5 displayed the worst performance largely due to its limited pore volume 

and poor metal dispersion. This indicates the promise of mesoporous silica supports. 

Indeed, Yang et al. [95] studied the effect of aluminium incorporation in mesoporous 

silica material SBA-15, when used as a support for Ni-based catalyst. They found that 

the acidity and mesoporous structure could be precisely tuned by varying the Si/Al 

ratio, thereby modulating CNT yield and quality. Catalysts with moderately high 

aluminium content provided an optimal balance, enhancing precursor cracking 

without excessive acidity leading to structural collapse and hindered metal dispersion. 

These results indicate zeolites and ordered aluminosilicates have several features 

which give them high potential of as supports for plastic conversion to CNM. The 

presence of strong acid sites, enhance catalysing dehydrogenation, cyclisation, and 

aromatisation reactions, which generate polyaromatic intermediates for CNT 

nucleation [92] [93]. The larger pore materials support the diffusion of bulky 

hydrocarbon molecules and promote efficient mass transfer throughout the catalyst 

matrix, thereby improving access to active sites, and leading to uniform CNT growth 
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and improved graphitisation [92] [93]. Additionally, the regular ordered porous 

structure of the support surface can impart regularity to the dispersion of metal NPs.  

2.7 Preparation Methods  

The method and any pre-processing steps used to disperse metal species onto a 

support material can significantly influence catalytic performance. The preparation 

technique governs the dispersion of metal NPs on the catalyst and influences the MSI. 

Additionally, preparation method can alter key support characteristics such as surface 

area and porosity. Several alternative approaches have been investigated with the 

aim of improving catalyst structure and performance. This section covers these 

methods, their current applications and catalytic changes they can make which effect 

performance.  

2.7.1 Wet Impregnation 

Typically, wet impregnation is employed due to its simplicity and cost-effectiveness. 

This involves dissolving a metal salt into a solvent and thus liberating the metallic ions. 

A supporting material can then be added to this solution, allowing for the metal to bind 

to the support. However, the undirected nature of metal ion distribution in solution 

onto a pre-formed crystalline can lead to uneven dispersion, resulting in a 

heterogeneous catalyst that is less effective for the growth of ordered CNMs. This is 

a particular issue for supports lacking ordered porosity, such as alumina, as surface 

adsorption limits the integration of metal species and support matrix and can allow for 

agglomeration. Although for zeolites wet impregnation can be more effective, as it 

allows for ion exchange into the pores and thus more even distribution of metal 

species due to the regular crystalline structure.  

2.7.2 Sol-Gel Preparation of Alumina-Supported Catalyst 

To address the limitations of the wet impregnation method, sol-gel (SG) Al2O3-

supported catalysts have been tested. The SG method is a versatile synthesis 

technique that enables the homogeneous dispersion of metal species within a support 

matrix. It begins with dissolving a metal alkoxide precursor in a solvent such as alcohol 

or water, typically aluminium-tri-sec-butoxide (ATB). Hydration of this precursor leads 

to hydrolysis, forming hydroxyl groups that condense into a three-dimensional metal-

oxygen network. This process produces a colloidal suspension of alumina NPs that, 

over time, crystallises into larger Al2O3 phases, ultimately forming a gel with improved 

porosity and increased surface area.  
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Yao and Wang [68] found that sol-gel-derived FeNi catalysts exhibit a specific surface 

area more than double that of wet-impregnated counterparts, with Jagodzińska et al. 

[70] reporting an approximately three times increase. The FeNi metal salt solution can 

be introduced either at the start of the sol-gel process or after partial Al₂O₃ 

crystallisation. Early addition typically promotes the formation of crystalline spinel 

phases like NiAl₂O₄ upon calcination. In contrast, later-stage addition is preferred for 

CNM catalysts, allowing for improved surface-dispersed metal NPs. This approach 

often yields metastable surface-mixed oxides and non-stoichiometric phases [96]. 

These intermediate phases enhance MSI and metal NP dispersion. Indeed, Yao and 

Wang [68] found that SG prepared FeNi catalysts achieved a higher metal dispersion 

and availability of active sites compared to wet impregnation.   

These improved structural and catalytic properties result in sol-gel-derived FeNi 

catalysts outperforming their wet-impregnated counterparts. For instance, Yao and 

Wang [68] reported improved conversion of PP to a higher quality CNTs with a SG 

catalyst compared to a traditional wet impregnation. TEM revealed that the SG 

prepared catalyst had less amorphous carbon deposited, particularly on the outer 

MWNT walls. The increased performance was attributed to the amorphous matrix and 

uniform metal distribution in the sol-gel catalysts further helped prevent sintering, in 

contrast to the crystalline and less porous structure seen in impregnated catalysts. 

Jagodzińska et al. [70] further supported these findings, higher conversion and 

significantly higher carbon quality from the sol-gel-prepared catalyst in the conversion 

of landfill recovered PE to CNTs. Therefore, demonstrating the robustness of SG 

prepared catalyst to deal with challenging feedstock.  

2.7.3 Hydrothermal Synthesis of Zeolites 

Hydrothermal synthesis is a widely employed technique for the crystallisation of 

zeolite-based supports. This method typically involves dissolving silicon and 

aluminium precursors in an alkaline aqueous solution, followed by crystallisation 

under elevated temperatures and autogenous pressure in a sealed autoclave [97]. 

The introduction of metal precursors during the synthesis stage allows for direct 

interaction between metal ions and the forming crystalline matrix, similar to sol–gel 

preparation methods used for alumina-based catalysts. The hydrothermal route 

enables the incorporation or anchoring of metal ions preferentially within the zeolite 

framework over on the zeolite surface, especially compared to traditional 

impregnation [98]. Upon calcination, the inherent porosity of the zeolite can direct the 
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formation of well-dispersed metal NPs, resulting in a controlled size distribution. 

Metal-zeolite composites synthesised by this method often exhibit strong MSI and 

enhanced thermal stability [99].  

However, a key limitation of this approach is that metal ions embedded deeply within 

the microporous structure may be inaccessible to hydrocarbon feedstocks or may be 

geometrically constrained, thereby limiting their catalytic effectiveness [100]. This 

reduced accessibility can result in fewer active surface sites available for CNM 

nucleation and growth, ultimately lowering catalytic activity and yield. Additionally, 

typically laboratory-scale hydrothermally synthesised zeolites are often lower in 

structural uniformity compared to commercially produced materials. Small, relatively 

simple autoclave systems provide less precise control over parameters such as 

temperature gradients, mixing and pressure stability compared to large-scale 

industrial reactors. As a result, lab-prepared zeolites may exhibit incomplete 

crystallisation causing a higher defect density and a greater variation in crystal size. 

This can affect catalytic performance by altering the framework thermal stability, metal 

site dispersion and precursor cracking ability, due to acidity and porosity changes. 

Therefore, hydrothermal synthesis is not typically the preferred method for preparing 

CNM growth catalysts. Nonetheless, due to its ability to achieve high metal dispersion, 

it has the potential to have beneficial results in terms of CNM structure, morphology 

or uniformity. 

2.7.4 Metal Complexing Agents 

The incorporation of complexing agents during catalyst preparation offers a practical 

strategy for improving NP morphology and dispersion. These additives form stable 

chelates with transition metal ions in solution. By temporarily sequestering the metal 

ions, these agents regulate their availability during drying and calcination, preventing 

premature aggregation or precipitation. This results in finer, more uniformly distributed 

metal NPs with narrower size distributions, which enhances catalytic activity and 

selectivity. Although their application in catalysts for plastic-to-CNM conversion is 

limited, promising results from traditional catalyst systems suggest high potential. For 

instance, chelating agents have been shown to produce highly dispersed, thermally 

stable NPs when used with iron and nickel precursors, indicating that their application 

could be similarly beneficial in plastic pyrolysis contexts [101]. Furthermore, their role 

in enhancing MSI could help balance dispersion and stability, particularly when 

combined with porous supports or bimetallic systems. This method has been used to 
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prepare catalysts for CNM synthesis using citric acid [102] or EDTA [103], although 

the effect of these in combination with a plastic feedstock is unclear. 

2.8 Conclusion 

Catalyst design for efficient conversion of polyolefins to CNMs relies on the integration 

of multiple interconnected factors. Enhanced catalytic performance can be achieved 

through selection of optimal active metal species, inclusion of secondary stabilising 

metals, favourable metal-support combinations and preparation methods that 

enhance overall catalyst structure. 

The choice of metallic species is central to the efficiency and selectivity of CNM 

synthesis from waste plastics. Iron consistently delivers superior carbon yields and 

CNT quality in two-stage systems, owing to its high carbon solubility and balanced 

MSI. However, its performance declines in one-stage or impurity-rich conditions due 

to sintering, carbide formation, and susceptibility to poisoning. Nickel, while typically 

yielding less carbon, is more resilient under these challenging scenarios thanks to its 

robust surface-mediated cracking and resistance to deactivation. Cobalt, although 

less explored, exhibits promising features such as uniform CNT morphology and 

stable small NPs. FeNi bimetallic catalysts outperform monometallic ones by 

leveraging synergistic effects that enhance NP dispersion, thermal stability, and 

catalytic activity. Incorporating secondary metals like manganese and molybdenum 

improve the catalytic behaviour of the active metal catalyst species by tuning MSI, 

enhancing reducibility, and stabilising small well dispersed NPs. 

Support materials play a critical role in determining catalyst performance by regulating 

MSI strength, NP dispersion, and hydrocarbon cracking. Strong MSI enhances 

thermal stability and reduces NP sintering, though excessively strong interactions can 

hinder catalytic activity. MSI also influences whether CNTs follow a tip- or base-growth 

mechanism, thereby affecting the resulting carbon morphology. High surface area and 

well-controlled porosity improve access to active sites for NP to form on. Furthermore, 

regular porous structures can impart uniformity to the NP distribution through 

favourable adsorption sites. The support can actively catalyse the decomposition of 

feedstock through acid site, thus improving yields. Porosity in combination with acid 

sites can facilitate precursor decomposition but also modulate the delivery of carbon 

species to the active sites, shaping both yield and structure of the CNMs. Mesoporous 

aluminosilicates and zeolites are some of the most promising options for catalyst 

support which display all these beneficial features.  
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The catalyst preparation method will strongly influence its overall structure and 

properties. Techniques that involve growing the support material in direct contact with 

metal ion solutions can produce a higher surface area catalyst with enhanced metal 

dispersion and induce a wider range of more complex MSI. Additionally, the use of 

additives such as complexing agents can further control NP formation by regulating 

the availability of metal ions during synthesis. This can lead to improved uniformity in 

particle size, better distribution across the support, and increased thermal and 

chemical stability of the final catalyst. This shows the complex interconnecting roles 

of the catalyst elements, indicating a holistic approach to catalyst design will allow for 

improvements in catalytic performance.  

Despite these insights, several research gaps remain: 

1. Current literature lacks direct comparisons between different metal species 

and bimetallic species for their effectiveness on one-stage systems and 

whether synergistic effects found in two-stage can be achieved.  

2. The integration of porous aluminosilicate materials as catalyst supports within 

one-stage pyrolysis systems remains insufficiently explored, despite their 

effectiveness as a support and as a pyrolysis catalyst.  

3. The influence of catalyst preparation techniques on CNM aluminosilicate-

supported catalysts is not clear, despite some favourable properties such as 

improved metal dispersion evidence from use in other applications.  

4. While both molybdenum and manganese have shown effectiveness as 

promoters in CNM synthesis, there is a lack of direct comparative studies to 

determine which element is more effective in the context of plastic convention 

to CNMs. 

Addressing these gaps defines the novelty of this work: 

1. Comprehensive evaluation of mono- and bimetallic catalysts in a one-stage 

system, investigating how variations in metal composition and catalyst 

structure influence CNM growth mechanisms and overall performance.  

2. Direct comparation of diverse catalyst support morphologies, interconnected 

3D pore zeolite, linear 1D pored zeolite and flat clay, which will offer 

generalised insights into how support morphology governs CNM formation 

from plastics. 
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3. Influence of zeolite-supported catalyst preparation methods, with direct 

comparison of wet impregnation and hydrothermal synthesis methods and 

zeolite calcination temperature impacts. 

4. Comparation of the roles of manganese and molybdenum as secondary 

promoter metals, providing insights into their individual and relative effects on 

catalytic performance in plastic to CNM conversion. 
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Methodology 
This section outlines the methodological approach employed in the thesis. The 

experimental set-up and catalyst preparation method are explained and justified. The 

selection of materials used in this work are detailed, particular explaining why based 

on their molecular structure, the different aluminosilicate supports were selected. The 

combination of characterisation techniques used to assess both the fresh and used 

catalysts, as well as the carbon deposits formed during reactions, are detailed. The 

rationale behind each technique, the underlying theory, and ultimately the relevance 

to the study are explained.Figure 3.1 presents a schematic overview of the 

experimental workflow, outlining the key stages in catalyst preparation and CNM 

synthesis, with the primary inputs, processing steps and analytical techniques 

summarised.  

Figure 3.1. Flow chart of the experimental procedure, highlighting primary inputs, processing steps and 

analytical techniques. 
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3.1 Catalyst Preparation 

3.1.1 Effect of Metal Species  

In Chapter 4, each catalyst was prepared using 5 g of α-Al2O3 support and 5 wt% 

metal content. The metals were used in their nitrate salt forms: Fe(III) nitrate 

nonahydrate, Co(II) nitrate hexahydrate and Ni(II) nitrate hexahydrate. These 

precursors are advantageous due to their solubility in a range of solvents and the 

ease with which they decompose thermally, releasing active metal ions. The nitrate 

ligands can be easily burnt off in later stages. The nitrates were dissolved in ethanol, 

selected for its superior performance in dispersing metal ions compared to other 

solvents. Support was gradually added to the metal solution under continuous stirring 

to form a uniform slurry. The mixture was stirred for 2 h and then dried overnight on a 

hot plate at ~80 °C. Dried samples were calcined at 800 °C for 5 h with a heating rate 

of 5 °C/min. The calcination temperature was used to match the preparation 

temperature used for alumina-based catalysts, to allow for better comparation to the 

most similar catalyst testing in literature which then was used for further catalyst 

formulation to improve comparability between different supporting materials. 

Additionally, calcining at the same temperature as CNT growth was intended to 

stabilise the catalyst structure prior to reaction, minimising further structural evolution 

during synthesis. The calcinated catalysts were crushed using a mortar and pestle, 

then sieved to obtain a fine, consistent powder for testing. 

