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Abstract 

The quest to increase the lithium storage capacity of anodes in lithium-ion batteries is a 

prominent goal in battery research. The conventional graphitic Carbon-based anode material 

achieves a maximum capacity of 372 mAh g-1, limited by the stoichiometry of the lithiated 

state Lithium Carbide (LiC6).  To overcome this limitation, Silicon anodes offer a theoretical 

storage capacity approximately ten times higher, albeit accompanied by a significant volume 

expansion issue. This study firstly explores various methods of fabricating composite 

materials as anodes, when combining Graphite and Silicon. The studies include the use of nano 

particle graphite as well as a physical method of nanoparticles deposition with a Matrix 

Assembly Clusters Source (MACS). The project was inspired by the ultimate prospect of 

employing cluster (nanoparticle) beam implantation techniques to embed small Silicon 

Nanoclusters, sized between 1-3 nm, into a porous carbon host. The utilization of such small 

Silicon particle sizes, embedded between Graphite particles, might possibly solve the volume 

expansion problem while retaining the benefit of additional storage density. 

Anodes were made using various graphites as reference active materials, both conventionally 

sized (D50 8.4 µm) and Graphite nano powder to aid homogenous dispersion, and with the 

addition of Silicon Nanoparticles. These were made into slurries with Carbon Black and 

binder and cast on to foil prior to assembly into half-cells with lithium metal. The reference 

anodes made using conventional graphite performed as expected, with specific capacities 

close to expected values. However, when using Nano Graphite, the morphology of the 

powder caused significant drying and processing issues, that made it difficult to reliably cast 

the anode, causing delamination and ultimately higher instances of cell failure and lower 

specific capacity. Integration of the Silicon nano powder gave some evidence of improved 

results, but data were inconsistent and hindered by processing issues and high instances cell 

failure. 
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First demonstrative experiments utilising the MACS approach, which offers the advantage of 

integrating Silicon with larger Graphite particles, gave composite anodes that were able to be 

readily processed into an anode in the same way as conventional Graphite, without 

delamination or excessive cell failure. The resultant half-cells gave slightly higher capacity 

than reference Graphite cells, but more work is needed to develop and verify the processing 

to validate the extent of the Silicon coating on the Graphite and confirm its effect on capacity. 
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Chapter 1 – Introduction and 

Background 

1.1 Introduction and Thesis Overview 

The world is currently facing a climate crisis, necessitating urgent efforts to transition towards 

sustainable energy sources and mitigate the detrimental effects of fossil fuel consumption. As 

part of this global endeavour, the development of electrical energy storage devices (EES) has 

gained significant attention, aiming to support the integration of renewable energy and ensure 

a reliable power supply. Among various EES technologies, batteries have emerged as a key 

solution due to their portability, scalability, and high energy density (1). 

Lithium-ion batteries have revolutionized portable electronics and electric vehicle markets due 

to their excellent performance characteristics. However, the current graphitic carbon-based 

anode material, with a maximum capacity of 372mAhg-1. To overcome this limitation, silicon 

(Si) anodes have attracted significant interest owing to their high theoretical storage capacity, 

which is an order of magnitude greater than that of graphitic carbon-based anodes. 

Nevertheless, there are major challenge associated with Silicon anodes, due to intermetallic 

alloying upon Silicon’s reaction to Lithium causing significant volume expansion during 

cycling, leading to electrode degradation and reduced battery lifespan (2). 

To address the volumetric expansion issue and exploit the high-capacity potential of Si anodes, 

the concept of incorporating Si nanoparticles into a carbon host has gained prominence. The 

synergy between Si and carbon materials offers enhanced capacity, increased electrical 

conductivity, and improved tolerance to volume changes during cycling (2). One promising 

approach is the use of nanocomposite anodes consisting of Si nanoparticles embedded within 

a porous carbon matrix. 
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This thesis aims to investigate the effectiveness of nanocomposite anodes for enhancing the 

lithium storage capacity in lithium-ion batteries. Furthermore, it explores the novel Matrix 

Assembly Cluster Source (MACS) method as a means of embedding Si nanoclusters, ranging 

in size from 1-3nm, into the porous carbon host. The MACS technique, a cluster beam 

implantation method, enables precise control over cluster size and offers opportunities for 

optimizing battery performance (2). The targeted objective is to achieve a Si loading of 6% in 

the carbon host material. 

Prior to focusing on the MACS method, various methods of fabricating nanocomposite anodes, 

including graphite and Silicon nanoparticles and nano graphite and silicon nanoparticles, were 

explored to compare their performance and feasibility. Additionally, the installation of a 

dedicated electron beam evaporator is currently underway to load Si atoms into the MACS 

matrix, thereby enabling the production of well-defined Si nanocluster beams. Battery testing 

will be performed using lab-scale coin cells, with reference materials comprising 15nm 

commercial Si powder particles. 

By investigating the utilization of nanocomposite anodes and the innovative MACS method, 

this research aims to overcome the limitations of current lithium-ion battery anode materials 

and enhance their lithium storage capacity. The findings of this study have the potential to 

revolutionize battery technology, paving the way for the development of high-performance 

batteries capable of meeting the increasing demands of the sustainable energy landscape. 

1.2 The basics of battery chemistry 

A battery is an electrochemical cell that converts the chemical energy from a reaction directly 

into electrical energy. There are two main types of batteries: primary and secondary. Primary 

batteries, such as alkaline batteries, zinc-carbon batteries, and lithium metal batteries, cannot 

be recharged and are discarded after use (3; 1). In contrast, secondary batteries can be recharged 

due to the reversibility of the redox reactions that occur in the electrochemical cell. Examples 
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of secondary battery systems include lithium-ion batteries, nickel-cadmium (NiCd) batteries, 

nickel-metal hydride (Ni-MH) batteries, and lead-acid batteries (4). 

Among secondary battery systems are lithium-ion batteries. These are an already ubiquitous 

energy storage technology due to their high energy density, long cycle life, and clean energy 

potential. In comparison to other battery chemistries, such as Ni-MH and lead-acid batteries, 

lithium-ion batteries offer a higher specific energy density and volumetric energy density, as 

shown in Figure 1-1- Diagram comparing the volumetric and gravimetric energy densities of 

most common secondary battery systems . 

 

 

 
Figure 1-1- Diagram comparing the volumetric and gravimetric energy densities of most common 

secondary battery systems (5). 

 

 

A battery is made up of a connection of multiple electrochemical cells, however, may also refer 

to a single cell (5). The components contained within an electrochemical cell have specific 

material characteristics that produce a free flow of electrons. A cell most importantly contains 

two electrodes with an electrochemical potential difference separated by a porous polymer 
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separator and a liquid or gel electrolyte. The potential difference between the anode and 

cathode induces an electromotive force (V) which drives a redox reaction at each electrode (5). 

This reaction can be split into an oxidation reaction at the anode (Eq 1) and a reduction reaction 

at the cathode (Eq 2). When a fully charged battery cell begins discharge, an oxidation half- 

reaction occurs at the anode, illustrated in Equation (1): 

𝐴 → 𝐴+ + 𝑒− (1) 

 
Equation 1 – Oxidation Half Reaction 

The generation of positively charged ions and negatively charged electrons take place. The 

electrolyte solution between the two anodes is a medium that is electrically conducting through 

the movement of ions but insulating of electrons. These properties of the electrolyte allow for 

the free flow of ions to the positive electrode. An ion conducting and electron insulating porous 

polymer separator lies between the two electrodes to prevent short circuit of the cell. Due to 

the electron insulating properties of the electrolyte, negatively charged electrons are forced to 

travel to the anode via an external circuit and the electrical energy from this reaction is 

harnessed. Upon charging, a reduction reaction (2) occurs at the cathode. This continues upon 

charge and discharge. 

𝐵 → 𝐵+ + 𝑒−1 (2) 

 
Equation 2 - Reduction Half Reaction 

The standard potential between the electrodes directly determines the cells overall 

electrochemical potential. A greater difference in electrochemical potential of electrodes 

materials equates to an increased battery voltage. Furthermore, electrode material 

characteristics, such as conductivity, particle size, porosity, surface area and chemical stability 

have a direct effect on cell electrochemical performance (6). 
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1.3 A brief history of battery evolution 

In 1800, Italian physicist Alessandro Volta (7) invented the first electrochemical battery, the 

voltaic pile, using stacked copper and zinc plates separated by brin-soaked paper disks, as 

shown in the timeline schematic in Figure 1-2. Michael Faraday (8) later demonstrated that the 

voltage was a result of chemical reactions. In 1834, French scientist Gaston Planté (9) 

developed the lead-acid battery, a key step in battery evolution and the first rechargeable 

battery. It had low cost and high stability but was hindered by its carcinogenic nature and low 

energy density. The Ni-Cd battery followed in 1901, exhibiting excellent performance at low 

temperatures, but the requirement of precious metals limited its usage. 

In the 1970s, lithium-based batteries (7) were developed due to the increasing demand for high- 

energy-density and lightweight power sources. These batteries revolutionized portable 

electronics and continue to be widely used today. Furthermore, the development of lithium-ion 

batteries in the 1980s (10) (11) marked a significant milestone in energy storage technology, 

offering improved safety, higher energy density, and longer cycle life. These advancements 

laid the foundation for the widespread adoption of lithium-ion batteries in various applications, 

including portable electronics, electric vehicles, and renewable energy systems. Figure 1-2 

presents the key landmarks in battery history and development. 
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Figure 1-2 - Landmarks in the history of Battery Technology (12) 

 

 
 

1.3.1 A brief history of Lithium-ion batteries 

 
Since their market introduction in 1991, lithium-ion batteries (LIB’s) have demonstrated an 

evolutionary potential for a variety of applications, not only dominating the small-scale battery 

market for their use in consumer electrics but have now been implemented as the battery of 

choice for electric vehicles such as hybrid (HEV), plug-in (PHEV) and fully electric vehicles 

(13). Finally, they have shown significant value for their use in stationary energy storage for 

intermittent energy sources like wind and solar (14) (15). The success of lithium-ion batteries 

is due to their high specific energy (100-265 Wh/kg) energy density (250-693 W.h/L), high 

reliability and ever reducing cost when compared to other battery technologies in the market 

(16). The use of transition metal compounds as a cathode material allows for a reversible 

evolution of both electronic structure and crystal structure to ensure balance during lithiation 

and prevention of the lattice structure collapse (17). 

Lithium metal was discovered in 1817 by Arfwedson and Berzelius (16) but experimentation 

of the electrochemical use of lithium metal came almost a century later in 1912 under G.N 

Lewis (8). Lithium metal holds excellent physical properties, including low density (0.534g 
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cm-3), high specific capacity (3860 mAhg-1) and a low redox potential (-304V vs SHE) (17). 

Despite its promise, the high reactivity of lithium metal creates a technological challenge in 

the safety of lithium-based battery engineering. This led to the need for replacement of an 

unreactive metal anode material for commercialization. Thus, compounds capable of donating 

lithium ions (Li+) are used alternatively (18). 

In the 1970s, Michael Stanley Whittingham drafted the concept of lithium intercalation using 

lithium metal and titanium sulphide as the electrode materials, laying the groundwork for 

further development (19). In the same period, Jurgen Otto Besenhard demonstrated the concept 

of intercalation chemistry using graphite and cathodic metal oxides as the anode and cathodes 

respectively (20). Samar Basu demonstrated the intercalation of lithium in graphite, an 

important concept in battery chemistry. However, batteries built in this time rapidly 

deteriorated after recharge, resulting in a poor cycle life (21). In the 1980s, research on the 

reversible electrochemical intercalation of positively charged lithium ions in graphitic carbon, 

by Rachid Yazami, allowed for great improvements in cycle life (22). Around the 1980s, much 

attention was concentrated toward the development of materials for the positive electrode, the 

cathode. In 1986, Akira Yoshino's 'soft carbon anode' along with Goodenough's LCO cathode 

and carbon ester-based electrolyte patented the world's first commercial lithium-ion battery, 

which was produced and sold by Sony and Asahi Kasei in 1991. Since then, much investment 

has been put into developing these technologies (23). 

1.4 Basic Electrochemistry of Lithium-ion Batteries 

Lithium-ion batteries (LIBs) are widely used due to their high energy density, low self- 

discharge rate, and long cycle life. The performance of LIBs is measured by various parameters 

including specific capacity, rate capacity, coulombic efficiency, and cycle life. Specific 

capacity refers to the amount of energy released per unit volume or mass, and it is determined 

by the number of positive lithium ions that travel between the positive and negative electrodes 
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during battery cycling. Coulombic efficiency, on the other hand, is the ratio of discharge 

capacity after a full charge and charging capacity of the same cycle (24). Rate capacity relates 

to the size of the current in a battery, and cycle life refers to the number of times a battery can 

be charged and discharged before 80% capacity deterioration (19). 

The basic components of LIBs include anode, cathode, electrolyte, separator, and current 

collector, which can be seen in the schematic Figure 1-3 annotating the design within a 

cylindrical lithium-ion battery. The primary electrochemical reactions take place at the anode 

and cathode, with typical materials being Lithium Cobalt Oxide (LiCoO2), Lithium Manganese 

Oxide (LiMn2O4), Lithium Iron Phosphate (LiFePO4 or LFP) and Lithium Manganese Cobalt 

oxide (LiNiMnCoO2 or NMC) for cathode and typically Graphite for the anode (19). Upon 

charging, lithium ions are extracted from the cathode material and embedded in the anode 

material through a reversible intercalation reaction (25). When the battery discharges, the flow 

of ions and electrons takes place in the opposite direction, converting chemical to electrical 

energy (19), with the chemical reactions that take place outlined in Equations (3,4,5): 

 
 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒: 𝐿𝑖𝐶𝑜𝐶𝑂2 ↔ 𝐿𝑖1−𝑥𝐶𝑜𝐶𝑂2 + 𝑥𝐿𝑖𝑥 + 𝑥𝑒− (3) 

Equation 3 

𝐴𝑛𝑜𝑑𝑒: 6𝐶 + 𝑥𝐿𝑖+ + 𝑥𝑒− ↔ 𝐿𝑖𝑥𝐶6 (4) 
 

Equation 4 

𝑇𝑜𝑡𝑎𝑙 𝐿𝑖𝐶𝑜𝑂2 + 6𝐶 ↔ 𝐿𝑖𝑥𝐶6 + 𝐿𝑖1−𝑥𝐶𝑜𝑂2 (5) 
 

Equation 5 
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Figure 1-3 - Schematic of a cylindrical lithium-ion battery (19) 
 

 
 

The electrolyte, usually lithium hexafluorophosphate (LiPF6), facilitates the flow of electrical 

charge between the electrodes by maintaining a free ion exchange. Figure 1-4 illustrates the 

working principles of a lithium-ion battery, with graphite as the anode and LiCoCO2 as the 

cathode. Lithium-ion batteries with graphite anodes and LiCoO2 cathodes operate based on the 

movement of lithium ions between the anode and cathode during charge and discharge cycles, 

facilitated by a liquid electrolyte. During discharge, lithium ions move from the anode 

(graphite) to the cathode (LiCoO2), releasing energy; during charge, ions move back, storing 

energy (26). 

 

 

 

 

 

 

 

 

 
 

Figure 1-4 - Schematic of Lithium-ion battery working principle 

(99).
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1.5 Anode Materials 

The operational dynamics of a lithium-ion battery underscore the pivotal role of the anode 

material in shaping overall battery performance. Consequently, the pursuit of advanced anode 

materials is paramount, driven not only by performance optimization but also by considerations 

of cost-effectiveness and material availability. Although Graphite Significant investments are 

being channelled into research and development to discover anode materials that align with the 

demands of high-performance, market-ready lithium-ion batteries (26) (14). This collective 

endeavour to identify novel anode materials and enhance fabrication techniques is a focal point 

in the landscape of battery technology advancement (1). Particularly within the realm of hybrid 

and electric vehicles, the need for high-performance anode materials is pressing (27). 

1.5.1 Lithium 

 
According to theoretical energy density calculations and thermodynamic data (25), secondary 

system batteries using metallic lithium as an anode material have the potential for the highest 

energy density of any electrochemical energy storage device. This is depicted in Figure 1-5 

(26). 

 

 
Figure 1-5 - Three generations of Lithium-ion batteries (28) 
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Initially, early battery designs employed lithium metal electrodes paired with polar aprotic 

electrolyte solvents, which do not have a hydrogen atom bonded to an oxygen or nitrogen atom. 

However, this approach led to the formation of a dense surface film within the cell, impeding 

effective passivation (27). Over repeated charge-discharge cycles, the excessive build-up of 

metallic lithium deposition and lithium dendrites became problematic, with the potential to 

breach the separator and trigger battery short circuits. Beyond the safety concerns associated 

with pure lithium metal anodes, these batteries exhibited significant lithium consumption as a 

finite resource and experienced rapid deterioration in cycle life. Complicating matters were 

issues like the instability of the solid electrolyte interphase (SEI) layer growth and the 

progressive degradation of electrolytes, both further challenging the viability of lithium metal 

anodes. It's evident that substantial endeavours are required to address these challenges, with a 

near-term goal of developing third-generation lithium-ion batteries incorporating alternative 

anode materials (28). Among these, silicon-based anode materials stand out as a promising area 

of focus for future advancements, shaping the path toward fourth-generation LIBs. 

1.5.2 Graphite 

 
Graphite has been the standard anode material for LIBs since the 1990’s. Graphite is the 

preferred anode material due to its safety, non-toxicity, abundance and low-cost (29). 

Additionally, graphite offers a satisfactory capacity, energy density and cycle life. The 

preference of graphite electrode material is with virtue to the characteristics of graphite itself 

including low cost and chemical/electrochemical stability (30). Graphite is made up of 

honeycomb carbon layers which are weakly bound by van der Waals interaction illustrated in 

Figure 1-6, with a two-stacking sequence of hexagonal ABA or rhombohedral ABC stacking 

with an interlayer distance of 0.335 nm (31). The intercalation of guest ions in the graphite 

galleries is achieved through the formation of graphite intercalation compounds. As early as 
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1840, the attempted intercalation of H2SO4 into graphite was researched by Schafhaeutl et al 

(32). In the 1990s, a significant breakthrough was achieved in the realm of non-aqueous 

electrochemical cells: the successful intercalation of lithium ions into graphite (32). Illustrated 

in Figure 16, this process depicts how solvated ions from the electrolyte undergo a de-solvation 

step, facilitating the insertion of free lithium ions. This mechanism results in a high lithium- 

ion storage capacity of around 300 to 372 mAg-1 (26), coupled with an impressive retention 

rate of 90% or more even after undergoing numerous cycles at a 1C rate (33). It's worth noting 

that these outcomes can be subject to various influencing factors such as electrode formulation 

and cycling conditions. While graphite has been a key anode material in lithium-ion batteries, 

its ability to meet escalating market demands is being questioned due to certain limitations. 

Graphite's theoretical capacity for lithium-ion storage is relatively modest, around 372 mAh/g. 

As energy storage requirements increase in applications like electric vehicles and renewable 

energy storage, higher energy densities are essential (33). 

 

 

 
Figure 1-6 - Graphite Structure of two staking sequences ABAB (2H), (B) Schematic diagram of 

Graphite Coordination structure in electrolyte (34). 
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1.6 Silicon and Silicon Carbon Nanocomposites 

To overcome the limitation of Graphite, various alternative anode materials have been 

explored, among which silicon has gained significant attention due to its high theoretical 

capacity and low discharge voltage (35). 