3.1.2 Effect of Catalyst Supporting Material 

In Chapter 5, the catalysts are prepared in the same way as for Chapter 4, which 

allows for direct comparation to traditional alumina support. The method differed only 

by using 5g of different supporting material replacing alumina, namely Y-type 

Faujasite (FAU), mordenite zeolite (MOR) and Kaolin clay (KAO), and only using the 

monometallic and FeNi bimetallic. These aluminosilicate materials are selected, with 

each being classified differently in terms of structural features, therefore allowing for 

broader role of support morphology to be determined. FAU with a three- dimensional 

arrangement of interconnected pore channels, and mordenite zeolite (MOR) featuring 

a one-dimensional parallel liner pore channel architecture.  Kaolin clay (KAO) with a 

flat planar morphology with minimal internal porosity in contrast to the zeolite 

frameworks. The support materials were all purchased from Sigma Aldrich, with the 

properties given in this section taken from the data sheet of these purchased 

materials, and summarised in Table 3.1. 
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Table 3.1. Material properties of catalyst supports.  

Material Structural Type Si:Al Ratio Surface Area (m2/g) 

Alumina 
Non-microporous 

bulk 
N.A. 6-8 

Kaolin (KAO) Layered sheets 1:1 10-20 

Mordenite zeolite 

(MOR) 

One-dimensional 

pore channels 
13:1 425 

Y-type Faujasite 

zeolite (FAU) 

Three-dimensional 

pore network 
5:1 900 

 

FAU is a highly porous, three-dimensional zeolite with an interconnected channel 

system, with a surface area of 900 m2/g. Therefore, it is suitable for efficient dispersion 

of metal species and diffusion of carbon precursors. Additionally, the relatively low 

Si:Al ratio of 5:1 provides a high density of acid sites for hydrocarbon cracking. MOR 

features a one-dimensional parallel liner pore channel architecture, with the MOR 

used here having a surface area of 425 m2/g and a Si:Al ratio of 13:1. Although this is 

a reduction from the FAU, reducing precursor cracking ability and diffusion. Although, 

this ordered linear structure that imposes geometric constraints on the molecular 

diffusion of metal species particularly relevant when forming surface NPs. has the 

potential to impart uniformity to the metal NP, and thus carbon product. The flat 

morphology of KAO provides a continuous and uniform surface for the dispersion of 

metal NPs, allowing for highly accessible catalytic sites. This promotes surface driven 

reactions as opposed to the bulk diffusion of the zeolites. Low acid site concentration 

in comparison to zeolite may reduce the hydrocarbon cracking ability.  

3.1.3 Effect of Preparation Method Modification 

In Chapter 6, the influence of various modifications to the Co/MOR catalyst are tested. 

The first variation involved a catalyst similar to the previously prepared Co/MOR 

sample, but calcined at a lower temperature of 550 °C, designated as Co/MOR550. 

This lower temperature was selected to better preserve the zeolite framework, 

potentially enhancing the catalyst's cracking activity. All subsequent catalysts 

discussed in this section were also calcined at 550 °C.  

The effect of metal complexing agent was tested by replacing the ethanol solvent with 

a mixed solvent system of water and ethylenediamine (EDA) in a 10:1 volume ratio, 

with the catalyst synthesised by this method designated as Co/MOREDA. A total of 20 
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mL of this solution was prepared, and cobalt nitrate was added to achieve an EDA:Co 

molar ratio of 3:1, ensuring complete complexation of Co2+ ions prior to impregnation. 

The MOR was then added to this solution, mixed and dried in the same way as 

previously.  

The effect of hydrothermal synthesis of a zeolite in the presence of metal solution was 

tested, with the resulting catalyst designated Co@MOR. A synthesis gel with the 

molar composition 6 Na2O:Al2O3:30 SiO2:780 H2O, commonly used for MOR-type 

zeolites, was prepared. Initially, 2.85 g of NaOH was dissolved in 20 mL of deionized 

water, followed by the addition and dissolution of 1.16 g NaAlO2. In parallel, a cobalt 

solution was prepared by dissolving 2.04 g of cobalt(II) nitrate hexahydrate in 80 mL 

of water with EDA, maintaining a 3:1 EDA to Co molar ratio to ensure full complex 

formation. This solution was stirred magnetically for 30 minutes before being added 

to the basic alumina solution. Next, 12.8 g of fumed silica was added under continuous 

stirring to form a homogeneous gel. MOR seeds from the purchased zeolite were 

added at 5 %wt compared to the total expected zeolite weight. The resulting gel was 

transferred into a 100 mL Teflon-lined autoclave and subjected to hydrothermal 

synthesis with a ramp rate 1°C/min used to reach 170°C for 24 hours. After synthesis, 

the product was washed three times with 100 mL of deionised water, using filtration 

paper to collect solids after each wash. The final product was dried overnight at 

approximately 80°C on a hot plate.  

The CoMo/MOR and CoMn/MOR catalysts were prepared using the same procedure 

as Co/MOREDA, with the addition of Molybdenum trioxide and Manganese (II) nitrate 

hydrate to achieve Co:Mo and Co:Mn molar ratios of 1:1 and 2:1, respectively.  

3.2 CNM Growth 

3.2.1 Feedstock Selection 

The polyolefin feedstock selected for this study was LDPE, due to its simplified 

molecular structure consisting solely of carbon and hydrogen atoms in a linear 

backbone, and a degree of chain branching intermediate for polyolefins. This makes 

it mechanistically straightforward and a representative model compound for 

polyolefins in general. The LDPE feedstock, with a density of 0.92g/ml and average 

molecular weight ~4000 was purchased from Sigma-Aldrich.  
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3.2.2 Reactor Set-up 

The CNM synthesis was performed in a quartz tube reactor in batch set up, with total 

length 0.5 m and internal diameter 25 mm. A diagram of the reactor is shown in Figure 

3.2. In each experiment, 0.5 g of LDPE was loaded into a quartz boat, with an equal 

weight of catalyst layered on top. Although, this ratio is not representative of industrial 

practice, where catalyst loadings are substantially lower, the ratio was selected for 

mechanistic clarity rather than process optimisation or direct scale-up. High carbon 

flux in a one-stage plastic pyrolysis system can rapidly oversaturate metal 

nanoparticles, leading to encapsulation or carbide formation and premature 

deactivation. Increasing catalyst loading reduces the chance of oversaturation, and 

helps to ensure that performance differences reflect intrinsic metal properties rather 

than catalyst converging on similar deactivated behaviours. This ratio therefore 

serves a proof-of-concept used for catalytic comparation, and can be optimised in 

future work. The quartz boat was then placed in the centre of the tube reactor. The 

tube reactor was then filled with nitrogen at for 20 minutes to ensure a fully inert 

atmosphere. A heating rate of 20 °C/min was used with a dwell time of 1h at the final 

temperature of 800 °C. 

Figure 3.2. Schematic of the reactor set-up used to produce the carbon materials 

3.2.3 Error Estimation 

The monometallic catalysts using the alumina support were repeated three times, 

allowing for the reproducibility of the experiment to be evaluated. This was used to 

gives an estimate for the variability between runs in this system, since due to time 

constraints, the other catalysts were only ran once. The relative standard deviation 

(RSD) was calculated by:  

   𝑅𝑆𝐷 =  
𝜎

𝑥̄ 
                                    (3.1) 



75 
 

Where x̄ is the sample mean and σ is the sample standard deviation, which itself is 

calculated by: 

                                             𝜎 = √
∑(𝑥̄𝑖−𝑥̄ )

2

𝑛−1
                                     (3.2) 

Where n is the total number of samples and xi is the conversion value for each 

individual run.  

3.3 Analysis 

3.3.1 X-ray Diffraction Analysis 

X-ray diffraction (XRD) is a non-destructive analytical technique used to determine 

the crystal structure of materials. Incident X-rays are scattered by parallel planes of 

atoms within a crystalline lattice. When constructive interference occurs, it 

corresponds to specific lattice spacings. By scanning across a range of diffraction 

angles, a composite diffraction pattern is obtained, reflecting the atomic plane 

spacings characteristic of the crystalline phases present. 

XRD analysis was carried out using a Rigaku Miniflex diffractometer, with data 

processed using Rigaku SmartLab software. This technique was employed to identify 

crystalline phases in the fresh catalysts, including surface oxides, mixed bimetallic 

oxides, and metal-support aluminate phases. For the used catalysts, XRD was 

applied to assess whether metal species had been fully reduced during CNT 

synthesis, forming active metallic nanoparticles (NPs). 

Peak broadening effects in the diffraction patterns can be used to estimate the NP 

diameters, with two methods used depending on the material. Both methods were 

implemented within the Rigaku SmartLab software. The Scherrer approximation uses 

a single peak for the diameter calculation: 

                                                    D =
Kλ

βcosθ
                                        (3.3) 

D is the average crystallite size, K a shape factor (0.9 for roughly spherical NPs), λ is 

the X-ray wavelength, β is the full width at half maximum intensity of the diffraction 

peak and θ is the angle of the diffraction peak. 

The Halder-Wagner method expands on Scherrer by recognising that total peak 

broadening contains contributions from both crystallite size and microstrain, and by 
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analysing multiple diffraction peaks across the scan range the influence if these two 

effects can be determined. The peak broadening effects are given by: 

                β𝑠𝑡𝑟𝑎𝑖𝑛 = 4ϵ 𝑡𝑎𝑛θ                                              (3.4)                                      

                                                            β𝑠𝑖𝑧𝑒 =
Kλ

Dcosθ
                                   (3.5) 

ε represents the lattice microstrain. 

Which can be combined, and then simplified to give a linear equation: 

                                          β2 = β𝑠𝑖𝑧𝑒β + (βStrain)
2                                (3.6) 

A plot constructed from several diffraction peaks therefore allows both parameters to 

be determined, with the slope corresponding to crystallite size and the intercept 

representing microstrain. Providing there are at least three well-resolved diffraction 

peaks available, the Halder-Wagner method can provide significantly better results 

compared to the Scherrer approximation.  

In this work, the Scherrer approximation was used to estimate the NP sizes for pure 

metallic species, since one clear peak with limited secondary peaks and is relatively 

low intrinsic lattice strain in pure metal particles due to a homogenious crystalline bulk. 

Whereas, for oxide NPs the Halder-Wagner method was used due to the larger effects 

of microstrain since due to the presence of non-stoichiometry or mixed oxidation 

states in the NPs, with multiple clear peaks found in most cases. 

Comparisons between fresh and spent catalysts allowed for evaluation of NP 

dispersion and sintering resistance. While the use of different in size estimation 

methods may hinder direct comparability, the results are still valuable in identifying 

trends, particularly in determining which catalysts exhibit improved resistance to 

sintering under CNT growth conditions. 

3.3.2 Thermogravimetric Analysis 

The conversion and structural classification of carbonaceous products were 

determined using thermogravimetric analysis (TGA) under an air atmosphere using a 

TA Instruments TGA 5500. This enabled temperature programmed oxidation (TPO) 

to occur, which involves measuring the mass loss due to oxidation of a material over 

a range of temperatures. A heating rate of 10 °C per minute was applied up to a 

maximum temperature of 800 °C, at which carbon oxidation is was complete with no 

further mass loss observed. The dry mass of the used catalyst was taken as the mass 
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at 300 °C, which allowed for all microporous water to be evaporated without any 

carbon oxidation occurring. The carbon conversion was defined as the percentage of 

carbon in the PE feedstock which was converted to carbon on the used catalyst, 

calculate by 

𝐶𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝑚𝐶,𝐶𝑎𝑡

𝑚𝐶,𝑃𝐸
× 100% =

𝑚𝐶𝑎𝑡,300°𝐶−𝑚𝐶𝑎𝑡,800°𝐶

0.86𝑚𝑃𝐸
× 100%           (3.7) 

Where mC,cat is the mass of carbon found to be deposited on the catalyst and mC,cat is 

the mass of carbon present in the PE feedstock, mCat,300°C is the mass of the catalyst 

at 300 °C, mCat,800°C is the mass of the catalyst at 800 °C and mPE is the total PE 

feedstock mass.  

TPO provides a more accurate assessment of carbon conversion compared to simple 

mass balance methods, where sample mass is measured before and after reaction. 

The results from traditional weighing approaches can be distorted factors such as the 

mass loss from reduction of metal oxides and moisture content, particularly in porous, 

high-surface-area supports. TPO, in contrast, enables differentiation of these effects 

by correlating mass loss with specific temperature ranges. Carbon oxidation typically 

occurs between 500°C and 700°C, clearly separable from the lower-temperature 

evaporation of water. Furthermore, the oxidation temperature of carbon is influenced 

by its morphology and defect structure. Filamentous carbon tends to oxidize at higher 

temperatures than amorphous carbon, while defective graphitic structures oxidize 

more readily. However, additional factors may influence oxidation behaviour, such as 

the presence of certain metal catalysts can promote redox reactions and catalyse 

carbon oxidation at reduced temperatures. Thus, this technique not only quantifies 

carbon conversion with greater specificity but also provides indirect insight into carbon 

structure and quality based on oxidation profiles. 

3.3.3  Raman Spectroscopy 

Raman spectroscopy was conducted using a LabRAM HR system equipped with a 

Ventus 532 nm laser to assess the quality of the CNMs. This is achieved by 

comparation of the intensities of different Raman bands. The G band corresponds to 

vibrational mode of sp2-hybridised carbon atoms, indicative of graphitic order. 

Whereas, the D band arises from the presence of sp3-hybridized carbon and structural 

defects. The intensity ratio of the D and G bands is used to quantify the degree of 

disorder within graphic lattice. The 2D band provides information on the number of 

graphene layers and the stacking order of graphitic sheets, with sharper and more 
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intense peaks associated with fewer layers and higher crystallinity. Where 

overlapping of Raman bands occurred, particularly due to wide D bands, peak 

deconvolution was performed to quantify individual contributions accurately. 

Additionally, Raman spectroscopy was applied to selected Co-containing catalysts to 

distinguish between CoAl2O4 and Co3O4 phases. These cobalt species exhibit similar 

lattice parameters, making them difficult to differentiate by XRD. Raman, being 

sensitive to their distinct vibrational modes, offers a complementary technique for 

phase identification. 

3.3.4 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) analysis was performed using a Tescan Clara 

ultra-high-resolution microscope. Samples were sputter-coated with Au-Pd using a 

Polaron SC7640 to enhance image clarity and conductivity. Images were obtained at 

magnifications up to 25,000x. This provided key morphological information, allowing 

identification of carbon forms such as filamentous, spherical, or irregular structures. 

The size, density, and distribution of these features gave insight into catalytic activity 

and uniformity. Morphologies ranging from highly ordered to chaotic could be linked 

to defect densities observed from Raman analysis. 