Silicon (Si) has a theoretical capacity of 4200 mAh/g, which is about an order of magnitude 

higher than that of graphite (372 mAh/g) used in conventional LIBs. The high capacity of Si 

can significantly increase the energy density of the battery, leading to longer battery life and 

improved performance, (36). However, Si experiences significant volume expansion during 

lithiation and delithiation, leading to mechanical degradation and loss of electrical contact, 

which ultimately leads to poor cycling performance. 

To address these issues, various strategies have been explored, including the use of 

nanostructured silicon, silicon-based composites, and surface modifications. Nanostructured 

silicon, such as silicon nanowires, nanotubes, and nano porous silicon, can mitigate the 

mechanical stress caused by volume expansion, resulting in improved cycling stability. For 

example, it has been demonstrated that using silicon nanowire battery electrodes, the issue of 

silicon volume change during lithium can be alleviated and maintain a discharge capacity of 

close to 75% maximum, with little fading during cycling (33). Silicon-based composites, such 

as silicon/carbon and silicon/tin/carbon, have been developed to improve the conductivity and 

stability of the silicon anode. Surface modifications, such as coating silicon with carbon, metal 

oxides, or polymers, can improve the stability of the SEI layer, reduce the electrolyte 

decomposition, and mitigate the volume expansion, resulting in improved cycling performance 

(37) (36) (38). 

Recent studies have demonstrated the potential of Si-based anodes for LIBs. For instance, Li 

et al. reported a Si-based anode composed of Si/C nanospheres that exhibited a high reversible 

capacity of 2300 mAh/g after 100 cycles with a capacity retention of 78.7% at 1C rate (39). 
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Zhang et al. developed a Si/CNT composite anode that showed a reversible capacity of 1200 

mAh/g after 100 cycles with a capacity retention of 77.8% at 1C rate (40). Xu et al. prepared a 

SiOx@C@Cu3Si composite anode that exhibited a high reversible capacity of 1000 mAh/g 

after 500 cycles with a capacity retention of 87% at 1C rate (41). 

1.7 Conclusion 

In conclusion, this background review has explored the progress made in the field of silicon 

nanoparticle-based anodes for lithium-ion batteries. The use of silicon nanoparticle-carbon 

composite materials has emerged as a promising alternative to traditional graphite-based 

anodes due to their high capacity, low operating potential, and excellent cycling stability. This 

is supported by studies conducted by Liu et al. (41), who reported a high specific capacity of 

1575 mAh g-1 and good cycling stability of a silicon/carbon composite anode. Similarly, Guo 

et al. showed that a silicon/carbon nanofiber composite anode had a high capacity of 1068 

mAh g-1 and excellent cycling stability up to 1000 cycles. 

Studying silicon nanoparticle-based anodes is an important area of research, as the 

development of high-performance lithium-ion batteries is critical for the advancement of 

various technologies, including electric vehicles, portable electronics, and renewable energy 

systems. Silicon-based anodes offer the potential for significantly higher energy densities than 

current graphite-based anodes, which could lead to longer battery life and increased energy 

storage capacity. Additionally, silicon is abundant and widely available, making it an attractive 

and sustainable material for battery applications. 

However, several challenges must be addressed to optimize the performance of silicon 

nanoparticle-carbon composite anodes. These challenges include issues related to synthesis 

methods, electrode architecture, and the structural stability of the anode material during 

cycling. For example, Choi et al (42). highlighted the importance of a rational electrode 

architecture design to mitigate volume expansion during cycling, which is a major challenge 
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for high theoretical capacity materials, as volume changes are due to intercalation of lithium 

and are inherent to high-capacity anodes (43) . Furthermore, utilizing nanostructured silicon in 

battery anodes mitigates volume expansion by allowing for better accommodation of the 

mechanical strain arising from lithiation. The increased surface area and reduced diffusion 

distance in nanostructured silicon enhance lithiation kinetics, minimizing stress-induced 

cracking (44). 

Through the exploration of different methods of fabricating nanocomposite anodes and the 

installation of a specialized electron beam evaporator for loading Si atoms into the MACS 

matrix, this research aims to explore a possible advancement in silicon-based lithium-ion 

battery technology. The utilization of reference materials for battery testing in lab-scale coin 

cells using commercial Silicon nanoparticle (15 nm) powder will provide valuable insights into 

the performance and feasibility of the nanocomposite anodes. 

The MACS technology, with its precise control over cluster size and intense beam of well- 

defined clusters, holds promise for optimizing battery performance. By achieving a Si loading 

of 6% in the carbon host material, the MACS method may provide a new method for 

embedding silicon clusters onto a carbon material for use in high performance lithium-ion 

batteries. 
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Chapter 2 Experimental Techniques 

 
2.1 Introduction to Experimental Techniques 

The experimental program involved the production of Graphite and Graphite plus Silicon 

anodes used in a half cell configuration with lithium metal as the counter electrode, to evaluate 

the effect of the incorporating silicon, in various forms, in with Graphite. Further to this, both 

regularly sized and nano sized graphite were used. This chapter details the materials used, 

methods to manufacture anode slurries, their deposition and subsequent use in coin cells for 

electrochemical testing as well as electrochemical testing methods. Further to this the materials 

were subjected to characterisation using Transmission Electron Microscopy, Scanning Electron 

Microscopy and X-ray photoelectron spectroscopy, to explore the surface morphologies and 

chemical compositions of the powders and electrodes used within this project, as mentioned in 

Chapter 1, these material properties have effects on the anode performance. 

2.2 Materials 

This project fabricated and tested five anode types, each with a different active material. The 

combinations composed of mixtures of conventionally sized Graphite (SFG15), Nano graphite, 

silicon nanoparticles, and carbon-silicon macro and nanocomposites, with the materials used 

in the electrode fabrication listed in Table 2-1, and the Anode names and compositions listed 

in Table 2-2. 

Graphite (Timrex® SFG15 typically D90 17.9 µm) was obtained from IMERYS. Nano 

graphite (30nm nanospheres) was purchased from PiKem and provided by Johnson Matthey 

Technology Centre. Silicon nanoparticles (15nm) were purchased from ACS Material. The 

electrolyte used in each battery assembly is 1M LiPF6 in ethylene carbonate/diethyl carbonate 

(EC/DEC, volume ratio 1:1) (Sigma Aldrich) which is a standard electrolyte shown to be 

compatible for use in both carbon and silicon-based anodes, based on previous literature (45). 
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2032-type coin cell, 316 Stainless Steel, and a full set including 0.5mm spacers and springs 

were purchased from Cambridge Solutions. Binder-free glass microfibre separators were 

purchased from Whatman. Lithium metal was used as the counter electrode (Sigma Aldrich). 

All materials for Coin cell parts and their respective sources used within this project, are listed 

in Table 2-3. 

Table 2-1 – List of Anode Materials 
 

Material Vendor/Source Material Property 

SFG15 Graphite Timrex® SFG15 Graphite – 

 

IMERYS 

Active material 

Nanographite 30nm 

nanospheres 

PiKem (provided by Johnson 

Matthey) 

Active material 

Silicon Nanoparticles ACS Material Active material 

TIMCAL SUPER P C45 Sigma Aldrich Conductive additive 

Carboxymethyl Cellulose 

(Sodium salt. Mw 250000 

D. S.090) 

Sigma Aldrich Binder 

Deionized Water N/A Solvent for binder 

Lithium 

hexafluorophosphate 

(1.0M LiPF6 in EC/DMC 

= (50/50) (v,v) battery 

 

grade) 

Sigma Aldrich Electrolyte 

Lithium Metal Sigma Aldrich Counter Electrode 
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Table 2-2 – List of Anodes and Nanocomposites fabricated in the Project and intended ratio of silicon 

nanoparticles. 
 

Anode Type Carbon Silicon 

 

Ratio (Active) 

Active 

 

(%) 

Binder 

 

(%) 

Carbon 

 

Black (%) 

1. Graphite 100:0 80 10 10 

2. Nano graphite 100:0 80 10 10 

3. Graphite + 

Silicon Nanoparticles 

94:6 80 10 10 

4. Nano graphite 

+ Silicon 

 

Nanoparticles 

94:6 80 10 10 

5. Graphite + 

Silicon 

Nanoclusters 

(MACS) 

94:6 80 10 10 

 

 
Table 2-3 – Coin cell Parts List 

 

Part Vendor 

316 Stainless Steel Casing with seal Cambridge Solutions 

0.5mm Spacers Cambridge Solutions 

Glass Fibre Separator Whatman 
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2.3 Material Characterization 

Both ‘as supplied’ battery materials (active powders), casted and dried electrodes (anodes) 

were characterized using a range of characterization techniques, to characterize the 

commercially purchased powders to confirm the particle size, chemical composition and 

consequently the suitability for use in this project. Additionally, characterization for each anode 

type was essential to determine the chemical composition of each anode, in particular the 

silicon content of the nanocomposites, surface chemistry and particle size. 

2.3.1 Scanning Electron Microscopy (SEM) 

 
Scanning electron microscopy (SEM) and field emission gun scanning electron microscope 

(FEG-SEM) are effective characterization techniques to investigate the morphology of casted 

electrodes before cycling and after cycling. SEM works by generating a focused beam of high- 

energy electrons that scans across the surface of a sample, interacting with the atoms to produce 

signals such as backscattered electrons, secondary electrons, and characteristic X-rays. These 

signals are collected and processed to generate high-resolution images that reveal the surface 

morphology and composition of the sample (46). The ZEISS EVO LS25 SEM was used to 

observe surface morphology and give an idea of the overall material structure and morphology. 

This characterization technique was also used for imaging surface fractures, flaws, and 

corrosion of each electrode which is especially interesting after cycling. The scanning electron 

microscope relies on the detection of high-energy electrons emitted from the surface of a 

sample after exposure to a highly focused beam of electrons from an electron gun (47). 

2.3.2 Transmission electron microscopy (TEM) 
 

A Thermo Scientific Talos F200X scanning/transmission electron microscope (S/TEM) was used 
 

to obtain high-resolution STEM and TEM images of raw powders (Graphite, Nano graphite, Silicon 
 

nanoparticles and silicon nanocarbon nanocomposite). Transmission Electron Microscopy (TEM) 
 

works by passing a beam of electrons through an ultra-thin specimen, and the resulting interactions 
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composition at atomic resolution (48). The TEM was used to observe and confirm the particle size 

of commercially purchased powders and to study the microstructure of each raw powder material. 

The vacuum dried prepared through dispersing raw powders onto a 3mm diameter TEM gride 

(carbon coated Cu grid) by drop-casting with suitable solvents and air/vacuum-dried. The TEM 

images were captured by Dr Yubiao Nui and doctoral student Sean Lethbridge and contributed to 

Energy-Dispersive X-ray Spectroscopy (EDS) works by detecting characteristic X-rays emitted 

from a sample when it is bombarded with electrons in an electron microscopy setup, allowing for 

elemental analysis of the sample's composition (46). Energy dispersive x-ray spectroscopy (EDS) 

signal detection was used for 3D elemental characterization of raw powders with compositional 

mapping using four silicon drift detectors (SDDs) for superior sensitivity and mapping capabilities 

of up to 105 spectra/sec. This technique is essential for evaluating the true elemental composition of 

each powder. The energy dispersive x-ray spectroscopy detector is a feature installed as an available 

 
 

 

 

 

 

 

the analysis of the images in this thesis. 
 

2.3.3 Energy Dispersive X-ray Spectroscopy 
 

 

 

 

 

 

 

 

feature of the transmission electron microscope (TEM).  
 

2.3.4 X-ray photoelectron spectroscopy 

 
XPS is a characterization method that determines the elemental composition as well as the 

elemental state of each sample. X-ray Photoelectron Spectroscopy (XPS) works by measuring 

the kinetic energy of photoelectrons emitted from a sample's surface upon exposure to X-ray 

radiation, providing information about the elemental composition and chemical state of the 

surface (49). It should be noted that XPS is a surface-sensitive technique with an analysis depth 

of 8-10 nm. X-ray photoelectron spectroscopy (XPS) is an effective method to build an idea of 

the chemical composition and chemical bonds at the surface of the electrode and raw material 

samples and furthermore to quantify and confirm the chemical composition of components in 

and scattering of electrons provide detailed information about the sample's internal structure and 
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each electrode. The XPS data was collected using the Kratos Axis Supra, based in the 

Advanced Imagining of Materials at Swansea University. Surface stoichiometry was calculated 

using CasaXPS Version 2.3.22PR1.0. Peak areas were calculated from raw spectra using 

Tougaard baselines & the area adjusted using the Kratos sensitivity factor library. XPS 

measurements and analysis was conducted by Dr. James Mcgettrick. 

2.4 Battery fabrication 

The first step to battery fabrication is, to begin with, raw powder as the active and conductive 

component and combine this with a binding component to give a slurry. Binder acts as a binder 

material that holds the active materials and other components together, providing structural 

integrity and stability to the electrode as well as good adhesions and ensuring efficient electron 

and ion transport during battery operation (50). This slurry is then cast onto copper foil which 

acts as the current collector and dried. The dried electrode sheet is then punched, and these 

electrode discs are assembled into coin cells. Figure 2.1 shows images of the slurry to electrode 

process. Left shows the slurry in the mixing device described in the following sections, middle 

displays the dried electrode after casting and right displays a punched electrode ready for coin 

cell fabrication and testing. The remainder of this section describes the methodology and 

equipment used in the battery fabrication process. 

 

 

Figure 2.1 – a) Wet slurry in egg (ball mill) March 2022 b) Casted slurry on copper foil April 2022 c) 

Punched electrode April 2022 
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2.4.1 Slurry Preparation 

 
The slurry preparation routes are similar for different materials however vary when the active 

material differs in particle size and elementally. The slurry mixture consists of an active 

material (graphite, nano graphite, graphite + silicon, nano graphite + silicon), a conductive 

carbon material (carbon black), a binder to adhere the materials together, and lastly a suitable 

solvent. Slurries tested in this project were composed of two main ratios of active material, 

carbon black, and binder in the ratios 70:20:10 and 80:10:10 respectively on a dry mass basis. 

These ratios are typical intended to optimize electrochemical performance of the battery 

electrodes as demonstrated in prior research (51). Furthermore 70:20:10 was used initially as a 

basis formulation recipe. As the active material combinations behaved differently in terms of 

physical binding of materials, for example, nanoparticles require more binder as there is a 

smaller surface area to make contact in comparison to the macro-Graphite material used, which 

required less binder to achieve a homogeneous slurry mixture. For this reason, two different 

ratios were experimented with, and the results reported in Chapter 4. The binder used was 

carboxymethyl cellulose (CMC) (Sigma Aldrich) with deionized water as the solvent in a 4wt% 

CMC in water. The components of the slurry mixture were high-energy mixed using a Fritsch 

Pulverisette 23 mini ball miller, illustrated in Figure 2.2. This equipment consists of a grinding 

bowl (Figure 2.1a) that holds the slurry materials. Two grinding balls are then put into the 

grinding bowl and the bowl is then sealed using a rubber o-ring and pulverized at a set time 

and frequency (Hz) at 45 hertz/s with an additional 5µl of dilution needed. 

2.4.2 Electrode Preparation 

 
The electrodes were fabricated by coating the slurries on Cu foil. The coating process was 

carried out firstly by testing three varying methods, to explore which achieved the most 

consistent and high-quality casting. The first method tested was bar coating. 
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Figure 2-1(b) shows a diagram of the Lab Automatic Bar coater. This method consists of using 

the RK Control Coater, which uses the surface of a bar with wire windings of a given diameter 

to meter the ink evenly across the substrate at the desired speed which can be set automatically. 

Once the electrode was cast, it was then dried in an MTI vacuum oven at 60°C. 

The second method was the hand casting method which consisted of using an electrical tape to 

tape down the substrate (Cu foil) and create a gap between the substrate and tape, depositing 

the slurry in between the tape channel. By hand, a glass rod was used to evenly spread the 

deposited slurry into a uniform electrode sheet. 

The final casting technique used was an MSK-AFA-II Automatic Thick Film Coater, with a 

diagram displayed in Figure 2.1 (c) and the specified equipment is part of the Energy Safety 

Research Institute (ESRI Lab 003). The MSK-AFA-II is a mini tape casting coater consisting 

of a film applicator and a bottom heated vacuum platform which allows for a consistently 

smooth substrate (Cu foil) and the drying of electrodes after coating. To achieve an even 

coating, Cu foil is set on the vacuum platform and the vacuum pump is then engaged. Following 

this, a doctor blade calibrated to the selected thickness and is set at the film applicator and the 

slurry is deposited at the blade of the doctor blade and onto the Cu foil. The application speed 

is then set to 15 mm/s and the film coater is set to run. Once the doctor blade evenly distributes 

the slurry, the temperature of the heated vacuum platform is set to 45°C, stated as the 

appropriate drying temperature for Li-ion electrodes in the Standard Operating Procedure 

(SOP) recommended by the manufacturer for carbon-based slurries for li-ion batteries and the 

electrode is dried overnight. The thick film coater was able to achieve high uniformity in both 

thicknesses and surface structure of the electrode when compared with other methods and for 

this reason, the thick film coater was selected. 
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3.1.1.1 Electrode Calendaring and Drying 

 

The casted electrode was then calendared using an MSK-HRP-01 Hot Rolling Cylinder Press. 

Presented in Figure 2.1 (d) The MSK-HRP-01 is a compact Hot Rolling Cylinder Press with 

a max working temperature of 100°C. This device is of use in battery design for preparing Li- 

ion battery electrodes after coating, to increase the active material density of the electrode 

and adhesion to the current collector using a pair of steel rollers (96 mm in width) with a 

maximum roller temperature of 100°C. The calendaring temperature was set to 50°C. The 

calendared electrode was then punched using a Precision Disc Cutter from Cambridge Energy 

Solutions, shown in Figure 2-1 (e) into 14 mm discs. The electrode discs were then annealed 

under a vacuum at 45°C, for 24 hours. 
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Figure 2-1 - a) Fritsch Pulverisette 23 mini ball miller (52) b) Lab Automatic bar coater XB-300 c) 

MSK-AFA-II Automatic Thick Film Coater d) MSK-HRP-01 Hot Rolling Cylinder Press (53) e) 

Precision Disc Cutter from Cambridge Energy (54). 
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2.5 Coin cell fabrication 

Each coin cell was put together as half cells. Coin cells are widely used in the battery research 

sector as a suitable way to test the potential of new battery materials, even as a means of testing 

for large-scale applications such as grid storage, small coin cells, and half coin cells are 

generally suitable to test the rate and capacity capabilities of a novel battery electrode materials 

(55).. Coin cells 2032-type (20 mm diameter and 3.2 mm thickness) were used for 

electrochemical testing. Each coin cell consisted of two circular metal casings, encapsulating 

a cell stack that is comprised of two electrodes (cathode and anode) separated by an ionically 

conducting and electrically insulating Whatman® glass fiber separator (GF/D, thickness 0.67 

mm), wet with 1M LiPF6 EC/DEC 50/50 (w/w) electrolyte to allow the passing of lithium ions 

from one electrode to the other. Three 0.5 mm spacers (316SS) and a spring are stacked on top 

(of the two electrodes and the separator) and the stack is then crimped to ensure a good 

electrical contact, with the arrangement illustrated in Figure 2-2, in the lab glovebox (left) and 

a schematic (right). 