3.3.5 Transmission Electron Microscopy with Energy Dispersive X-ray  

Transmission Electron Microscopy (TEM) was employed alongside SEM to provide 

complementary insights into the morphology of the carbon deposits. High-resolution 

imaging was conducted using a FEI Titan Themis microscope, which allowed for over 

1,000,000x magnification and the integration of Energy Dispersive X-ray (EDX) for 

elemental analysis. Sample preparation involved an initial mechanical thinning using 

a Gatan dimple grinder, followed by final thinning using a Gatan Precision Ion 

Polishing System to achieve electron transparency. 

TEM provides a complementary imaging technique to SEM, enabling detailed 

visualisation of the internal structure of carbon materials. This allowed for the 

differentiation between CNTs and CNFs due to the characteristic hollow cores of 

CNTs appearing as low-density regions. TEM also revealed the arrangement, 

stacking order, and crystallinity of graphitic layers, as well as the presence of 

disordered or amorphous carbon regions. Beyond carbon characterisation, TEM-EDX 

was used to assess the size, dispersion and distribution of metal NPs. This can 

complement the average NP sizes found by XRD, and give further insight into the 

distribution of NPs. In bimetallic systems, TEM-EDX can determine whether alloyed 
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NPs have been formed, and assesses the effect of any phase separation. 

Furthermore, by examining the location of metal NPs in used catalysts, it was also 

possible to infer if tip or base growth modes have occurred.   
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Effect of Metal Species 
The selection of metal species plays a critical role in the catalytic conversion of 

polyolefins to carbon nanomaterials (CNMs). In this chapter, the influence of active 

metal composition on catalyst performance is evaluated, with Monometallic and 

bimetallic configurations of Fe, Co, and Ni tested. Alumina is used as the benchmark 

support due to its widespread application and well-characterised interactions with 

transition metals, allowing performance differences to be more directly attributed to 

the intrinsic properties of the metal species. The catalyst characterisation was carried 

out by assessing the size and distribution of metal nanoparticles (NPs) on both fresh 

and spent catalysts to assist in explaining variations in catalytic performance. Catalyst 

effectiveness is further evaluated through several metrics including carbon 

conversion, carbon product structure, carbon quality and product stability. Carbon 

conversion is quantified by measuring the mass of carbon deposited on the spent 

catalysts. The structure of the resulting carbon is analysed in terms of CNM type and 

over morphology, as well as internal carbon arrangement, evaluated in terms of the 

presence and characteristics of graphitic layering. Carbon quality is assessed by 

quantifying the defect density within the hexagonal carbon lattice, offering insight into 

crystallinity and degree of graphitisation. The thermal stability of the carbon products 

under combustion conditions provides complementary evidence for the structural 

integrity and ordering of the carbon nanomaterials. 
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4.1 Catalyst Characterisation 

The structural characteristics of the catalysts in both fresh and used form were 

characterised using a combination of analytical techniques. XRD was performed to 

identify the crystalline metallic phases and to estimate the average nanoparticle sizes. 

To complement the XRD-derived size estimates and provide insight into particle 

dispersion and morphology, TEM-EDX was carried out on the used catalysts. This 

enabled direct imaging of the metal nanoparticles, revealing their distribution and size 

range. For cobalt-containing catalysts, phase identification via XRD was complicated 

by the similarity of Co3O4 and CoAl2O4 lattice parameters, with Raman spectroscopy 

employed to resolve these ambiguities. Across all samples, the alumina support was 

confirmed to be the Corundum phase (alpha-Al2O3), with characteristic primary peaks 

at around 25.6°, 35.2°, 37.8°, 43.4°, 52.5°, 57.5°, 61.3°, 66.5° and 68.1° displayed for 

all fresh and used catalysts [1], and shown for a reference in Figure 4.1. 

 

Figure 4.1. Reference  XRD Spectra of Corundum phase alumina [1]. 
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4.1.1 Iron 

Figure 4.2 shows that the Fe/Al2O3 catalyst displayed prominent XRD peaks 

characteristic of hematite (α-Fe2O3), with primary peaks at 33.1°, 35.6°, and 54.1° 2θ, 

corresponding to the (104), (110) and (116) planes respectively [2]. The XRD pattern 

of the used catalyst shows the disappearance of peaks associated with hematite and 

the appearance of new reflections consistent with metallic Fe0, with the most 

prominent peak observed at approximately 44.7° corresponding to body-centred cubic 

(bcc) iron [3]. This confirms that full reduction of the oxide species occurred during 

the reaction.  
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Figure 4.2. Characterisation of the Fe/Al2O3 catalyst showing (a) Reference XRD pattern for Fe2O3 [2] 

and (b) XRD patterns of fresh and used catalysts with the Fe-phases identified.  
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Figure 4.3 shows the average nanoparticle (NP) diameter estimated from XRD of the 

fresh Fe/Al2O3 catalyst was 44.2 nm, suggesting moderate agglomeration during the 

calcination process. The used catalysts estimated NP size decreased to 33.0 nm, 

consistent with expected size decrease due to oxygen loss during reduction. 

However, analysis of the used catalyst by TEM-EDX revealed significant 

heterogeneity in particle size and dispersion. While smaller Fe nanoparticles were 

present, large agglomerates up to ~200 nm were also observed, resulting in poor 

overall dispersion. Such agglomeration can be attributed to the weak interaction 

between iron and the Al2O3 support, coupled with the high surface mobility of Fe at 

elevated temperatures [4]. These findings highlight the limitations of relying solely on 

XRD for average particle size estimation, especially based off single peaks, which 

may obscure the presence of larger, non-uniformly distributed particles. Although, 

XRD remains suited for identifying relative trends or comparing similar materials.  

 

Figure 4.3. Characterisation of the Fe/Al2O3 catalyst showing (a) TEM-EDX image of the Fe in the used 
catalyst and (b) the average NP diameters estimated from XRD. 

4.1.2 Cobalt 

Figure 4.4 shows the phase identification results for the Co/Al2O3 fresh and used 

catalysts. The XRD pattern displays distinct XRD reflections at 31.3°, 36.8°, 59.3° and 

65.2° 2θ, corresponding to the (220), (311), (511) and (440) planes of Co3O4 or 

CoAl2O4 [5]. The presence of Co3O4 was confirmed by Raman spectroscopy, with the 

most prominent and sharpest band at ~690 cm-1 and the expected secondary bands 

at 190 cm-1, 490 cm-1 and 520 cm-1 [6] [7] [8]. In contrast, CoAl2O4 would typically 

display the strongest band at 190cm-1 or 520 cm-1, thus confirming limited CoAl2O4 
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formation. The post-reduction XRD pattern indicates a transformation to metallic 

cobalt phases, with the main peak at 44.2° corresponding to hexagonal close-packed 

(hcp) α-Co0 phase.  
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Figure 4.4. Characterisation of the Co/Al2O3 catalyst showing (a) Reference XRD pattern for Co3O4 [5] 

(b) XRD patterns of fresh and used catalysts with the Co-phases identified (c) Reference Raman spectra 

for Cobalt and Alumina species [6] and (d) Raman spectra for the fresh Co/Al2O3 catalyst. 
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Figure 4.5 shows that the average Co3O4 nanoparticle diameter in the fresh Co/Al2O3 

catalyst was 73 nm, indicative of substantial agglomeration in the oxide form, with the 

average NP size post reduction found to be 24.4 nm. This is supported by the TEM-

EDX which shows finely dispersed cobalt NPs predominantly under 20 nm, with only 

a limited number of larger agglomerates up to 60 nm in diameter. The large difference 

in Co3O4 and Co0 NPs cannot fully be explained by the loss of lattice oxygen Instead, 

this observation is consistent with NP fragmentation occurring during the reduction 

process. While such fragmentation is typically rare under standard H2 reduction, it has 

been reported under non-conventional conditions.  

These include repeated oxidation-reduction cycles and reduction and presence of 

hydrocarbons have been found to cause this phenonium during Co3O4 reduction [9] 

[10]. These conditions are believed to promote the formation of unstable intermediate 

oxide phases. When coupled with strong metal-support interaction (MSI) between Co 

and Al2O3, which is likely stronger than the MSI in Fe-based catalyst, these 

intermediate phases can anchor to the support surface and fragment into smaller 

metallic domains [10]. In this process, he presence of mixed hydrocarbon gases 

during reduction likely facilitated this mechanism, contributing to the unexpectedly fine 

dispersion of cobalt nanoparticles observed in the used catalyst.  

 

Figure 4.5. Characterisation of the Co/Al2O3 catalyst showing (a) TEM-EDX image of the Co in the used 
catalyst and (b) the average NP diameters estimated from XRD. 
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4.1.3 Nickel 

The phase identification results for the Ni/Al2O3 catalyst are shown in Figure 4.6 It can 

be seen from the XRD pattern for the Ni/Al2O3 catalyst that the main XRD peaks are 

at 37.2° and 62.9° 2θ, corresponding to the (111), and (220) planes of cubic NiO, 

respectively [11] with a peak at 43.3° corresponding to the (200) plane heavily 

overlapping with the Al2O3 pattern.  
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Figure 4.6. Characterisation of the Ni/Al2O3 catalyst showing (a) Reference XRD pattern for NiO [11] 

and (b) XRD patterns of fresh and used catalysts with the Ni-phases identified.  

Figure 4.7 shows that the estimated NiO NP diameter in the fresh state was 

approximately 16.0 nm, suggesting a high degree of dispersion and minimal 

agglomeration. However, upon reduction, the average NP diameter increased to 

about 23.7 nm, indicating moderate sintering during thermal treatment. TEM-EDX 
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imaging showed moderately well-dispersed NPs, with a reasonable population below 

~50 nm but with larger agglomerations up to 120 nm observed. 

 

Figure 4.7. Characterisation of the Ni/Al2O3 catalyst showing (a) TEM-EDX image of the Ni in the used 

catalyst and (b) the average NP diameters estimated from XRD. 

4.1.4 Iron-Cobalt Bimetallic 

Figure 4.8 presents the characterisation results for the fresh and used FeCo/Al2O3 

catalyst. The XRD patterns of the fresh catalyst reveal peaks attributable to ferrite 

spinel phases such as Fe3O4 or mixed spinels like Fe2CoO4 and Co2FeO4. The 

incorporation of cobalt likely shifts the preferred iron phase from Fe2O3, typically 

observed in the monometallic Fe/Al2O3 catalyst, to the formation of CoFe2O4 spinel. 

Raman spectroscopy supports this observation, displaying broad bands at 

approximately 310, 470, and 690 cm-1, which is characteristic of cobalt ferrites spinels 

[12] and the absence of a strong band at 540 cm-1, typically associated with Fe3O4  

[13] [14] [15]. A weak band at ~410 cm-1 may indicate either a contribution from Al2O3, 

which is usually weak, or the formation of CoAl2O4. The disordered appearance of the 

Raman spectrum suggests a significant degree of structural disorder and the 

coexistence of mixed, non-uniform crystalline phases. Upon reduction, XRD analysis 

confirmed the presence of metallic FeCo nanoparticles. 
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Figure 4.8. Characterisation of the FeCo/Al2O3 catalyst showing (a) XRD patterns of fresh and used 

catalysts with the metallic phases identified, (b) Reference Raman spectra for cobalt ferrite species [12] 

and (d) Raman spectra for the fresh FeCo/Al2O3 catalyst. 

Figure 4.9 shows that the metallic FeCo NPs exhibited an average crystallite size of 

26.3 nm, with TEM-EDX imaging showed a high degree of overlap between Fe and 

Co signals, indicating successful formation of bimetallic NPs. However, the reduced 

catalyst showed fewer overall particles and poor dispersion, with large NP up to 100 

nm in diameter. Therefore, similar to Fe-based systems, the FeCo catalyst exhibited 
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sintering, although the presence of Co may have mitigated the extent of sintering to 

some degree. 

Figure 4.9. Characterisation of the FeCo/Al2O3 catalyst showing (a) TEM-EDX image of the Fe and Co 

in the used catalyst and (b) the average NP diameters estimated from XRD. 

4.1.5 Iron-Nickel Bimetallic  

Figure 4.10 shows the FeNi/Al2O3 characterisation, which showed features typical of 

a ferrite spinel phase, likely NiFe2O4, with principal XRD peaks at 30.3°, 35.7°, and 

62.7° 2θ, indexed to the (220), (311), and (440) planes [16].  
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Figure 4.10. Characterisation of the FeNi/Al2O3 catalyst showing the XRD patterns of fresh and used 

catalysts with the metallic phases identified. 

Figure 4.11 shows the average NP diameter calculated from peak broadening was 

7.6 nm, indicating enhanced thermal stability likely due to the formation of alloyed 

oxide species. Following reaction, the nanoparticle size increased significantly to 30.8 

nm, indicating a considerable degree of sintering. TEM-EDX analysis revealed a high 

degree of overlap between iron and nickel, confirming the formation of bimetallic alloy 

nanoparticles. The catalyst exhibited a wide particle size distribution, with many well-

dispersed nanoparticles below 40 nm and a secondary population of larger particles 

in the 70 to 100 nm range. 
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Figure 4.11. Characterisation of the FeNi/Al2O3 catalyst showing (a) TEM-EDX image of the Fe and Ni 
in the used catalyst and (b) the average NP diameters estimated from XRD. 

4.1.6 Cobalt-Nickel Bimetallic 

Figure 4.12 presents the phase identification of the CoNi/Al2O3 catalyst. The XRD 

pattern of the fresh catalyst revealed distinct peaks primarily corresponding to the NiO 

phase, while additional, less intense reflections were attributed to cobalt-containing 

spinel phases. Raman spectroscopy revealed a strong peak at 690 cm-1 and 

additional secondary peaks associated with Co3O4. A sharp band at approximately 

410 cm-1 was also observed, which may originate from either the CoAl2O4 spinel or 

the Al2O3 support. The broader, less defined band centred at 683 cm-1, along with the 

peak shift to lower wavenumbers, further supports the potential presence of CoAl2O4. 

However, the overall Raman features were less well-resolved, suggesting some 

degree of lattice disorder, partial integration with the support, and the coexistence of 

mixed phases at the interface. 
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Figure 4.12. Characterisation of the CoNi/Al2O3 catalyst showing (a) XRD patterns of fresh and used 

catalysts with the phases identified, (b) the Raman spectra for the fresh catalyst. 

Figure 4.13 shows that the average NP size was estimated at 18.3 nm for the fresh 

catalyst and 19.9 nm after use, indicating minimal sintering during operation. TEM-

EDX analysis showed excellent nanoparticle dispersion, with the majority of particles 

under 25 nm and only occasional larger particles around 50 nm. Notably, this catalyst 

produced the most uniform and spherical nanoparticles among the studied samples. 

This high degree of morphological control is likely due to the formation of a CoAl2O4 

surface spinel phase, which is known to stabilize nanoparticles on alumina supports 

and inhibit sintering. 
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Figure 4.13. Characterisation of the CoNi/Al2O3 catalyst showing (a) TEM-EDX image of the Co and Ni 
in the used catalyst and (b) the average NP diameters estimated from XRD. 

4.2 Carbon Conversions 

4.2.1 Carbon Conversions by Different Metal Catalysts 

The percentage of carbon in the PE feedstock converted into carbon material by each 

catalyst is shown in Figure 4.14.  

 

Figure 4.14. Carbon conversions given in feedstock carbon conversion percentage for (a) each catalyst 

metal species and (b) for the three repeated runs of the monometallic catalysts, with the bar showing the 

median value. 

Among the catalysts evaluated, Co/Al2O3 demonstrated the highest carbon 

conversion at 17.9%, significantly outperforming the other metallic formulations. This 
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enhanced performance is attributed to its finely dispersed, small NPs, which provide 

a large surface area and high density of active sites effective for CNM nucleation. The 

Ni/Al2O3 catalyst achieved a moderate conversion of 12.8%, which aligns with its 

moderately sized and well-dispersed NPs observed post-reduction. In contrast, 

Fe/Al2O3 exhibited the lowest carbon conversion at 5.1%, a result that can be partially 

explained by its poor dispersion and the presence of large, agglomerated NPs that 

are likely too large to serve as effective catalytic site 

CoNi/Al2O3 achieved the highest carbon conversion among the bimetallic catalysts, a 

result attributed to its uniform, spherical nanoparticles (~20 nm) and the presence of 

CoAl2O4. These features indicate the ability of CoNi to resist sintering and thus 

maintain a high number of active catalytic sites. FeCo/Al2O3 and FeNi/Al2O3 exhibited 

intermediate carbon conversions of 11.4% and 8.9%, respectively. The FeCo/Al2O3 

catalyst showed reduced sintering compared to monometallic Fe, likely due to the 

inclusion of cobalt, which enhances NP stability. However, it continued to suffer from 

poor dispersion and agglomeration, indicative of a moderate performance level.  

FeNi/Al2O3 was found to underperform relative to the Ni monometallic catalyst, a result 

that contrasts with the majority of literature, which reports a beneficial synergistic 

relationship between Fe and Ni [17] [18] [19] [20]. This synergy typically promotes 

enhanced catalytic performance in bimetallic systems compared to their individual 

monometallic counterparts. Although the presence of small nanoparticles associated 

with NiFe2O4 in the fresh FeNi catalyst suggests favourable characteristics often 

linked to improved activity, this did not translate into enhanced carbon conversion. 

Moreover, in prior studies where FeNi bimetallic outperformed monometallic, Fe was 

typically more active than Ni [17] [18] [19] [20]. Although, the very low activity 

observed in this study for the Fe/Al2O3 catalyst suggests catalytic deactivation, a 

phenomenon that has previously been reported for Fe-based systems under certain 

conditions [21] [22] [23]. This deactivation may have not only limited the performance 

of the Fe monometallic catalyst but also impaired the overall activity of the FeNi 

bimetallic formulation, thereby diminishing the synergistic effect between the two 

metals. 

The RSD (relative standard deviation) was found to fall within an acceptable range for 

Co/Al2O3 and Ni/Al2O3, with a value of 4.7% and 7.6%, respectively. For Fe/Al2O3, the 

high value of 14.6% is due to the low overall conversion, and therefore small variations 

lead to a large RSD. Overall, the fact that Co/Al2O3 and Ni/Al2O3 both give RSD% 
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comfortably below 10% indicates that for catalysts with a reasonably high conversion 

the variance between runs is acceptably low. 

4.2.2 The Deactivation of Iron  

The low conversions observed for the Fe catalyst suggest a degree of deactivation, 

as outlined in the literature review chapter. To further investigate this, XRD analysis 

was conducted on an Fe/Al2O3 sample that had been stopped during the temperature 

ramp, reaching a maximum of 500 °C, which is shown in Figure 4.15. This approach 

was designed to capture the phase evolution before reaching the final reaction 

temperature, providing insights into early-stage transformations that may contribute 

to catalyst deactivation. 

 

Figure 4.15. XRD pattern of Fe/Al2O3 catalysts, showing the fresh catalyst in light orange, the catalyst 

extracted from a run during temperature ramp to 500 °C in dark orange, and the used catalyst in red. 

Comparative XRD analysis between the 500 °C sample and a fully reduced Fe/Al2O3 

catalyst revealed the presence of Fe0, Fe3O4, but notably not FeO. This suggests that 

the expected reduction pathway is not fully followed, indicating unstable or non-

stochiometric oxide intermediates. The broad XRD peak between ~40-45° 2θ, which 

can be attributed to iron carbide phases such as Fe2C, Fe3C and Fe5C2 [3] [24] [25]. 
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These phases are known to be catalytically inactive and their presence during the 

ramp stage suggests that iron becomes trapped in an inactive form early in the 

process. This is critical because while in an inactive state, iron can undergo rapid 

carbon uptake. The resulting carbon flux may lead to encapsulation of the iron 

nanoparticles by graphitic layers, effectively deactivating them before the system 

reaches temperatures conducive to carbon precipitation by the vapour-liquid-solid 

mechanism. This observation also offers a plausible explanation for the 

underperformance of the FeNi and FeCo bimetallic catalysts. The formation of 

inactive iron phases likely disrupted the catalytic function of the more active Co or Ni 

components.  

4.3 Carbon Morphology 

The carbon morphology deposited on each of the metallic species was analysed by 

SEM, TEM and TEM-EDX. 

4.3.1 Fe/Al2O3  

Figure 4.16 shows the SEM, TEM and TEM-EDX results for the used Fe/Al2O3 

catalyst. SEM showed that Fe/Al2O3 catalysed the formation of patches of carbon 

deposits suggesting localised activity due to poor Fe dispersion on the support. These 

were in the form of spherical aggregates, with TEM confirming these to be were core-

shell Fe@CNO structures where Fe nanoparticles were encapsulated in concentric 

graphitic shells. The limited filament formation, coupled the spherical encapsulation 

of the NPs, suggests carbon oversaturation [26]. Indeed, high carbon flux has 

previously been linked to the formation of CNOs due to dangling carbon bonds which 

binding to the metal NP surface in order to stabilise, and thus a curved morphology is 

imparted [27]. This would agree well with the inactive carbide phase of the catalyst 

discussed in Section 4.2.2, as the lack of ability to efficiently decompose precursor 

molecules will allow for overaccumulation and growth not mediated by active Fe0 NPs. 

Additionally, TEM-EDX revealed that the carbon formed around detected NPs without 

alumina support present. Early detachment and therefore lack of MSI would result in 

a more isotropic NP, favouring spherical carbon deposits. 
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Figure 4.16. Images showing the morphology of the carbon deposited on the Fe/Al2O3 catalysts, 

obtained by (a) SEM, (b)(c) TEM and (d) TEM-EDX, with carbon shown in green and Fe in orange. 

4.3.2 Co/Al2O3 

Figure 4.17 illustrates the structural features of the carbon formed using the Co/Al2O3 

catalyst, which facilitated the formation of both dense, spherical carbon aggregates 

and filamentous carbon as show by the SEM. The TEM image confirms that the 

spherical structures were core-shell Co@CNOs, with cobalt NPs encapsulated within 

concentric graphitic layers, with similar structures previously observed for Co-based 

catalysts [28]. The filamentous structures formed two distinct groups, smaller 

diameters filaments of ~20nm were found to be MWNTs highly ordered, parallel 

graphitic walls indicative of uniform growth and stable carbon precipitation. Whereas, 

larger mixed MWNT and CNF structures were also observed with diameters over 

50nm, which exhibited a more disordered structure. The coexistence of Co@CNOs, 
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MWNTs and CNF in the same system implies that cobalt nanoparticles can initiate 

multiple carbon growth pathways, depending on factors such as NP morphology, 

degree of coordination with the support, and local carbon flux. Cobalt has previously 

been shown to facilitate both encapsulated and tubular carbon formation under similar 

conditions [29]. TEM-EDX mapping showed that the majority of carbon deposits were 

located around cobalt nanoparticles that had become detached from the alumina 

support, indicating a tip growth mode. 

Figure 4.17. Images showing the morphology of the carbon deposited on the Co/Al2O3 catalysts, 

obtained by (a) SEM, (b)(c) TEM and (d) TEM-EDX, with carbon shown in green, Co in red and Al in 

blue. 

4.3.3 Ni/Al2O3 

Figure 4.18 displays the SEM and TEM analysis of the carbon deposited on the 

Ni/Al2O3 catalyst. Among the metallic species, nickel produced the highest quantity of 
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filamentous carbon, which appeared in SEM as dense, interwoven networks spanning 

the support surface. TEM analysis confirmed these structures to be MWNTs, 

exhibiting a mixture of straight parallel-walled tubes and angled fishbone-like 

morphologies. In addition to these structured carbon nanomaterials, some regions 

displayed amorphous carbon deposits, indicating non-uniform carbon deposits. TEM-

EDX revelated that while some Ni NPs remained anchored to the alumina support, 

there is limit carbon deposits on these. Whereas, a high carbon density can be 

observed around the detached NPs, indicating that a tip-growth mode is followed, with 

carbon deposits pushing the NPs of the support surface. The presence of both 

support-bound and detached NP indicates relatively strong MSI, which likely helped 

maintain nanoparticle shape and orientation long enough to favour structured CNT 

formation. 
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Figure 4.18. Images showing the morphology of the carbon deposited on the Ni/Al2O3 catalysts, obtained 

by (a) SEM, (b)(c) TEM and (d) TEM-EDX, with carbon shown in green, Ni in purple and Al in blue. 

4.3.4 CoFe/Al2O3 

Figure 4.19 presents the morphological and structural characterisation of the 

FeCo/Al2O3 catalyst after CNM synthesis. SEM revealed the formation of large-

diameter filamentous structures, which TEM analysis confirmed to be MWNTs with 

disordered, bamboo-like wall morphologies showed sparse carbon coverage and low 

overall CNM conversion. The large FeCo NPs showed poor dispersion, and were 

coated by carbon of irregular morphology, containing both graphitic and amorphous 

regions, indicative of catalyst deactivation. The irregular morphology of the carbon 

products and the low nucleation density suggest that the FeCo bimetallic system failed 

to exhibit synergistic effects. Furthermore, although a degree of alloying is observed, 

TEM-EDX reveals both larger Fe-rich and small Co NPs are present. This distribution 
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implies partial metal segregation, leading to heterogeneous catalytic behaviour. Such 

phase separation likely hindered uniform carbon growth and contributed to 

heterogeneous CNM formation.  

Figure 4.19. Images showing the morphology of the carbon deposited on the FeCo/Al2O3 catalysts, 

obtained by (a) SEM, (b)(c) TEM and (d) TEM-EDX, with carbon shown in green, Fe in orange and Co 

in red. 

4.3.5 FeNi/Al2O3 

Figure 4.20 presents characterisation of the carbon deposited on the FeNi/Al2O3 

catalyst. SEM images revealed the formation of filamentous carbon structures with 

highly variable diameters, along with spherical carbon aggregates. TEM analysis 

confirmed he spherical features were identified as FeNi@C core-shell structures, 

enclosed in graphitic carbon layers. The filaments features were found to be bamboo-

like MWNTs, exhibiting disordered graphitic walls. Notably, the bamboo-like CNTs 
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displayed irregular, sharp bends and occasional Y-junctions, suggesting multi-

nucleation growth from uneven or multi-faceted NPs. TEM-EDX analysis showed 

substantial carbon accumulation around nanoparticles, but with limited formation of 

extended CNTs. This suggests that encapsulation, rather than tubular growth, was 

favoured during growth. As with FeCo, EDX also revealed several metal nanoparticles 

isolated from any carbon deposits, indicating a fraction of inactive sites with poor 

carbon deposition capabilities. Although, in this case a relatively uniform FeNi 

alloying, with minimal phase separation was observed, therefore phase separation 

cannot explain the underperformance of the FeNi/Al2O3 catalyst.  

Figure 4.20. Images showing the morphology of the carbon deposited on the FeNi/Al2O3 catalysts, 

obtained by (a) SEM, (b)(c) TEM and (d) TEM-EDX, with carbon shown in green, Fe in orange and Ni in 

purple. 
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4.3.6 CoNi/Al2O3 

Figure 4.21 depicts the post-synthesis morphology of the CoNi/Al2O3 catalyst and the 

carbon formed. SEM revealing a mixture of small spherical carbon structures and 

filamentous. TEM confirmed these to be encapsulated core-shell CoNi@CNOs and 

CNTs, respectively. The high volume of spherical carbon morphology can be 

explained by the high quantity of fairly uniformly sized spherical CoNi NPs. Although 

graphitic layering was evident across most structures, smaller NP exhibiting more 

well-ordered thickly layered graphitic shells, while the deposits around larger NPs 

consisted of fewer graphic layers. This supports a size-dependent catalytic behaviour, 

where the higher surface curvature and increased surface area of small NPs leads to 

increased activity. Interestingly, EDX-TEM mapping revealed alumina-derived 

aluminium atoms embedded within the carbon deposits. This suggests that interfacial 

incorporation of support material occurred, possibly during the reduction phase, 

where strong support-carbon interaction cause atomic diffusion into the forming 

carbon matrix. Moreover, TEM-EDX showed a separation of cobalt and nickel was 

detected. Regions rich in Ni were more often associated with CNT growth, while Co-

enriched domains favoured spherical carbon morphologies.  
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Figure 4.21. Images showing the morphology of the carbon deposited on the CoNi/Al2O3 catalysts, 

obtained by (a) SEM, (b)(c) TEM and (d) TEM-EDX, with carbon shown in green, Co in red, Ni in purple 

and Al in blue. 

4.4 Graphitic Quality 

Raman spectroscopy, shown in Figure 4.22, was employed to evaluate the structural 

quality and degree of graphitisation of the CNMs synthesised on each catalyst. The 

D/G ratio, which refers to the intensity ratio of the disorder-induced D-band to the 

graphitic G-band, provides insight into the level of defects in the carbon lattice. A lower 

D/G ratio indicates fewer structural defects and higher graphitic ordering. The 2D/G 

ratio serves as an additional metric of graphitic character, particularly relevant to the 

stacking and curvature of graphitic layers in nanotubes or concentric structures. 
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Figure 4.22. Raman spectroscopy of the carbon material deposited on each catalyst with Fe shown in 

orange, Co in red, Ni in purple, FeCo in green FeNi in light blue and CoNi in dark blue. 