 

 
Figure 2-2 - a) Coin cell stack disassembled and arranged in a Glove Box and b) a schematic of coin 

cell stack arrangement. 
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2.6 Electrochemical testing 

The fundamental electrochemical testing parameters of a coin cell are charge/discharge specific 

capacities (mAh/g) cycle life, rate performance and voltage profiles. 

The specific charge/discharge capacities define the amount of electrical charge the material can 

deliver per gram of material. Furthermore, the higher the specific capacity of the electrode 

material, the more lithium ions can bind to the electrode, resulting in a larger storage capacity 

in the lithium-ion battery (56). Cycle life is defined as the number of cycles (full charge and 

discharge) a cell can perform before its capacity drops and visibly reduces performance (57). 

Rate tests provide a quantitative measure of the corrosion rate of a battery material by 

alternating the applied current over time and this test allows the characterization of the SEI 

layer (58). While all slurries were prepared at Swansea University, testing was conducted at 

both Swansea University and Johnson Matthey Technology Centre, Sonning Common. 

2.6.1 Galvanostatic Cycling – Cycle Test 

 
Galvanostatic cycling (GC) testing refers to an electrochemical testing technique by which an 

electrode is cycled against a constant current while immersed in an electrolyte. A current is 

applied to drive an electrochemical reaction, followed by a reverse current to drive the reverse 

reaction. This method calculates the total input/output capacities with a specified voltage 

window over repeated cycle. This is achieved through controlling the current between the 

working electrode and the counter electrode, measuring linear polarization resistance. Charge 

and discharge currents are conducted with respect to the mass of the individual anodes and is 

expressed in mA/g. By also knowing the theoretical capacity of a material, the C-rate can be 

calculated using Equation 6. 

𝐴𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 (𝑔) × 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ( 
𝑚𝐴ℎ 

𝑔 
) = 1𝐶(𝐶 𝑅𝑎𝑡𝑒 )(𝑚𝐴ℎ) 

 

Equation 6 – C-rate Equation 
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For example, 1C is a full discharge in 1 hour and C/10 is a discharge over 10 hours. Several 

important metrics can be retrieved from this type of testing. Important metrics and diagrams 

measured by this type of electrochemical testing and are outlined as follows; specific capacity 

given by mAh/g, which represents the electrode materials electrical storage capacity per gram 

of material. Coulombic efficiency describes the ratio of discharge capacity after a full charge 

and the charging capacity of the same cycle (59). Voltage profile curves given by U/I vs, time 

curve, which represent the Gibbs free energy reaction (60), and clearly represents the upper 

and lower voltage limits as well as the cycle time. On this time curve, all cycles are easily 

identifiable and symmetrical charge and discharge stages represent good coulombic efficiency. 

Cycle life graph is given by Cycle number vs time where 1 cycle represents a full charge and 

discharge, based on the applied C rate. Long galvanostatic cycling (cycle test) were conducted 

using BioLogic battery tester, BasyTech battery testing and MACCOR battery tester 

(MACCOR USA). Although Biologic, BasyTech, and MACCOR battery testing systems are 

all used for evaluating the performance of batteries, they differ in the way they display results 

and the features they offer. These systems utilize similar testing principles, including 

measuring voltage, current, and capacity, but each system has its own preferred methods for 

displaying and analysing data. MACCOR was the testing equipment available in Johnson 

Matthey, while BasyTech, Biologic and Astrol were available to test at the laboratory. All tests 

were carried out at room temperature. 

A galvanostatic charge plot, as shown in Figure 2-3, is a graphical representation of the 

capacity of a battery or electrochemical cell as a function of the number of charge-discharge 

cycles it has undergone. The capacity of a battery or cell refers to the amount of energy it can 

store or deliver at a given time. The x-axis of a galvanostatic charge plot typically represents 

the number of charge-discharge cycles, while the y-axis represents the specific capacity of the 

battery or cell, which is the capacity per unit mass or volume. Figure 2.3 shows an example of 
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the types of galvanostatic charge plots that represent the electrochemical performance of a li- 

ion battery. In this plot, the specific capacity of the battery decreases slightly with increasing 

number of charge-discharge cycles. This is a common trend in batteries and is due to a variety 

of factors, including the formation of a solid electrolyte interface (SEI) on the electrodes and 

the gradual deterioration of the electrodes themselves over time. It is important to note that the 

specific capacity of a battery or cell can also be affected by other factors, such as the charging 

and discharging rate, the temperature and humidity of the environment, and the quality of the 

materials used in the cell. 

 

 

Figure 2-3 - Galvanostatic Plots examples (61) 

 

 
 

2.6.2 Rate Test (Waterfall test) 

 
Rate performance testing, also known as waterfall testing, is a type of galvanostatic testing 

performance and is determined by observing a cell’s performance over different current 
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densities, the battery charging and discharging performance is determined by applying constant 

charge-discharge ratios, in this case, by applying sequences with a range of different C rates - 

C/10, C/5, C/2, C, 0.5C, C, for 10 cycles each. By observing the capacity fade every 10 cycles, 

when applying each C rate, gives an insight of the corrosion rate, long-term stability, and 

performance degradation of the working electrode, under varying charging and discharging 

conditions (62). 

The cycle life test or battery cycling test is a typical experiment for testing a battery’s long- 

term stability through observing capacity fade (mAh/g) vs cycle number and voltage vs cycle 

number (63). The cycle number is the time that a battery takes to complete a full charge and 

discharge cycle. During this test, the battery is charged and discharged at the desired C rate 

(C/10) and specified voltage window (-0.05 V to 1.0 V) over 100 cycles or until cell failure. 

This test typically shows a drop in capacity as C rate is increased, as demonstrated in Figure 

2-5. 

 
 

Figure 2-5 - Example of a Lithium-ion battery rate test retrieved from (64). 

 

 
 

2.7 Conclusion – Experimental Techniques 

In conclusion, this study emphasized the importance of gaining a comprehensive understanding 

of the experimental techniques and processes involved in battery testing, particularly when 

formulating with diverse active materials. The extensive learning experience and utilization of 
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various experimental techniques have provided a solid foundation for obtaining reliable and 

meaningful results. By mastering these techniques, the necessary tools facilitated the ability to 

navigate the complexities of battery research and ensure the accuracy and reproducibility of 

findings. 
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Chapter 3- Results and Discussion 

 
3.1 Introduction 

In this chapter, the design of silicon-carbon composite anodes for lithium-ion batteries is 

presented, along with an analysis of the electrochemical results obtained from the experimental 

methods adopted throughout the project. The methodology used in this study included the use 

of two different silicon-carbon composite materials: Graphite + Silicon Nanoparticles and 

Nano graphite + Silicon Nanoparticles, which were evaluated and compared in terms of their 

electrochemical performance against a reference cell composed of Graphite and compared in 

terms of their fabrication process and overall electrochemical performance. Given the range of 

powder morphologies, separate studies are required to evaluate the best methods to disperse 

and deposit materials used within this project. (See Table 2-2). 

The experimental methods employed in this study include, galvanostatic charge-discharge 

testing, which were used to evaluate the electrochemical performance of the nanocomposite 

materials. The data obtained from these tests were then used to compare the performance of 

the different materials as a potential novel anode material and to identify the factors that 

contribute to their varying levels of performance. 
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3.2 Material Characterization and Electrode Fabrication 

This section describes the characteristics of the supplied powders in terms of their morphology, 

crystal structure and particle size using methods described in Chapter 2.2, to ensure that the 

above characteristics align with the commercial descriptions and in parallel identify 

discrepancies that may occur. 

3.3 Graphite Powder Characterization 

Figure 3.1 illustrates STEM-HAADF images of Graphite SFG15 at different scale bars; 200 

nm, 50 nm and 2 µm to allow a more detailed picture of the true crystal structure of the graphite 

form at an atomic level. Figure (3.1a) shows a close-up STEM-HAADF image (scale bar 2µm) 

of bulk graphite (SFG15) in which the graphite flake structure can be observed. It can be 

observed that the particle is roughly 8 µm, when comparing with the scale bar. The TIMREX- 

SFG15 data sheet specifies the material has a particle size (D50 of 8.4 micron) meaning that 

half the particles are under this size, and furthermore smaller particle sizes can be seen in 

Figure 3-1 b) and Figure 3-1 c). In terms of microanalysis, most importantly, the images satisfy 

the investigation of Graphite particle size that the commercial powder is as expected and can 

therefore be used with confidence as a reference cell. 

   

a b c 

Figure 3-1 - 78000 x STEM HAADF image of thin film of Graphite SFG15; b) 310 kx STEM 

HAADF c) STEM HAADF of Graphite. Images captured by Dr. Yubiao Nui and Doctoral 

Student 
Sean Lethbridge. 
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3.4 Nano Graphite Powder Characterization 

The crystal structure and particle size distribution of the untreated Nano graphite powder (30 

nm Nano graphite Spheres PiKem) was characterized using transmission electron microscopy 

(TEM). Figure 3-2 presents three STEM HAADF images of the Nano graphite powder with 

particle sizes less than 30 nm. Figure 3-2a) shows a high-angle annular dark-field (HAADF) 

STEM image of the untreated Nano graphite powder at 500 nm scale bars, where the crystalline 

structure of the carbon grains can be observed, which look comparatively smaller to the SFG15 

and approximately 30 nm when compared with the 500 nm scale bar. Figure 3-2 b) shows an 

image with a 50 nm scale bar, which again reveals the average particle size distribution of the 

Nano graphite to be around 15-30 nm, consistent with the description of the particles as being 

>30 nm in size. Figure 3-2 c) shows a magnified micrograph taken at a phase-contrast setting, 

providing a clearer image of the Nano graphite particle size. The STEM HAADF images reveal 

consistency within particle size of >30 nm, of the particles in study. 

 

 

   

a) b) c) 

Figure 3-2 - a) STEM HAADF TEM micrograph of powder form PiKem Nano graphite >30 

nanometres, showing the microstructure of the nano graphite nanoflakes b) higher magnification c) 
higher magnification. Images captured by Dr Yubiao Nui and Doctoral Student Sean Lethbridge. 
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3.5 Silicon Nanoparticles Powder Characterization 

The transmission electron microscope micrographs in Figure 3-3 provide a detailed examination 

of the Silicon Nanoparticles (15nm) powder (ACS materials). The image in a) exhibits is 

compared to a 50nm scale bar, while the image in b) reveals a TEM image of the Silicon 

Nanoparticles after mixing with Nano graphite. Both images confirm the presence of a clear 

and even distribution of spherical particles with 15nm diameter. 

The EDS image, Figure 3-3 b) indicates that the predominant chemical composition of the 

particles is silicon, with some signs of oxidation present on the outer edges of the particles. 

However, this oxidation possibly could be attributed to the process of transferring the powder 

to TEM grids for observation. The EDS images at a magnification, with a scale bar of 20nm 

reveal the presence of 15 nm spheres of nano-graphite, and furthermore images utilize colour 

mapping to highlight the presence of carbon (red), silicon (blue), and signs of oxidation (green 

spots) within the powder (65). While TEM and EDS provide valuable insight into the 

microstructure and composition of the silicon nanoparticles powder, it is important to note that 

these techniques do not quantitatively determine the chemical composition. This information 

is obtained using X-ray Photoelectron Spectroscopy (XPS). 
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a) b) 

 
Figure 3-3 - a) of Si nanoparticles (20 nm scale bar) b) Si nanoparticles EDX image (20 nm scale 

bar) (Image captured by Dr. Yubiao Nui). 

 

 

 

 

 

3.6 Anode Powder Characterization Closure 

The STEM HAADF and TEM analyses reveal distinct differences in crystal structure and 

particle size distribution between graphite, nano graphite, and silicon nanoparticles. Graphite 

exhibits a expected morphology and particle size, nano graphite has a polycrystalline 

arrangement of atoms with a flake-like morphology, and silicon nanoparticles display a nano 

flake structure with a clear and even 15 nm size distribution of particles. Furthermore, each 

material has an expected chemical composition, particle size and structure. The insights gained 

from these analyses provide essential information such as the chemical composition and 

particle size of each material and into the differences in structure and composition of each 

material, providing confidence in the materials suitability for the project. 
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3.7 Slurry and Electrode Fabrication 

All anodes were prepared by mixing active powders (Graphite, Nano graphite, Graphite + 

Silicon Nanoparticles, Nano graphite + Silicon Nanoparticles) described in Section 2.3 with 

carbon black Super-P (conductive material) and Carboxymethyl cellulose (CMC binder). A 

few coating methods (Section 2.3.2) were trialled for the Graphite reference anode to select the 

optimum method for ongoing testing. As mentioned in Section 2.3.2, various methods for 

casting are required due to the varying material characteristics of the materials being compared 

in this study. 

3.8 Graphite Slurry and Electrode Preparation 

The Graphite slurry was prepared using the methodology outlined in Section 2.3. 

 

Figure 3.4 illustrates the results of each casting method described in Section 2.3.2 showing 

the consistent homogenous casting that the Thick Film Coater (b) was able to achieve when 

compared with the XB-300 Laboratory Bar Coater (a) and Tape Casting (c). 

   

a) b) c) 

Figure 3-4 - Casting Method Testing a) Bar Coating, b) Thick Film Casting, c) Tape Casting 
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After evaluating different methods for preparing the materials, it was found that the film coater 

method provided the best results in terms of consistency of the slurry casting and 

reproducibility for each anode type. This is due to the automation features and vacuum platform 

to hold the substrate taught, as opposed to a manual approach for methods a and c. Therefore, 

the film coater method was selected as the preferred method and used for the remaining 

preparation of the materials. 

3.9 Nano graphite Slurry and Electrode Preparation 

The slurry preparation and casting technique for the Nano graphite electrode followed the 

procedures described in section 2 but with the incorporation of 15 µl of deionized water added 

in increments of 5 µl. To achieve a uniform mixture, 10 minutes of mixing was performed after 

each addition, owing to the challenging nature of working with nanoparticles. The Nano 

graphite mixture was initially dried at 45°C for 24 hours, but this resulted in cracking of the 

electrode slurry (as shown in Figure 3-5a). The high temperature caused rapid expansion of 

the electrode, leading to tensile stresses and cracking. By using a lower drying temperature of 

35ºC for 48 hours, the likelihood of cracking was reduced because the Nano graphite 

electrode was able to heat up gradually. This is shown in Figure 3-5, which shows an 

uncracked nano graphite electrode casting after drying. The lower temperature also reduced the 

overall amount of expansion, which helped to further reduce the risk of thermal cracking. It is 

important to note that the optimal drying temperature will depend on the specific materials and 

formulations used in the electrode slurry, as well as the desired properties of the final product. 

Therefore, it may be necessary to experiment with different temperatures and heating rates to 

find the optimal conditions for electrode drying, especially when working with novel materials. 
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a) b) 

 

 

 
 

Figure 3-5 – Nano graphite dried @ 45°C for 24 hours and b) dried at 35°C for 48 hours. 

 

 
 

3.10 Graphite + Silicon Nanoparticles and Nano Graphite 

+ Silicon Nanoparticles Slurry and Electrode 

Preparation 

The slurry preparation, casting, and electrode fabrication of the Graphite + Silicon 

Nanoparticles was explored using two methods. Firstly, where the graphite and silicon powders 

were first milled together, and second where the silicon was added to the pre-milled slurry. The 

challenges of working with novel nano composites proved challenging to smoothly incorporate 

Silicon nanoparticles within the carbon electrode slurry, in particular slurry mixing and drying. 

Furthermore, various methods were explored to improve mixing times and homogenous 

electrode casting. After the method provided a slurry that was challenging to cast, the second 
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method was then explored. The second method was inspired by a study from Patil et al. (66), 

that explores the fabrication of highly silicon-nano graphite aerogel-based anodes for lithium- 

ion batteries, where the methodology describes the addition of silicon to a pre milled slurry. 

3.10.1 Method 1 

 
Graphite SFG15 + Silicon Nanoparticles electrode was composed of 94 wt% Graphite SFG15 

and 6 wt% Silicon nanoparticles as active material. To prepare, 94 mg of carbon and 6 mg of 

Si nanoparticles were milled in a Fritsch Pulverisette 23 Mini Mill Grinder at 45Hz for 10 mins 

until adequate mixing was achieved between the powders. The mixture was combined for 10 

mins as this was the tested time it took to achieve a homogenous mixture to the eye. A study 

by Zhou et al. (67) investigated the effects of mixing time on the performance of lithium-ion 

battery electrodes. They found that the mixing time had a significant impact on the 

morphology, porosity, and electrochemical properties of the electrode. They also found that the 

optimal mixing time varied depending on the specific electrode material and slurry formulation. 

Since this study focused on the comparison of anode materials and not optimal mixing time to 

improve performance, the key factor when looking at mixing times and frequency was to keep 

consistency throughout the slurries where possible and furthermore 10 minutes of mixing was 

sufficient with the reference cell and so this is assumed to be the case with the remaining cells. 

10 wt% CMC (carboxymethylcellulose) binder was then added to the mixture along with 10% 

Super P (TIMCAL) Carbon Black. The mixing process and addition of deionized water was 

identical to that of the Nano graphite. 

3.10.2 Method 2 

 
Method 2 differed from Method 1 in that firstly Graphite (IMERYS), CMC and Carbon Black 

were combined in the Fritsch Pulverisette 23 Mini Mill Grinder at 45 hertz for 10 minutes until 

well combined into a wet slurry mixture and the Silicon Nanoparticles (ACS materials) were 

added to the wet slurry mixture which was then milled using the same method as Nano graphite. 
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Figure 3-6 illustrates the step-by-step process conducted in Method 2. The electrode 

preparation and coin cell fabrication followed the identical methodology used for the reference 

Graphite cell (Section 3.1.2.2) and Nano graphite (Section 3.1.2.3) and both methods were used 

and electrochemically tested in coin cells. 

 

 

Figure 3-6 - Step by Step Process of the Graphite + Silicon and Nano graphite + Silicon slurry 

preparation - Method 2 

 

 

3.11 Slurry Preparation Closure 

In conclusion, the preparation and fabrication of various electrode materials, (Graphite, Nano 

graphite, Graphite + Silicon Nanoparticles and Nano graphite + Silicon Nanoparticles), require 

different methods due to their particle size, surface area, and nature of nanomaterials. While 

the Thick Film Coater was found to be the best method for Graphite slurry, the Nano graphite 

electrode still experienced stability issues such as cracking during drying. To mitigate these 

issues, a lower drying temperature of 35°C for 48 hours was found to be effective. However, it 

is important to note that the optimal drying temperature will depend on the specific materials 

and formulations used in the electrode slurry, as well as the desired properties of the final 

product. 
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In conclusion, the preparation of electrode slurries is a critical step in the fabrication of lithium- 

ion batteries. It is important to recognize that different carbon morphologies require different 

preparation methods due to differences in particle size, surface area, and nature of 

nanomaterials. As highlighted in this study, the drying process can lead to issues such as 

cracking and delamination, especially for nanomaterials. The challenges of slurry preparation 

are compounded by the fact that different anode materials require different preparation 

methods, making it difficult to develop a one-size-fits-all approach. The results of this study 

demonstrate some difficulties with methodology of fabricating a silicon carbon nanocomposite. 

Furthermore, the importance of investigating the characteristics of electrode slurries, including 

layer stability and the identification of materials within the electrodes, to provide insight into 

the dispersion of the slurry. To improve the electrode slurry preparation step in the future, it is 

recommended to thoroughly characterize materials prior to the slurry preparation step, to 

optimize the drying and mixing process to avoid cracking and delamination, material 

investigation and iterative testing. 