The Fe/Al2O3 catalyst produced carbon with a relatively low D/G ratio (0.64), indicating 

a moderate degree of sp²-hybridised carbon and some long-range ordering. The 

corresponding 2D/G ratio of 0.38 is consistent with the presence of few-layer graphitic 

domains, consistent with the concentric carbon layers found by TEM. Co/Al2O3 yielded 

the most structurally ordered carbon of all catalysts, as reflected by the lowest D/G of 

0.59, correlating with well-formed carbon structures with fewer defects. The high 2D/G 

ratio of 0.55 indicates thin graphic walls, aligning with the thin CNTs and small 

diameter core-shell structures found be TEM. In contrast, the Ni/Al2O3 catalyst 

exhibited a high D/G ratio of 1.28, indicating substantial structural disorder in the 

resulting carbon. The low 2D/G value of 0.28 further supports this, pointing to the 

formation of turbostratic carbon with thick poorly aligned graphitic layers.  

FeCo/Al2O3 and FeNi/Al2O3 catalysts produced carbon with intermediate D/G ratios, 

with both having a value of 0.89. However, their low 2D/G ratios of 0.19 and 0.26, 

respectively, indicate a predominance of multi-layered graphitic structures with 

irregular turbostratic stacking. This agree with the disorder bamboo-like CNTs and 
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regions of amorphous carbon found by TEM. In the case of CoNi/Al2O3 despite 

forming well-dispersed and spherical nanoparticles, the D/G ratio was the highest 

found at 1.42, suggesting a significant level of structural defects. This can be 

explained by the inclusion of Al atoms in the CNMs as found by TEM-EDX. The 

introduction of heteroatomic disruptions to the graphitic lattice, which in turn distorts 

the conjugated π-system, introduces curvature and generates lattice strain, all of 

which contribute to increased D-band intensity. 

4.5 Thermal Stability of Carbon 

The thermal stability of the carbon deposits, as measured by temperature 

programmed oxidation (TPO) and shown in Figure 4.23, can be used to determine if 

filamentous or amorphous carbon morphology is present. This assumes that 

filamentous carbon is oxidised at a higher temperature, with amorphous carbon 

oxidised at a lower temperature. The Fe/Al2O3 and FeCo/Al2O3 catalysts exhibited 

broad oxidation peaks centred around 550 °C. This broadness is indicative of 

structural heterogeneity in the carbon deposits, suggesting a mixture of amorphous 

carbon and different types of CNMs. In contrast, Ni/Al2O3 and FeNi/Al2O3 

demonstrated sharper oxidation peaks near 600 °C, consistent with the presence of 

thermally stable multi-walled CNTs. Furthermore, the minimal carbon oxidation 

observed below ~550 °C suggests a higher carbon quality and filamentous purity.  

Interestingly, Co/Al2O3 and CoNi/Al2O3 showed oxidation onset at significantly lower 

temperatures despite SEM and TEM evidence confirming the presence of well-formed 

CNTs and graphitic shells. This lower oxidation temperature may be attributed to a 

metal-assisted oxidation effect, wherein the proximity of carbon to metal in core-shell 

nanostructures facilitates earlier combustion. Additionally, the well dispersed nature 

of the NPs in these systems likely contributes to enhanced oxidation due to increased 

surface area and greater metal-carbon interface. 
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Figure 4.23. TPO derivative weight loss curves shown for each alumina supported monometallic and 

bimetallic catalyst. 

4.6 Conclusion 

The role of metal catalysts and their bimetallic variants were assessed, with the 

underlying mechanisms for the performances investigated. Cobalt and nickel 

catalysts demonstrated more efficient reduction and finer nanoparticle dispersion, 

while iron-based systems suffered from sintering, phase instability and early formation 

of catalytically inactive carbide species. These inactive phases were shown to hinder 

catalytic performance and may explain the suppression of expected synergistic 

effects in bimetallic systems. 

The different metal species exhibited a range of morphologies of the deposited 

carbon. Co/Al2O3 and CoNi/Al2O3 facilitated both filamentous and spherical carbon 

formation, with clear indications of tip-growth mechanisms and high nanoparticle 

dispersion. Additionally, these catalysts demonstrated the highest conversion 

efficiencies, driven by well-dispersed, stable nanoparticles and strong metal-support 

interactions.  In contrast, Fe-based catalysts predominantly formed encapsulated 

CNOs and disordered bamboo-like CNTs, a result of poor dispersion, carbon 

oversaturation, and nanoparticle detachment. Ni-based catalysts achieved higher 

CNT conversion but exhibited substantial disorder, as reflected in high D/G ratios from 

Raman spectra. Collectively, the results underscore the necessity of tuning both the 
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metal composition and its interaction with the support to achieve optimal catalytic 

performance. 
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Effect of Catalyst Support 
The synthesis of CNMs is heavily influenced by the nature of the catalyst used, 

particularly the interplay between the active metal species and the support material. 

Supports influence not only the physical anchoring and growth dynamics of 

nanoparticles (NP) but also the thermal and chemical environments experienced 

during calcination and reaction. Additionally, supports themselves can influence the 

cracking of precursor molecules, and thus carbon supply rates. Three distinct 

morphologies are tested, Y-Faujasite zeolite (FAU) with three dimensional 

interconnected pores, mordenite (MOR) with one dimensional parallel linear pores 

and Kaolin clay (KAO) which cleaves on a flat plane. The supports are each assessed 

in terms of the NPs sizes in oxide and metallic phase, to determine dispersion of metal 

and resistance to sintering. Subsequently, the conversions, quality and morphology 

of the carbon deposited on each catalyst is analysed. Therefore, this section 

investigates how different combinations of transition metals and supports affect 

catalytic behaviour during CNM growth. Therefore, by comparation different catalyst-

support combinations can provide insight into how the interplay between metal 

species and support material affects overall performance. 
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5.1 Characterisation of Fresh Catalysts 

The structural characteristics of the catalysts synthesised using each supporting 

material in both fresh and used form were characterised using a combination of 

analytical techniques. XRD was performed to identify the crystalline metallic phases 

and to estimate the average NP sizes. To complement the XRD-derived size 

estimates and provide insight into particle dispersion and morphology, TEM-EDX 

carried out on the Co and Ni catalysts enabled direct imaging of the metal NPs, 

revealing their distribution and size range.  

5.1.1 KAO-supported  

Figure 5.1 presents the characterisation data for the fresh KAO-supported catalysts. 

Fe/KAO exhibited prominent XRD peaks consistent with hematite (α-Fe2O3), with 

reflections at 2θ = 33.1°, 35.6°, and 54.1°, corresponding to the (104), (110), and 

(116) crystallographic planes, respectively [1]. For the Co/KAO catalyst, XRD patterns 

of the fresh samples showed reflections at 2θ of 36.8°, 59.3°, and 65.2°, attributed to 

the (220), (311), (511), and (440) planes of Co3O4. This phase assignment was further 

supported by Raman spectroscopy, which revealed a strong and sharp peak at 690 

cm-1. The XRD reflection at 2θ = 31.3°, also characteristic of Co3O4, was excluded 

from NP size calculations due to its overlap with support-related peaks. Although, 

minor for the KAO support, this issue was even more pronounced in other supports, 

where deconvolution was challenging and thus reducing the accuracy of NP size 

estimates. Among the catalysts, Fe2O3 NPs exhibited the largest average crystallite 

size at 17.8 nm. Co3O4 had the smallest average size at 11.6 nm, while NiO and 

NiFe2O4 showed intermediate values of 16.2 nm and 13.8 nm, respectively. These 

values indicate varying degrees of dispersion and suggest different extents of metal-

support interaction and thermal stability during calcination. 
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Figure 5.1. Fresh catalyst characterisation for KAO based supports showing (a) XRD patterns with the 

identified phases and their corresponding peaks, with Fe shown in orange, Co shown in red, Ni shown 

in purple and FeNi shown in blue (b) average oxide NP size as calculated from the identified XRD peaks 

and (c) Raman spectra of the Co/KAO catalyst.  

Figure 5.2 displays the XRD patterns of the used KAO-supported catalysts, confirming 

the successful reduction of all metal oxides to their corresponding metallic phases. 

Post-reaction, the NP sizes derived from peak broadening indicate that Fe/KAO 

experienced substantial growth, increasing to 27.9 nm. In contrast, the other metallic 

species maintained NP sizes comparable to their fresh states, with Co/KAO at 13.0 

nm, Ni/KAO at 16.0 nm and FeNi/KAO at 14.6 nm. These results suggest that the 

KAO support effectively limited sintering, particularly for Co, Ni and FeNi systems. All 

observed particle sizes post-reduction remained smaller than their counterparts on 

Al2O3-supported catalysts, highlighting the superior thermal stabilisation and 

dispersion properties of the KAO support. This trend is further supported by the TEM-

EDX image of the used Co/KAO and Ni/KAO catalyst, which shows a population of 

well-dispersed NPs, most of which are uniformly distributed and below ~50 nm in 

diameter. The limited presence of larger agglomerates supports the XRD findings and 

confirms the stabilising role of KAO in maintaining NP dispersion under reaction 

conditions.  
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Figure 5.2. Used catalyst characterisation for KAO based supports showing (a) XRD patterns with the 

identified phases and their corresponding peaks, with Fe shown in orange, Co shown in red, Ni shown 

in purple and FeNi shown in blue and (b) average metal NP size as calculated from the identified XRD 

peaks (c) TEM-EDX for the metal sites in the used Co/KAO catalyst and (d) TEM-EDX for the metal sites 

in the used Ni/KAO catalyst. 

5.1.2 MOR-supported 

Figure 5.3 shows the XRD patterns and Raman spectroscopy for the MOR-supported 

catalysts.  The oxide phases detected on the MOR-supported catalysts were 

consistent with those observed on the KAO-supported catalysts, indicating that the 

metal oxides formed similarly across different supports. The sharp XRD peaks under 



120 
 

35° 2θ can be attributed to the MOR itself, indicating that the zeolite framework 

remained intact after calcination for all of the metal/MOR formulations.  

Figure 5.3. Fresh catalyst characterisation for KAO based supports showing (a) XRD patterns with the 

identified phases and their corresponding peaks, with Fe shown in orange, Co shown in red, Ni shown 

in purple and FeNi shown in blue (b) average oxide NP size as calculated from the identified XRD peaks 

and (c) Raman spectra of the Co/KAO catalyst. 

In terms of crystallite size, the MOR-supported catalysts generally exhibited slightly 

larger oxide NPs than their KAO counterparts. Fe oxides measured at 20.4 nm, Co at 

12.9 nm, and FeNi at 20.9 nm, suggesting slightly weaker MSI on the MOR 

framework, which may contribute to increased particle growth during calcination. In 

contrast, NiO crystallites on the MOR support were slightly smaller at 14.2 nm 

compared to KAO-supported NiO, indicating that the MOR support may facilitate 

better dispersion of Ni species. This could be attributed to effective pore uptake and 

anchoring of Ni precursors within the MOR zeolite structure, enhancing dispersion 

during calcination. 

Figure 5.4 shows the characterisation results of the used MOR-supported catalysts, 

confirming the complete reduction of metal oxides to their metallic forms. Although, 

Fe is found to be in a meta-stable gamma phase. FeNi exhibited a decrease in 

average NP size to 18.5 nm, a change that can be largely attributed to oxygen loss 

during reduction rather than NP fragmentation. This suggests that FeNi supported on 

MOR is highly resistant to sintering. In contrast, Ni and Fe showed moderate 
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increases in particle size to 25.0 nm and 19.1 nm, respectively, indicating a degree of 

sintering and NP agglomeration. This trend is supported by the TEM-EDX image of 

Ni/MOR, which reveals several larger NPs up to ~120 nm and distinct Ni-rich regions 

without significant NPs formation observes. These areas likely correspond to Ni 

species that remain encapsulated within the MOR framework, with these entrapped 

particles presumed to be largely inactive for CNM growth.  

Co/MOR showed a more favourable distribution of small-diameter NPs, with an 

average XRD-derived size of 13.4 nm, notably smaller than that of Ni/MOR. TEM-

EDX imaging further confirms this, showing a more uniform distribution of small NPs, 

with agglomerates rarely exceeding 60 nm. Unlike Ni/MOR, Co/MOR lacked the large 

regions devoid of NP formation. This may be attributed to partial collapse of the MOR 

framework during calcination and reaction, as indicated by the lack of sharp XRD 

peaks below ~35° 2θ. In contrast, the MOR framework remained intact for the other 

metal species, indicating that the metal species can play a role in framework stability. 

Indeed, Ni2+ is known to anchor within zeolite channels, stabilising the porous 

structure [2]. his stabilisation effect limits framework collapse and leads to the partial 

encapsulation of Ni species. Conversely, due to the collapse of the Co/MOR 

framework, exsolution to form well-dispersed surface NPs occurs.  
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Figure 5.4. Used catalyst characterisation for MOR based supports showing (a) XRD patterns with the 

identified phases and their corresponding peaks, with Fe shown in orange, Co shown in red, Ni shown 

in purple and FeNi shown in blue, (b) average metal NP size as calculated from the identified XRD peaks 

(c) TEM-EDX image showing the Co distribution on the MOR support and (d) TEM-EDX showing the Ni 

distribution on the MOR support.  

5.1.3 FAU-supported 

Figure 5.5 shows the characterisation of the fresh catalysts supported on FAU, with 

primarily the same phases observed. A difference was the FeNi/FAU catalyst 

exhibited features characteristic of both NiO and a mixed oxide spinel phase, likely 

NiFe2O4, as observed in other supports. XRD peaks observed primarily below 35° 2θ 
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were attributed to the FAU zeolite framework, confirming that the zeolite structure 

remained intact after calcination. 

Figure 5.5. Fresh catalyst characterisation for KAO based supports showing (a) XRD patterns with the 

identified phases and their corresponding peaks, with Fe shown in orange, Co shown in red, Ni shown 

in purple and FeNi shown in blue (b) average oxide NP size as calculated from the identified XRD peaks 

and (c) Raman spectra of the Co/KAO catalyst. 