3.12 Electrode Characterization 

The parameters analysed included the surface morphology, pore size, and the presence of 

cracks and scratches, which can impact the electrode's performance. The stability of the 

electrode layer was also evaluated, as well as the dispersion of the slurry, to ensure consistent 

electrode quality. Additionally, the presence of silicon within the Graphite + Silicon 

Nanoparticles and Nano graphite + Silicon Nanoparticles electrodes was investigated. 

Scanning electron microscopy (SEM) was used to analyse the surface morphology, 

composition, and microstructure of the graphite electrode material as deposited onto Cu foil 

after formation of the electrode with the methodology of this described in Chapter 2. XPS was 

used to characterize the chemical composition of the electrodes. 
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3.13 Graphite + Silicon Nanoparticles Electrode SEM 

image Comparison 

Figure 3-7  presents an SEM image of the Graphite 

electrode compared with the Graphite + Silicon Nanoparticles electrode (fabrication method 

described in 3.10) before cycling, both showing high surface area of Graphite flakes bonded 

with CMC in a stacked arrangement. The electrode SEM microphase of both images look 

similar with the presence after the addition of silicon nanoparticles unable to be identified on 

the surface morphology of the electrode, which could be concluded to the small particle size 

and significant size difference of the graphite flakes and silicon nanoparticles. As this is a 

surface morphology analysis, this type of characterization may not have picked up the 

presence of the small silicon nanoparticles. 
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(a) (b) 

Figure 3-7 - SEM micrograph of graphite anode showing 5-15 nm particle sizing (a) and b) 

Graphite electrode at higher magnification showing the laminar structure of the graphite 

electrodes. Images Captured by Doctoral student Dan Gillard at Swansea University. 
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3.14 Nano Graphite + Silicon Nanoparticles Electrode 

SEM image comparison 

Figure 3-9 show a micrograph of the Nano graphite electrode. The image clearly shows the 

presence of thermal cracking, which is further highlighted in Figure 3.9b, where an enlarged 

micrograph is presented with thermal cracking after drying the electrode at 45ºC, prominently 

displayed in the top left corner, as indicated by the red line. The SEM analysis provides 

valuable insights into the structural properties of the Nano graphite electrode and the effects of 

thermal treatment on its integrity. This highlights small scale discrete mechanism of electrode 

cracking as opposed to microcracks, giving an insight into the nano graphite electrode layer 

and its stability. Figure 3.9b (Nano graphite electrode) and Figure 3.9c present a comparison 

of the nano graphite micrograph before and after the addition of silicon respectively. Much like 

Figure 3.8, the presence of silicon within the Nano graphite + Silicon Nanoparticles electrode 

cannot be visually identified from the images. Both micrographs reveal a microstructure that 

is less porous in comparison to Graphite + Silicon Nanoparticles micrographs. Additionally, 

the presence of small <30 nm carbon "flakes" can also be observed. The absence of large 

graphitic flakes and well-bonded microstructure seen in the SEM images can be considered as 

positive indicators of a good electrode performance, which was found in a study by Li et al. 

(68), where it was found that well-bonded graphene coatings with small flakes and few defects 

resulted in improved electrochemical performance compared to coatings with larger flakes and 

more defects. They attributed this to the increased surface area and improved electronic 

conductivity of the well-bonded coatings (69). 
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a) 
 

 

 

 

 

 

 

 
 

b) 
 

 
 

 

 

 

                                               c) 
 

 

 

 

 

 
  

 

Figure 3-9 - a) Nano Graphite electrode micrograph exhibiting thermal cracking after drying at 

45°C b) higher maginification and c) micrograph of Nano Graphite + Silicon Nanoparticles 

eletcrode for comparison to show pre and post silicon nanoparticle addtion. Images captured by 
Doctoral Student Dan Gillard at Swansea Universtiy. 

c) 
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3.15 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was employed to conduct a surface analysis of the 

chemical composition of the interphase on the electrodes. Furthermore, XPS is used in this 

study to determine the chemical composition of the electrode surfaces studying the elemental 

composition of the Graphite and Nano graphite electrodes after the addition of 6% silicon 

nanoparticles and understanding weather the expected chemical composition is what is present 

in the electrodes. The XPS is also used in this study as a tool to identify information on surface 

reactions and identify any impurities that may be present and consequently affecting the 

electrode performance and stability (70). 

For graphite, the XPS spectrum typically shows a characteristic peak at around 284 eV 

corresponding to the C 1s energy level. This peak can be deconvoluted into different 

components corresponding to different chemical environments of carbon atoms in graphite, 

such as sp2-hybridized carbon atoms in graphene layers, sp3-hybridized carbon atoms in 

amorphous carbon, or carbon atoms bonded to other elements such as oxygen or nitrogen (71). 

The XPS chart is presented in Figure 3-10, with the XPS results from the MACS described in 

Chapter4
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Figure 3-10 - XPS Graph of Electrodes: Graphite (G) (red), Nano graphite (NG) (blue) Graphite + 

silicon nanoparticles (G + SiNP)(black) nano graphite + silicon nanoparticles (NG + SiNP) (green 

and gold). Discussed in Chapter 4: MACS Graphite + silicon (grey) and MACS Graphite + Silicon 
clusters (pink) – Graph and XPS analysis prepared by Dr James Mcgettrick at Swansea University. 

 

 
 

Table 3-1 presents the average XPS stoichiometric results of the four anode types that are being 

compared within this study (see Table 0-2, Appendix for full results). The XPS interaction 

volume is approximately 10nm limited by the inelastic mean free path (IMFP) of the electrons. 

Graphite (G) is highlighted in pink, Nano graphite (NG) is highlighted in yellow. Graphite + 

Silicon Nanoparticles is highlighted in green and Nano graphite + Silicon Nanoparticles is 

highlighted in blue. The electrodes were fabricated with 80 wt.% active material, 10 wt.% CMC 

binder, and 10 wt.% Timrex® SuperP 45. 
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These results indicate that the pre-cycling graphite electrode exhibits an average of 83% 

carbon, with 0.16% silicon, which is assumed to be an impurity. XPS analysis of graphite 

typically shows only carbon signals, as graphite is composed of carbon atoms arranged in a 

hexagonal lattice. Silicon, on the other hand, is a distinct element and would not be naturally 

present in graphite in XPS analysis unless intentionally added or deposited (72) (73) (74). 

The interaction volume is approximately 10nm. Both Graphite and Graphite + Silicon 

Nanoparticles electrodes demonstrate an expected 80% carbon composition, which forms the 

bulk of the active material. The elemental composition of these active materials does not reveal 

any unexpected impurities. However, the anticipated 6% composition of Silicon Nanoparticles 

in the Nano graphite electrode averages at 2.1%. This discrepancy could be attributed to several 

factors. Firstly, the size difference between graphite and silicon nanoparticles could lead to 

under-detection of the smaller silicon particles by the XPS technique, resulting in an 

underestimation of the actual silicon content (71). Secondly, the assumption that carbon is 

graphitized, as this material is labelled as nano-graphite, may not always be accurate, leading 

to potential inaccuracies in the silicon content estimation (72; 64). Thirdly, if the silicon 

nanoparticles are not uniformly distributed on the surface of the graphite particles, XPS may 

not detect all the silicon atoms present, leading to an underestimation of the silicon content 

(73). Lastly, surface contamination with other elements or compounds could interfere with the 

XPS analysis and lead to an incorrect measurement of the silicon content. The XPS penetrates 

to approximately 10 nm, so it may be passing through the thin layers of silicon. However, it is 

also possible that silicon may not be present in the material and further investigation is needed 

to confirm its presence or absence. The chemical composition of the Nano graphite electrode 

shows a lower-than-expected ratio of 80% active material, confirms the negligible presence of 

impurities on the surface of the Nano graphite electrode. The chemical composition of the Nano 

graphite + Silicon nanoparticles electrode indicate an average carbon composition of 63.3%, 
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silicon composition of 3.3%, with a maximum of 5.3% and a minimum of 2.4%. This suggests 

an uneven distribution of Silicon within each electrode. The Carbon composition, at an 

average of 62.7%, is consistent, however the similarity between a lower Carbon content than 

expected in both XPS analysis involving Nano graphite, suggests that the small 30 nm carbon 

particles may not be accurately detected by the XPS.  

Table 3-1 - XPS Stoichiometry table for Electrodes. 
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3.16 Characterization Closure 

The electrode characterization and comparison of Graphite and Nano Graphite electrodes 

before and after the addition of silicon do not show any obvious changes or presence of Silicon 

nanoparticles. 

The XPS analysis highlights, with the range of chemical compositions, with the remaining cell 

compositions found in the Appendix, the challenges in ensuring consistency across coin cell 

samples due to various manual mechanical tasks and the potential for human error and 

inconsistencies across these tasks. Therefore, it may be difficult to accurately compare active 

materials as other uncontrollable factors may also be present. Moreover, it is important to 

carefully consider the experimental conditions and data analysis methods when performing 

XPS analysis to accurately determine the elemental composition of the electrodes, confirming 

why this technique alone is not adequate and is therefore done in parallel with SEM and TEM 
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to verify the particle size and distribution in the sample, which may help explain any 

discrepancies observed in the XPS analysis. 

 

3.17 Electrochemical Testing Results and Discussion 

The electrochemical performance of the electrodes was evaluated in a half coin cell 

configuration, using lithium metal as the counter electrode and graphite or graphite/silicon 

nano/composites as the working electrode. This section will discuss the results and comparison 

of the electrochemical performance of the Graphite, Nano graphite, Graphite + Silicon and 

Nano graphite + Silicon Nanoparticles, with the main goal of identifying the effects of silicon 

addition to both Graphite and Nano graphite and if it solves issues such as silicon’s concomitant 

volume expansion and subsequent rapid capacity loss seen in many studies outlined in Chapter 

1. 