Overall, the average oxide NP sizes on FAU-supported catalysts were intermediate 

between those observed on KAO and MOR., with the NP sizes found to be 18.1 nm 

for Fe2O3, 12.0 nm for Co3O4 NiO at 16.7 and 19.8nm for FeNi oxides. This suggests 

moderate metal–support interaction strength on FAU, sufficient to limit excessive 

sintering while not achieving the high dispersion observed with KAO. 

Figure 5.6 shows the characterisation results of the used FAU-supported catalysts. 

Complete reduction of the metal oxides was again observed. However, in the case of 

iron, the presence of γ-Fe was detected, suggesting partial transformation to a 

metastable metallic phase. he particle size increased significantly from 18.1 nm in the 

oxide form to 28.1 nm post-reduction, indicating sintering. Ni also showed notable 

growth, increasing from 16.7 nm to 20.2 nm, with Co minimal size increase, rising only 

from 12.0 nm to 15.5 nm. 
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Figure 5.6. Used catalyst characterisation for FAU based supports showing (a) XRD patterns with the 

identified phases and their corresponding peaks, with Fe shown in orange, Co shown in red, Ni shown 

in purple and FeNi shown in blue (b) average metal NP size as calculated from the identified XRD peaks 

(c) TEM-EDX image showing the Co distribution on the MOR support and (d) TEM-EDX showing the Ni 

distribution on the MOR support. 

As with the MOR-supported system, the Ni/FAU catalyst exhibited regions of 

framework-encapsulated nickel, whereas such encapsulation was not observed for 

Co/FAU. This difference is attributed to structural collapse of the FAU framework in 

the Co- and Fe-containing catalysts, while the Ni-containing systems retained their 

zeolitic structure. This observation reinforces the known ability of Ni2+ to anchor within 

zeolite channels and stabilise the porous framework [2]. 
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Despite the presence of some larger Ni particles, the Ni/FAU catalyst exhibited a good 

distribution of spherical, mid-sized NPs below ~50 nm. In comparison, Co NPs were 

generally slightly larger, with several exceeding ~70 nm, though Co/FAU also showed 

a higher concentration of small NPs. Overall, the Co distribution on FAU was less 

favourable than on MOR, while the Ni/FAU system appeared to achieve better 

dispersion in certain regions relative to Ni/MOR. These findings suggest that the 

support’s framework integrity and MSI influence NP formation, stability and 

dispersion. 

5.2 Conversion and Quality 

The conversion and quality of the carbon materials deposited on each of the catalysts 

was assessed. This allowed for comparation between metal-support pairing to be 

made to determine the most promising catalyst formulations.  

5.2.1 KAO-supported 

The catalytic performance of KAO-supported transition metals was assessed based 

on CNM conversion and structural quality, with the conversions result from TPO and 

the defect density calculated from Raman shown in Figure 5.7. Among the KAO-

supported catalyst, Co/KAO produced the highest carbon conversion at 20.0%, 

although also had the highest D/G ratio of 1.03, indicates efficient catalytic activity but 

fairly low quality of the resulting carbon. This outperformed its Al2O3 supported 

counterpart in terms of conversion, which showed a slightly lower conversion of 

17.9%, but at the cost of a higher defect density compared to D/G ratio of 0.59 for 

alumina. Although, as discussed in the alumina section the defect density and carbon 

morphology are highly dependent, therefore this may not be a fair direct comparation. 

Notably, the Co/KAO catalyst, which had the smallest NPs post-reduction supporting 

the strong correlation between small, well-dispersed NPs and catalytic performance. 
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Figure 5.7. The carbon conversion performance of the different KAO supported catalysts showing (a) 

the conversions as percentage conversion of the carbon in the PE feedstock and (b) the Raman spectra 

of Fe/KAO in orange, Co/KAO in red, Ni/KAO in purple and FeNi/KAO in blue.  

This Ni was found to be the second most effective metal with KAO, producing a 

conversion of 15.6%, with a D/G ratio of approximately 0.85, Ni/KAO outperforming 

Ni/Al2O3 in both these metrics, with a particularly improvement in graphitic quality. 

This suggests that KAO may help stabilise Ni particles or slow carbon precipitation 

rates, reducing disorder. The FeNi/KAO catalyst delivered a lower conversion of 

11.4% with the highest D/G ratio (0.90) in this group, suggesting significant defect 

content. A marginal increase in conversion, with effectively the same defect density 

as FeNi/Al2O3. As with the alumina catalysts, Fe/KAO displayed the lowest conversion 

with just 9.8% carbon conversion, consistent with the excessive particle growth 

compared to the other metals, reducing active surface area and catalytic 

effectiveness. Although this was a reasonable improvement compared to Fe/Al2O3, 

which could be attributed to better Fe dispersion or reduced sintering on the KAO 

surface as seen by the reduction in Fe0 NP size. Fe/Al2O3 also produced a higher 

quality carbon, although as with Co/Al2O3 the encapsulate core-shell Fe@CNO 

structure is likely less prone to defect formation compared to filamentous carbon.  
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5.2.2 MOR-supported 

The analysis of catalytic performance of MOR-supported catalysts is shown in Figure 

5.8.

 

Figure 5.8. The carbon conversion performance of the different MOR supported catalysts showing (a) 

the conversions as percentage conversion of the carbon in the PE feedstock and (b) the Raman spectra 

of Fe/MOR in orange, Co/MOR in red, Ni/MOR in purple and FeNi/MOR in blue.  

Fe/MOR was the least productive among the MOR-supported catalysts, generating 

just 6.6 percent carbon, with a moderate D/G ratio of 0.84, similarly to the other 

support materials. The Fe/MOR catalyst had lower conversion than Fe/KAO, but 

higher graphitic quality, and vice-versa for Fe/Al2O3, indicating intermediate 

performance. Ni/MOR offered a conversion improvement over Fe/MOR with a 9.1% 

carbon conversion. Although, this was significantly lower than Ni/KAO and Ni/Al2O3. 

However, its D/G ratio of 0.76 indicates that the carbon formed was of higher quality 

than that from both kaolin and alumina-supported nickel systems. This suggests that 

although mordenite may suppress disordered growth forms, which although 

decreases overall productivity offers higher selectivity towards high quality CNMs.  

FeNi/MOR offered a slight improvement over Fe/MOR in terms of conversion with a 

value of 8.7% carbon conversion, although with a lower value for conversion than 

Ni/MOR. Additionally a decrease in graphitic quality compared to both these catalysts 

was observed, with a D/G ratio of 0.87. This again emphasised the lack of the 

expected synergistic effects of FeNi-based catalysts. Co/MOR demonstrated the 

highest CNM conversion among the MOR-supported systems, at 15.1%, along with a 

notably low D/G ratio of 0.65, indicating the formation of structurally ordered CNMs. 

This high performance aligns with the high NP dispersion and low diameter found for 
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Co/MOR. Although, compared to Co/KAO, Co/MOR resulted in a decrease in 

conversions but a large enhancement in graphic quality. Similarly, to Ni/MOR, this 

suggests a favourability of high-quality CNMs over less structured deposits, indicating 

a high potential for Co/MOR based catalysts.  

5.2.3 FAU-supported 

Figure 5.9 shows the catalytic performance of the FAU supported catalysts.  

 

Figure 5.9. The carbon conversion performance of the different FAU supported catalysts showing (a) 

the conversions as percentage conversion of the carbon in the PE feedstock and (b) the Raman spectra 

of Fe/FAU in orange, Co/FAU in red, Ni/FAU in purple and FeNi/FAU in blue. 

The Fe/FAU catalyst produced 9.1 percent carbon with a D/G ratio of 0.72. This places 

its conversion higher than Fe on alumina and mordenite, and close to Fe on kaolinite. 

The D/G ratio suggests a moderate level of disorder in the carbon material. These 

results are consistent with the other Fe-based catalysts, indicating the poor 

performance and tendency for deactivation. Conversely, Ni/FAU catalyst exhibited the 

highest CNM conversion of any of the metal support combination tested in this 

section, with a carbon conversion percentage of 22.4 percent. Although, the D/G ratio 

was found to be 0.92, suggesting only a moderate quality of graphitic lattice.   

The FeNi/FAU catalyst generated 19.6 percent carbon, with a D/G ratio of 0.75. This 

represents a substantial improvement in conversion compared to the same bimetallic 

system on alumina, kaolinite, and mordenite. The D/G ratio indicates a moderate level 

of structural disorder, slightly higher than Ni/FAU, suggesting that the addition of Fe 

had a detrimental effect, again indicating the lack of synergistic effects found in this 

work. The Co/FAU catalyst produced 12.1 percent carbon with a D/G ratio of 0.88. 

While the conversion was moderate compared to Co on other supports, the D/G ratio 
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was the highest among the FAU-supported group, indicating a higher defect content 

in the carbon produced. This suggests that cobalt’s catalytic behaviour may be less 

favourable on the FAU framework in terms of structural control, with MOR providing 

a more effective supporting material.  

5.3 Carbon Morphology 

The carbon morphology deposited on the metal-support combination was investigated 

by SEM and TEM.  

5.3.1 KAO-supported 

The SEM images for the KAO supported catalysts are shown in Figure 5.10. The 

Fe/KAO catalyst was found to display minimal carbon deposition. The SEM image 

showed large, flat kaolinite-derived alumina platelets with very little surface coverage 

by carbon. There is an absence of extended carbon networks Spare and short carbon 

filaments can be seen, with a few small aggregates of spherical carbon. This 

morphology aligns with the low CNM conversion and indicates weak catalytic activity, 

likely due to poor Fe NP dispersion or sintering causing limited nucleation sites. The 

FeNi/KAO catalyst display a slightly higher density of carbon deposit, with some 

filamentous carbon found in patches, although additionally larger areas of catalyst 

surface without any carbon deposition.  
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Figure 5.10. SEM images showing the morphology of the carbon deposited on the KAO supported 

catalysts: (a) Fe/KAO (b) Co/KAO (c) Ni/KAO and (d) FeNi/KAO  

Co/KAO presented the most uniform and extensive carbon growth, and unlike 

Co/Al2O3, Co/KAO causes the formation of primarily filamentous carbon. SEM 

imaging revealed a dense, highly entangled surface-bound filamentous mats, with 

these carbon networks distributed fairly evenly over the KAO surface. The difference 

in carbon morphology could is a contributing factor to the difference in graphitic quality 

between Co/KAO and Co/Al2O3 catalysts. The consistent coverage of the filaments is 

indicative of improved cobalt NP dispersion and sustained catalytic activity, which 

lead to the improved conversions found for Co/KAO over the other catalysts. Figure 

5.11 shows the TEM images for the Co/KAO catalyst. The dense tangled mat of CNTs 

can be seen coating the surface of the catalyst, there are of small dimeter. Co NPs 

can be seen as part of the entangled mat, indication a tip growth mode was followed 

for these. 
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Figure 5.11. TEM images of the Co/MOR catalyst showing (a) the overall bulk structure and (b) 

arrangement of graphitic walls. 

Ni/KAO exhibited clearly visible dense filamentous mats developing across the 

support surface, in a similar way to Co/KAO. Although, the Ni catalyst displayed a less 

uniform carbon network formation, with more KAO surface without filamentous 

deposits, indicating that Ni/KAO may be slightly more heterogeneous than Co/KAO. 

This would also explain the slightly lower conversion than Co/KAO found for the 

Ni/KAO catalyst. Nonetheless, both systems demonstrate that kaolin is an effective 

support for Ni and Co catalysts, with its layered silicate structure and moderate acidity 

facilitating NP dispersion and catalytic site exposure. 

Figure 5.12 shows the TEM images of the Ni/KAO catalyst. It can be seen that CNTs 

are present, although they do not extend away from the surface. The tip of a CNT can 

be observed with Ni NP, indicating that base growth has occurred. Therefore, the 

strong interaction caused by the Ni/KAO support appears to cause limitation to CNT 

growth, therefore, the property of Ni/KAO responsible for the well dispersed NPs may 

also be a major limitation/drawback. This differs from Co/KAO which higher 

conversion and tip growth-mode prevalence indicates the weaker interaction allow for 

the higher conversions.  
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Figure 5.12. TEM images of the Ni/KAO catalyst showing (a) the overall bulk structure and (b) 

arrangement of graphitic walls. 

5.3.2 MOR-supported 

The SEM images for the MOR supported catalysts are shown in Figure 5.13. The 

Fe/MOR catalyst showed minimal carbon deposition. The SEM image revealed that 

the surface was largely dominated by the MOR support structure with only isolated 

carbon patches and scattered. This confirms the low CNM conversion and supports 

the conclusion that Fe/MOR has poor catalytic activity, likely due to limited NP 

dispersion or rapid deactivation of Fe species, as observed for the other catalyst 

species.  

The FeNi/MOR sample revealed sparse and uneven filament formation, which were 

primarily surface bound. While filamentous carbon was observed, much of it appeared 

isolated or incomplete, with significant portions of the mordenite support still visible. 

This morphology aligns with the low-to-moderate conversion and relatively high ID/IG 

ratio observed for this catalyst, indicating disordered carbon formation and poor 

synergy between the bimetallic species. The diameters of these filaments were fairly 

large ranging broadly from 30 to 60 nm, with lengths generally below 300 nm. This 

suggests that a fairly high degree of NP agglomeration has occurred.  
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Figure 5.13. SEM images showing the morphology of the carbon deposited on the MOR supported 

catalysts: showing (a) Fe/MOR (b) Co/MOR (c) Ni/MOR and (d) FeNi/MOR. 

Ni/MOR produced a moderately dense carbon filamentous carbon network, although 

some areas of the support were only partially covered. This morphology points to 

heterogeneous NP behaviour, with some regions catalytically active while others 

remained inactive or deactivated during growth. These were mostly surface bound, 

although the presence of some surface detached filamentous structures was 

observed. Although, the filaments appeared somewhat disjointed and irregular, 

consistent with moderate graphitisation degree. The filaments diameters varied 

between 25 and 50 nm, with lengths typically around 200 to 400 nm. The TEM results, 

shown in Figure 5.14 confirmed the formation of both helical and bamboo-like CNTs.  
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Figure 5.14. TEM images of the Ni/MOR catalyst showing (a) the overall bulk structure and (b) 

arrangement of graphitic walls. 

In contrast, Co/MOR displayed the densest network of entangled filamentous carbon 

with the most uniform support coverage, in line with the highest carbon conversion. 

The filaments had a typical diameter of 20 to 35 nanometres, and were distributed 

well across the support surface. The high density and homogeneity of the filaments 

are consistent with a well-dispersed Co phase and strong catalytic activity. A 

significant proportion of longer filamentous structures in the range of several 

micrometres and growing isolated from the MOR surface, suggesting a more 

favourably carbon-support interaction strength than Co/MOR allowing for detachment 

and further growth of carbon filaments. TEM analysis shows well-formed, long, and 

thin CNTs with predominantly graphitic walls are abundant, as shown in Figure 5.15a. 

Although, some CNTs also display significant amorphous carbon deposition on their 

outer layers, as seen in Figure 5.15b. This may be attributed to the reduced catalytic 

activity of MOR in the Co/MOR catalyst system, potentially due to framework collapse 

and the formation of exsolved surface NPs. These structural and catalytic changes 

allow for the direct contact of CNTs with larger hydrocarbon precursor molecules, 

potentially allowing for disordered carbon deposition and therefore the formation of 

the observed outer amorphous carbon layers. 
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Figure 5.15. TEM images of the Co/MOR catalyst showing (a) the overall bulk structure and (b) 

arrangement of graphitic walls. 

5.3.3 FAU-supported 

The SEM images for the FAU supported catalyst are shown in Figure 5.16. The 

Fe/FAU catalyst showed limited carbon growth, with sparse, stubby filaments present 

across the zeolite surface. Filaments were typically short, with lengths under 300 

nanometres and with large diameters of 30-50 nm. The fragmented and uneven 

distribution of filaments corresponds with the modest conversion and moderate ID/IG 

ratio, indicating insufficient Fe dispersion or early catalyst deactivation as with the 

other supports. FeNi/FAU also showed extensive filament coverage, with many 

filaments displaying curled or entangled morphologies. Diameters varied from 25 to 

40 nanometres, with filament lengths commonly ranging from 400 nm to just over 1 

micron. Although the filaments were slightly more disordered than those from Ni/FAU, 

the high density and continuity of carbon growth reinforce the strong catalytic 

performance and relatively low defect density observed. 
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Figure 5.16. SEM images showing the morphology of the carbon deposited on the FAU supported 

catalysts: showing (a) Fe/FAU (b) Co/FAU (c) Ni/FAU and (d) FeNi/FAU. 

Ni/FAU exhibited a highly developed, interconnected network of filamentous carbon. 

Filament diameters were generally consistent between 20 and 30 nanometres, with 

lengths extending up to several microns. Although, some shorter, higher diameter 

surface bound filaments could also be observed. These long, thin and well-aligned 

structures are indicative of effective NP dispersion and sustained catalytic activity, 

consistent with this sample’s exceptional carbon conversion and low D/G ratio.  The 

TEM analysis of the Ni/FAU catalysts shows a high quantity of with diameters around 

~25nm or smaller, along with larger diameter filamentous structures at around 75 nm. 

The graphitic in some of the CNTs were found to display a fishbone morphology, with 

their alignment not parallel to the CNT axis.  
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Figure 5.17. TEM images of the Ni/FAU catalyst showing (a) the overall bulk structure and (b) 

arrangement of graphitic walls. 

In the case of Co/FAU, filament coverage was moderate, with carbon deposits less 

uniformly distributed across the surface. Some surface detached filaments exhibited 

diameters from 25 to 45 nanometres and lengths mostly between 300 and 600 

nanometres. Whereas, shorter filaments made up tangled surface-bound mat 

formations, suggesting an inability to nucleate growth away from the catalyst, with the 

more disordered structure of these in line with Co/FAU having the highest D/G ratio 

among the FAU-supported catalysts. The visible areas of bare support and relatively 

short filaments suggest uneven catalytic activity with inactive regions, which aligns 

well with the lower conversion compared to the Ni-based FAU catalysts.  

The TEM analysis for the Co/FAU catalyst is show in Figure 5.18 shows a tangled 

mass of carbon structures, with some CNTs formed. Additionally, the walls of these 

CNTs also displayed a fishbone morphology, suggesting that the uneven growth. 

Although, the amorphous carbon layers observed in the MOR-based catalysts were 

notably absent in the FAU samples. This difference can likely be attributed to the 

higher porosity and superior hydrocarbon cracking ability of the FAU support These 

properties facilitate the generation of lower molecular weight carbon precursors, 

thereby modulating the carbon supply and preventing the secondary amorphous 

phase formation seen in the MOR catalysts. 
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Figure 5.18. TEM images of the Co/FAU catalyst showing (a) the overall bulk structure and (b) 

arrangement of graphitic walls. 

5.4 Conclusion 

The catalytic performance of transition metal catalysts in CNM synthesis is governed 

by a complex interplay between the active metal species and the support material. 

Across the catalyst systems tested, substantial variation was observed in carbon 

conversion, defect density and morphology. These variations underscore the critical 

role of metal–support interactions in determining catalytic activity, stability, and 

product quality. KAO generally displayed the lowest performance. despite facilitating 

well dispersed NPs, the strong MSI and carbon-support interactions hindered CNT 

nucleation especially away from the catalyst resulting in surface bound, sort base 

grown CNTs.   

FAU facilitated high conversions and extensive filament growth, particularly for Ni and 

FeNi systems. The Ni/FAU and FeNi/FAU framework remained structurally sound, 

whereas Fe/FAU and Co/FAU experienced framework collapse, indicating that Nis 

ability to stabilise the zeolite framework improves the performance of FAU. Indeed, 

the large surface area, three-dimensional porous framework, and high hydrocarbon 

cracking capacity of FAU together supported the formation of well-dispersed NPs and 

low-molecular-weight carbon precursors. Although, FAU also induced fishbone-type 

CNT structures, characterised by graphitic walls misaligned with the tube axis, likely 

due to localised carbon flux gradients and uneven growth rates at the NP surface. 

MOR demonstrated a strong synergistic effect with cobalt, promoting the formation of 

dense filamentous networks. As the Co/MOR catalysts underwent unlike the other it 
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can be assumed that MOR surface-based growth is preferred, with the one-

dimensional pore structure not allowing the same levels of carbon diffusion as FAU. 

Although, this restrictive framework allows Co NPs being shaped by the MOR, leading 

to well dispersed NP and thus high quality CNMs.  

Overall, the findings emphasise that favourable combination of the metal and the 

support is required for designing high-performance catalysts for CNM synthesis. 

Among the combinations studied, Co/KAO, Co/MOR, Ni/FAU emerged as the most 

promising for high conversions and Ni/KAO, Co/MOR and FeNi/FAU for high quality. 

FeNi/FAU whist demonstrating high performance and small NP size, still did not 

exhibit the degree of bimetallic synergistic effects over monometallic seen in literature, 

suggesting there is still issues with achieving these effects in a one-stage system. 

Co/MOR is selected for further development in the next chapter, due to displaying 

high performance in conversion, quality and morphology, and displaying a good 

balance between all of these traits. Although Ni/FAU displayed the highest 

conversion, the higher graphic quality and good structural uniformity of the Co/MOR 

was considered to indicate a more balanced catalyst. The selection of Ni/FAU or 

FeNi/FAU for further testing could also be justified, with both displaying high enough 

potential to be considered for further catalytic improvement work. 
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Evaluation of Catalyst 
Development Approaches  
In this chapter, the effect of different catalyst development strategies will be 

investigated. The effect of calcination temperature, preparation method and 

additionally supporting metal species are evaluated. Their role in determining the 

dispersion of metal sites within the zeolite framework, and the stability of the zeolite 

framework itself, are investigated. These factors influence catalytic properties such 

as nanoparticle stability, dispersion and the relative distribution of metal on the 

external surface compared with within the zeolite pores. As a result, preparation 

strongly impacts both the conversion and quality of the carbon nanomaterials (CNMs) 

produced. The development of Co/MOR based catalysts is the focus of this chapter, 

with several modification strategies evaluated. These include varying the calcination 

temperature, the use of chelating agents, hydrothermal synthesis of the zeolite and 

the incorporation of secondary metals. 
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6.1 Effect of Calcination temperature  

6.1.1 Fresh and Used Catalyst Characterisation 

Figure 6.1 shows the fresh catalysts treated at the high calcination temperature used 

in the previous chapters, alongside those prepared at a lower calcination temperature. 

The more pronounced difference between the XRD patterns is in the range of below 

~35°. The peaks in this range, which are associated with the zeolite framework, can 

be observed for the used catalyst prepared at 550 °C calcination temperature, 

indicating the preservation of the zeolite framework. Whereas, as covered in the 

previous results chapter, a framework collapse effect is observed with the used 

Co/MOR catalyst prepared at 800 °C calcination temperature. Since the CNM growth 

conditions are identical, this difference in behaviour can be attributed to framework 

damage and instability caused during calcination. 

 

Figure 6.1. Fresh and used catalyst characterisation prepared using different calcination temperatures 

of 800 °C and 550 °C, (a) showing the NP diameters and (b) showing the XRD patterns, with fresh 

catalysts shown in red and used catalysts shown in blue. 

In general, it is the case that higher calcination temperatures can lead to framework 

collapse through oxidative damage due to the air environment used during 

calcination[1] [2]. This causes the AlO4 sites in the zeolite to become thermally 

unstable, which can lead to the hydrolysis of Al-O-Si bridges. The presence of metal 

in the system can further these damaging effects, with excessive Co uptake 

particularly known to cause zeolite damage [2]. Therefore, it is proposed that these 

effects were enough to cause sufficient framework damage during high temperature 

calcination, that framework collapse occurs during the reducing conditions 

experienced during CNM growth. In general, the reduction of a zeolite after calcination 
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can further the damage caused during calcination. Reduction can lead to further 

dealumination, with the hydrogen gas forming water and heat, which can result in 

hydrolysis. Furthermore, the reduction of metal sites incorporated within the zeolite 

framework can cause instability, with these sites more prevalent with high calcination 

temperature preparation. The reduction of metal oxide NP causes changes in the 

diameter and distribution. Shrinkage of encapsulated oxide NPs can cause void 

space, and sintering of metal NPs can cause framework stress, both resulting in 

destabilisation of the zeolite framework. Additionally, lower calcination temperatures 

lead to a slight increase in NP diameter, which may arise from the higher 

concentration of metal in the oxide phase during calcination, reshaping of the NPs by 

the exsolution process during framework collapse. 

6.1.2 Characterisation of Carbon Deposits  

Figure 6.2 shows the performance of the Co/MOR catalyst calcinated at 800 °C and 

550 °C, in terms of conversion, quality and morphology, with distinct differences 

visible between the CNM formed on the different catalysts. When calcined at 800 °C, 

the catalyst produced a carbon conversion of 15.1 percent with a D/G ratio of 0.65. 

Lowering the calcination temperature to 550 °C significantly increased the conversion 

to 19.9 percent, though the D/G ratio increased to 0.87, indicating a reduction in 

structural order. However, the increase in D/G ratio at 550 °C implies more structural 

defects in the carbon. The 2D/G ratios were similar at 0.30 and 0.28 for calcination 

temperatures of 800 °C and 550 °C, respectively, indicating a similar organized and 

few-layered graphitic structure.  
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Figure 6.2. Characterisation of the used catalyst prepared with different calcination temperatures with 

(a) showing the carbon conversion (b) Raman spectra (c) SEM image of Co/MOR800, and (d) SEM image 

of Co/MOR550. 

At 800 °C calcination temperature, the filaments appeared moderately dense and 

entangled, with estimated diameters in the range of 25-40 nm and lengths often 

exceeding several microns. Conversely, the lower temperature resulted in denser 

filamentous structures with a greater catalyst coverage. Although these were more 

chaotic networks of surface bound filaments, with a broader diameter range of 20 to 

50 nm and with fewer long filaments straighter filaments extending away from the 

catalyst surface. This high filament density aligns well with the increased conversion 

found at the lower calcination temperature, with the lower graphitic quality and less 

order filamentous deposits also agreeing with each other.    

This conversion enhancement is likely due to better preservation of the mordenite 

zeolite matrix at 550 °C. The lower thermal treatment helps maintain the high surface 

area and porosity of the support, which enhances hydrocarbon cracking and provides 

more active sites for carbon nucleation. However, this benefit comes at the cost 

framework stability during CNM growth. Since the catalyst has not been pre-annealed 
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at high temperatures, weaker MSI is likely, and therefore structural changes during 

carbon deposition are also more likely. These transformations can disturb NP 

geometry or surface interactions, introducing defects into the growing carbon 

structure and contributing to the higher D/G ratio. Conversely, the 800 °C calcined 

catalyst, though lower in conversion, exhibits more graphitic carbon. Its prior exposure 

to high temperature likely stabilises the NP-support interface, limiting further structural 

change during the high-temperature CNT growth process. This stability helps 

maintain particle symmetry and size distribution, reducing carbon defect formation 

and favouring improved ordering. Although, this will damage the zeolite structural 

integrity, and thus reduce the precursor cracking efficiency of the catalyst.  

6.2 Preparation Method 

6.2.1 Fresh and Used Catalyst Characterisation 

Figure 6.3 shows fresh and used characterisation of Co/MOR catalysts prepared by 

two alternative approaches, wet impregnation with ethylenediamine (EDA) named 

(Co/MOREDA) and hydrothermal metal incorporation (Co@MOR), each calcined at 

550°C. In both cases, the large number of peaks below ~35° indicate that the MOR 

framework is maintained, further indicating calcination temperature is responsible for 

the framework collapse effect. The fresh Co/MOREDA shows smaller NP diameters 

than the Co/MOR550 catalyst, with NP diameters of 12.8 nm and 14.2 nm, respectively. 

This suggests that agglomeration of the oxide NPs is reduced by the inclusion of the 

chelating agent, with the metal complexes formed improving dispersion and stability 

of the metal ions during calcination [3] [4]. A similar degree of size increase is 

observed between the fresh and used catalyst NPs with and without the chelating 

agent, which will be degraded during calcination and thus no longer provides a 

function during CNM growth. The Co@MOR fresh catalyst does not show district 

peaks for the oxide phase, suggesting single metal ions bonded or incorporated into 

the framework rather than oxide NPs. The NP diameter of the used Co@MOR was 

the smallest of the tested catalyst at 11.4 nm, indicating that the direct formation from 

dispersed ions can form smaller metal NPs than reduction of pre-existing oxide NPs. 

This is due to the entrapment of NPs within the zeolite framework, limiting the size of 

NPs [5] [6] [7] [8].  
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Figure 6.3. Fresh and used catalyst characterisation using different preparation methods, (a) showing 

the NP diameters and (b) showing the XRD patterns, with fresh catalysts shown in red and used catalysts 

shown in blue.  

6.2.2 Characterisation of Carbon Deposits  

Figure 6.4 shows the performance of the catalysts synthesised by the different 

preparation methods.  

Figure 6.4. Characterisation of the used catalyst prepared with different preparation methods, with (a) 

showing the carbon conversion (b) Raman spectra (c) SEM image of Co/MOREDA, and d) SEM image 

of Co@MOR. 
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It can be seen that Co/MOREDA achieved a carbon conversion at 20.8 percent, a slight 

increase over Co/MOR550. The enhanced conversion observed for Co/MOREDA is 

attributed to the role of ethylenediamine, which likely improves cobalt dispersion and 

enhances MSI during impregnation. The SEM image for Co/MOREDA shows a dense 

network of entangled carbon filaments with some spherical carbon agglomerates. The 

filaments are short to moderate lengths of around 1 to 2 micrometres and a diameter 

range of approximately 20 to 60 nanometres. This dense morphology is consistent 

with abundant nucleation sites and a high surface coverage. The Raman analysis 

supports this, showing an ID/IG ratio of 0.90 indicating a relatively high level of 

structural disorder. Overall, the addition of EDA shows desirable smaller NP 

diameters, the performance effect difference compared to Co/MOR550 without the 

addition of EDA chelating agent is limited.  

In contrast, the Co@MOR sample displayed a lower conversion of only 15.2%, but 

improved structural quality with a lower ID/IG ratio of 0.73, reflecting enhanced graphitic 

quality. The SEM images for Co@MOR shows more open, less densely packed CNTs 

with longer lengths exceeding several micrometres and with a narrower diameter 

distribution between 15 and 30 nm. These filaments are more linear and uniformly 

distributed, indicating better nanoparticle dispersion and more controlled carbon 

growth. The lower conversion in Co@MOR may result from a reduced number of 

catalytically active surface sites. During hydrothermal synthesis, cobalt may become 

too deeply encapsulated within the zeolite framework to effectively participate in 

surface reactions. In addition, the extensive washing required post-synthesis may 

remove loosely bound cobalt ions, further reducing the accessible metal content. 

These effects likely contribute to the lower carbon conversion observed. Despite 

these limitations, the higher carbon quality produced by Co@MOR demonstrates the 

potential of hydrothermal synthesis to enhance CNT structural order. With 

methodological improvements aimed at increasing metal accessibility and refining 

zeolite crystallinity, the hydrothermal approach could provide a highly effective route 

for producing high-quality CNMs. 

6.3 Additional Metal Species  

6.3.1 Fresh and Used Catalyst Characterisation 

Figure 6.5 shows the characterisation of fresh and used Co/MOR catalysts each with 

the addition of a secondary modifier metal species, namely Mo and Mn. CoMo/MOR 

had large metal NPs with average diameter of 18.5 nm, whereas CoMn/MOR 
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displayed average NP diameters similar to that of the traditional Co/MOR catalysts. 

The peaks observed in the fresh catalyst are potentially due to mixed metal oxides, 

as well as Co oxides. Additionally, some peak that are associated with oxide phases 

can still be seen in the used catalysts, likely indicating Mo or Mn oxide phases. The 

larger NP sizes observed for CoMo/MOR, can be due to the formation mixed metal 

oxide NPs, with high overall metal loading and stability of these responsible for large 

CoMo oxide NPs. Although, CoMo/MOR showed the greatest reduction in NP 

diameter, with CoMo/MOR metal NPs displaying an average diameter of 15.1 nm. 

This indicates the resistance to sintering which the inclusion of Mo can provide during 

the CNM growth process [9]. 

Figure 6.5. Fresh and used catalyst characterisation of CoMo/MOR and CoMn/MOR, (a) showing the 

NP diameters and (b) showing the XRD patterns, with fresh catalysts shown in red and used catalysts 

shown in blue. 

6.3.2 Characterisation of Carbon Deposits  

The conversion, quality and morphology of the carbon grown by the CoMo/MOR and 

CoMn/MOR catalysts are shown in Figure 6.6.  
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Figure 6.6. Characterisation of the used catalyst prepared with different additional supporting metals 

with (a) showing the carbon conversion (b) Raman spectra (c) SEM image of CoMo/MOR, and (d) SEM 

image of CoMn/MOR. 

CoMo/MOR achieved the highest carbon conversion of 28.1 % among any of the 

tested catalysts. This performance enhancement is attributed to the promoting effect 

of Mo, which enhances hydrocarbon cracking and thermal stability of the Co NPs. 

Raman analysis showed a moderate ID/IG ratio of 0.69, suggesting a balance between 

carbon conversion and graphitic structure. The SEM image reveals a dense mat of 

entangled CNTs with lengths predominantly ranging with diameters between 30 and 

60 nm.  

CoMn/MOR exhibited a lower carbon conversion of 23.2%, although still higher than 

traditional Co/MOR catalysts, and additionally displayed the highest graphic quality of 

the catalysts tested. The ID/IG ratio was found to be 0.4, indicating a very high-quality 

graphic lattice is present. The sharp peak at around 700 cm-1 can be attributed to Mn 

oxide phases. Several additional peaks in the range of approximately 1200 cm-1 and 

1500 cm-1 can be observed, with the G-band shifted to around 1610 cm-1. This can be 

attributed to carbon-oxygen bonding, indicating the formation of oxygen functional 

groups within or attached to the CNM. This indicates that Mn oxides interaction with 

the growing CNM can promote the inclusion of these oxygen functional groups. These 
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functional groups can modify the performance of the CNMs grown, offering new 

application and a higher value product.  

The SEM image of the used CoMn/MOR catalyst shows a less tangled, more open 

CNT network. These filaments are generally thinner, with diameters between 15 and 

40 nm, and longer, frequently exceeding several microns. he increased length and 

reduced entanglement indicate improved catalyst control over filament growth and 

fewer structural defects. This implies that Mn acts to stabilise the active sites in a way 

that favours ordered graphitic structures.  

Overall, these results highlight the contrasting benefits of Mo and Mn as promoters. 

Mo is optimal for enhancing carbon conversion through improved catalytic activity, 

while Mn favours the formation of high-quality, structurally ordered CNTs. This 

suggests that catalyst selection should be guided by the desired trade-off between 

conversion and material quality depending on the application. 

6.3.3 Conclusion 

The performance of Co-based MOR catalysts in CNT synthesis is significantly 

influenced by calcination conditions, synthesis methods, and the incorporation of 

secondary metal promoters. Each of these factors governs the balance between 

carbon conversion and structural quality of the produced CNTs. 

Lower calcination temperatures preserve the zeolite framework and enhance catalytic 

activity, leading to higher carbon conversions. However, this comes with a trade-off, 

as the resulting CNTs exhibit less structural order. In contrast, higher calcination 

temperatures promote better graphitisation due to enhanced catalyst stability, though 

at the expense of overall carbon conversion. 

Synthesis approach also affects catalyst performance. Wet impregnation with organic 

additives like EDA improves conversion by strengthening metal–support interaction. 

Meanwhile, hydrothermal synthesis enhances CNT quality through better 

nanoparticle dispersion and size control. Nevertheless, this method may limit active 

metal availability due to encapsulation and post-synthesis washing steps, potentially 

reducing catalytic efficiency. 

Introducing secondary metals into the Co/MOR system provides the most effective 

method to improving catalytic performance. Although both metals enhance 

conversion and quality, the inclusion of Mo is best for improving carbon conversion, 

while Mn promotes the formation of higher-quality, more graphitic CNMs.  
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The importance of tuning catalyst preparation parameters to meet specific 

performance goals is highlighted. Strategies that favour high-quality CNTs may 

compromise conversion and vice versa. However, through appropriate combinations 

of synthesis route, calcination, and metal promotion, a tailored balance can be 

achieved for targeted applications in carbon nanomaterial synthesis. 
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7.1 Conclusions 

In this thesis the synthesis of carbon nanomaterials (CNMs) using transition metal-

based catalysts has been investigated, revealing the complex interplay between metal 

species, support materials, and catalyst preparation strategies. These factors 

influence key catalytic features including metal-support interaction strength, 

nanoparticle stability, dispersion and size, which in turn govern the overall catalytic 

performance.  

Comparison of the metal species showed distinct differences in performance. 

Cobalt-based systems demonstrated superior nanoparticle dispersion and structural 

stability, leading to high conversions and the formation of primarily spherical carbon 

nano-onions (CNOs) alongside some carbon nanotubes (CNTs). Nickel-based 

catalysts gave intermediate conversions but favoured the formation of filamentous 

carbon, producing the highest proportion of CNTs. Iron-based catalysts were limited 

by sintering, phase instability, and early formation of catalytically inactive carbide 

species. These deactivated phases hindered performance and suppressed the 

expected synergistic effects in bimetallic systems, with Fe-based monometallics 

producing the lowest overall conversion. 

The influence of the support material was found to be influenced by the intrinsic 

support properties and the specific metal-support pairing. KAO showed strong 

interactions with both metal and carbon, producing well-dispersed small spherical 

nanoparticles, but this strong binding inhibited CNT nucleation and limited growth 

beyond surface-bound structures. MOR was most effective with cobalt, where its one-

dimensional pore channels restricted diffusion but promoted the formation of surface-

based nanoparticles following framework collapse. This environment facilitated high-

quality CNTs with dense filament networks. FAU showed the highest compatibility 

with nickel, maintaining structural integrity and enabling extensive filamentous growth. 

In contrast, cobalt-based systems often caused FAU framework collapse. This 

divergence was attributed to nickel’s ability to stabilise the zeolite framework. The 

open three-dimensional network and strong hydrocarbon cracking capacity of FAU 

supported well-dispersed nanoparticles and carbon precursor diffusion, allowing high 

conversion and quality of the Ni-FAU and FeNi-FAU catalysts, respectively. Overall, 

Co/MOR was determined to give a desirable balance between conversion and quality, 

and also display desirable underlying properties of good metal dispersion, and 

therefore was selected for further testing.  
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Calcination temperature, synthesis approach and secondary metal addition played a 

significant role in determining the structure and performance of the Co/MOR catalyst. 

Lower calcination temperatures preserved zeolite integrity and promoted conversion, 

while higher temperatures improved structural quality through better graphitisation. 

Wet impregnation with organic additives enhanced conversion via strengthened 

metal-support interactions, whereas hydrothermal synthesis offered superior 

nanoparticle control but risked reduced metal accessibility. Additional secondary 

metals Mo and Mn both displayed increases in conversion and quality over 

monometallic Co, with Mo favouring high conversions and Mn high quality, with signs 

that oxygen functional group incorporation had also occurred.  

Overall, zeolite supported catalysts display great promise for the conversion of 

plastics in to high value CNMs. In a one stage system, the high carbon solubility of 

iron-based catalysts leads to reduced performance, whereas Co- and Ni-based 

catalysts are more resilient. The selection of metal can influence whether the zeolite 

framework is preserved or collapse during growth, which can both be beneficial or 

detrimental depending on how the specific zeolite pore morphology influences to 

precursor decomposition and CNM growth reactions.  

7.2 Future Work 

Due to time limitations, many of the results in this thesis were only repeated one time, 

although the variability between runs were estimated with three repetitions for some 

selected samples. These constraints were largely attributable to COVID-related 

restrictions during the first two years of the PhD. Laboratory access was unavailable 

during the first year and significantly limited in the second, with equipment time 

prioritised for later-stage doctoral researchers thereby reducing experimental 

throughput even after the lab reopening. In future work, runs for each if the catalysts 

would be carried out at least three times. 

Ni-based FAU catalysts, particularly Ni/FAU and FeNi/FAU, showed strong baseline 

performance and are promising candidates for further improvement. The development 

strategies used for Co/MOR in this work should be applied to these systems. This 

includes adjusting calcination temperature, modifying synthesis conditions, and 

exploring secondary metal additions to improve both conversion and structural quality. 

For Co/MOR catalysts, refining the hydrothermal synthesis route remains important 

for achieving full catalytic performance. Although hydrothermal methods offer good 
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control over nanoparticle size and distribution, they often suffer from reduced activity 

due to poor surface accessibility of metal sites. This issue could be addressed by 

using higher calcination temperatures to induce framework collapse during growth. 

This will allow for NPs formed within the zeolite frame to be exsolved and thus become 

active growth sites. This allows for the well-dispersed metal in the M@zeolite structure 

to translated into enhanced catalyst performance. Therefore, potentially retaining the 

benefits of hydrothermal synthesis while overcoming its limitations. 

Separately, the addition of secondary metal promoters such as Mo and Mn has 

demonstrated distinct advantages. Molybdenum enhances catalytic activity and 

conversion by improving hydrocarbon cracking and stabilising the active metal phase. 

In contrast, manganese favours structural quality by promoting more ordered, 

graphitic carbon growth. The choice and ratio of promoter can thus be used to fine-

tune the balance between productivity and material performance. Future work should 

explore varying metal ratios and total metal loadings to better understand how these 

parameters affect nanoparticle behaviour, catalyst stability, and CNT morphology. 

Combining hydrothermal synthesis with Mo or Mn promotion presents a promising 

strategy for achieving both high conversion and high carbon quality. While 

hydrothermal processing improves nanoparticle control and graphitisation, Mo and 

Mn can address its current limitations by either boosting catalytic activity or enhancing 

structural order. Future studies should examine how these promoters interact with the 

hydrothermally incorporated cobalt, and whether synthesis conditions can be adjusted 

to maximise their synergistic effects. This combined approach may lead to the 

development of Co-based zeolite catalysts that deliver both efficient precursor 

conversion and structurally refined carbon nanomaterials. The highest performing 

one-stage materials and growth strategies can be applied to two-stage systems, 

which are likely to further increase overall performance. Building on the insights 

gained from one-stage catalyst testing, two-stage systems offer a broader and more 

flexible platform for catalyst design. They will allow for the inclusion of iron or iron-

based bimetallic catalysts, which provide high carbon solubility and are less toxic and 

more cost-effective than cobalt or nickel. 

Finally, the recyclability of the catalyst should be evaluated. Complexing agents can 

be used to extract metals, and our work using a Co-EDA metal source has shown 

their effectiveness as reagents. The support material can also be recycled. Zeolites 

can be degraded using alkaline solutions, which have the potential to cause less 
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damage to CNMs than traditionally used acids. Furthermore, the resulting material 

could serve as a precursor for further hydrothermal synthesis. A combined solvent 

wash that removes metal using EDA or similar complexing agents, while also 

dissolving the zeolite framework, would produce a solution similar in composition to 

that used in the original hydrothermal synthesis of the Co@MOR catalyst. This 

indicates the potential for both the metal and support to be recovered and reused, 

supporting the overall recyclability of the system.  

Overall, the production of high value CNMs using the zeolite-supported transition 

metal catalysts tested in this thesis provide a highly promising technology for the 

valorisation of waste polyolefin plastics.  

 