The results presented below represent the best outcomes achieved for each cell type. However, 

it is important to note that the results were quite diverse, and a significant number of cells failed 

during testing. In such cases, additional information, and data pertaining to remaining cells are 

included in the appendix for reference. To provide further context, Table A.1 in the appendix 

lists all coin cells manufactured for testing, including details of the testing location and whether 

they passed or failed. The decision to conduct tests at both sites was based on experience and 

to utilize the MACCOR electrochemical testing software. Cell electrochemical performance 

was evaluated through galvanostatic charge/discharge cycling at a fixed voltage window of - 

0.05 V to 1.00 V versus lithium and altering current rates every 10 cycles starting at C/20, 

C/10, C/5, C/2, C, 2C, C (see Chapter 2). The cycle life test results for each anode are presented 

in this section using the cycle life testing methodology as described in Chapter 2. All cells were 

cycled at a constant current of C/10. 
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3.18 Graphite (Reference Cell) Electrochemical Results 

The following section presents the electrochemical results for the graphite datum cell and 

was tested in a half coin cell formation, using both rate testing and cycle life testing. 

 

 

Figure 3-11 - Graphite Rate Test Capacity vs Cycle Number (C represents C-rate). The cell is 

tested at different charge rates to test cell retention and degradation under varying charge and 

discharge conditions. 
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Figure 3-12 - Graphite Rate Test Voltage Vs Capacity 
 

 

 

 

 

 

Figure 3-13 - Graphite Cycle Life Test (C/10) – Capacity Vs Cycle Number at constant C-rate of 

C/10. 
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Figure 3-14 - Graphite Cycle Life Test – Voltage Vs Capacity 

 

 

The performance of the Graphite Cell used as a datum cell demonstrated consistent and 

reproducible results. A total of 12 datum cells were made and tested however only 4 cells 

produced usable results. Ideally, a set of 5 consistent results would be preferred. In the rate 

test shown in Figure 3-11 at C/20, an initial capacity of 387 mAh/g was observed, which 

decreased to 300 mAh/g after the first cycle. As known the capacity loss in the first cycle is 

attributed to the formation of the solid-electrolyte interphase layer (41). The capacity retention 

at 2C discharge/charge rate, after 30 cycles, was found to be 91%. The overall retention rate 

from C/20 to 1C, after 60 cycles, was approximately 30%. The voltage profile of the Graphite 

electrode was investigated in the voltage window of 0.05-1.00V, and the results shown in 

Figure 3-12. and Figure 3-14. Figure 3-13 presents a cycle life test and the voltage profile 

from this data, showing a consistent discharge capacity of >300 mAh/g and capacity retention 

rate of 100% after 60 cycles. The voltage profile exhibits a stable cycling cell. These results 

align well with existing literature (75) (76) notably study by Fu et al., (77) where a comparable 

initial reversible capacity of 350 mAh/g and 86% retention after 500 cycles was reported. The 

graphite cell demonstrated the best performance among the tested cells, while the appendix 
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provides additional insights, including some variations due to methodology experimentation. 

These findings instil confidence in the coin cell fabrication methodology and establish the 

graphite cell as a reliable reference for future studies in this field. Overall, this section 

successfully achieved its objective of establishing a robust datum cell and methodology for 

slurry and coin cell fabrication, providing a satisfactory comparison for the varying anode types 

for electrochemical testing. 

3.19 Nano Graphite Electrochemical Results 

The following section presents the electrochemical results and discussion of the Nano graphite 

anode cells to see the effects on electrochemical performance when using Nano graphite as 

opposed to graphite, which were tested in a half coin cell formation, using both rate testing and 

cycle life testing. 

 

Figure 3-15 Nano graphite Rate Test – Capacity Vs Cycle Number (C represents C-rate). The cell 

is tested at different charge rates to test cell retention and degradation under varying charge and 

discharge conditions. 
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Figure 3-16 – Nano graphite Rate Test Results Voltage Vs Capacity at a constant C-rate of C/10. 
 

 

 
 

 
Figure 3-17 – Nano graphite Cycle Life Test – Capacity Vs Cycle Number at a constant C-rate of 

C/10. 
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Figure 3-18 – Nano graphite Cycle Life Test – Voltage Vs Capacity at a constant C-rate of C/10, 

 

 

The results obtained from the nano graphite cell testing were varied, with some anomalous 

results and consistently low capacities across most cells. The discharge capacity over the first 

cycle of the rate test is 91 mAh/g, with a capacity retention rate from cell 30 to 60 of 109% and 

an overall retention rate of 66%. The specific capacity is four times lower capacity than the 

datum cell. In the cycle life test, an initial discharge capacity of 150 mAh/g and a final 

discharge capacity of 135 mAhg-1 giving a retention rate of 90% after 100 cycles. There could 

be several reasons for a higher retention rate and lower capacity than particle size and 

morphology of the nano graphite cell, due to its smaller particle size can offer a unique 

morphology as shown in the SEM micrograph of the nano graphite powder (Figure 3-2) and 

nano graphite electrode (Figure 3-3), with a hierarchical architecture which can offer improved 

electrochemical kinetics, and furthermore higher capacity retention but a lower specific 

capacity (78). The observed low specific capacity rate can be attributed to inherent properties 

of the material rather than significant process issues, as the only variable under consideration 

is the active material itself. It has also been found that poor performance is at times observed 

with nano graphite anodes and can suffer significant capacity fade and limited cycling stability 
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due to formation of an unstable solid-electrolyte interphase (SEI) layer (79) . Furthermore, the 

nano graphite material proved to be challenging to work with, with issues arising in the casting 

and slurry stage of the manufacturing process, such as thermal cracking, as shown in Figure 

3-5 with the anode layer delaminating from the copper foil, and the SEM image (Figure 3-9). 

Overall, our results suggest that nano graphite may not perform as well as other materials in 

battery applications and further research is necessary to better understand its limitations and 

overcome the challenges associated with working with this material. 

3.20 Graphite + Silicon Nanoparticles Cell 

Electrochemical Results 

The following section presents the Graphite + Silicon nanoparticles anode electrochemical 

results to see the effects on electrochemical performance of a graphite anode after the 

addition of silicon nanoparticles which were tested in a half coin cell formation, using both 

rate testing and cycle life testing. 
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Figure 3-19 - Graphite + Silicon Cycle Life Test, Capacity Vs Cycle Number at a constant C-rate of 

C/10. 

 

 
 

Figure 3-20 - Graphite Cycle Life Test (2) – Capacity Vs Cycle Number Constant C-rate of C/10. 

 

 
 

The three Graphite + Silicon Nanoparticles cells that were tested using a rate test setting all 

experience cell failure after cycle one. The Graphite + Silicon Nanoparticles cycle life tests 1 

and 2 exhibited an initial discharge capacity of 75mAh/g, approximately four times lower than 

the datum cell as presented in Figure 3-19 and Figure 3-20. After cycle one and formation of 

the SEI layer, capacity dropped to 57 mAh/g with a final capacity at cycle 20 and a capacity 
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retention rate of 100%. Both cells failed after cycle 20, which is significantly premature when 

compared to the graphite datum cell and nano graphite cells, which failed at cell 60 and 100 

respectively. There was no gradual capacity loss but a catastrophic failure. Graphite can be a 

tough framework for loading (80), and often undergoes a complex process when building 

graphite silicon composites and the electrochemical results may reflect that the simplistic 

mixing approach when fabricating the Graphite + silicon nanocomposite may not suffice. 

Based on the results, the addition of Silicon nanoparticles has extremely hindered the cell 

performance. Previous studies have encountered challenges associated with addition of silicon 

to graphite anodes due to the volume expansion of silicon which can cause cycling stability 

and poor electrical conductivity of silicon which can reduce the overall electrical conductivity 

of the electrode and result in higher resistance to electron transfer (81) (82). However, it is 

worth acknowledging the limitations of an electrochemical study, limited comparison literature 

and the complexity of the parameters that could have played a role in the end results. The SEM 

images in Figure 3-9a and Figure 3-9b do not show any significant difference in the 

morphology of the electrode before and after the addition of the silicon nanoparticles. 

Furthermore, the observed results emphasize the importance of carefully considering the 

impact of active material additions on cell performance and highlight the need for further 

optimization to achieve desirable outcomes. 

3.21 Nano Graphite + Silicon Nanoparticles Rate 

Test Results 

The following graphs, Figure 3-21, and Figure 3-22, show the rate test and voltage profile 

results of the nano graphite + silicon nanoparticles to examine the effects of the addition of 

silicon nanoparticles on the electrochemical performance of the anodes which were tested in a 

half coin cell formation, using both rate testing and cycle life testing. 
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Figure 3-21 – Nano graphite + Silicon Nanoparticles Rate Test – Capacity Vs Cycle Number (C 

stands for C-rate). The cell is tested at different charge rates to test cell retention and degradation 

under varying charge and discharge conditions. 
 

 

 

 

 
 

 

Figure 3-22 – Nano graphite + Silicon Nanoparticles Rate Test Voltage Vs Capacity at 

constant C-rate of C/10. 
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Figure 3-23 -Nano Graphite + Silicon Nanoparticles Cycle Life Test Capacity Vs Cycle Number 

at constant C- rate of C/10. 
 

 
 

 
Figure 3.24 – Nano Graphite + Silicon Nanoparticles Cycle Life Test Capacity Vs Voltage at 

constant C-rate of C/10. 

The electrochemical rate testing of Nano Graphite + Silicon composite cell, shown in 

Figure 3-21 exhibits an initial discharge capacity of 680 mAh/g dropping to 550 mAh/g at 

cycle 2 at C/20. Cycling from 1C for 10, 2C for 10 and 1C for 10, the cell experienced a 

good capacity retention of 102% and an overall capacity retention of 60%, for 60 

cycles. 
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The cycle life test of another cell shown in Figure 3-23, however, has a much lower 

capacity of 118 mAh/g and a capacity retention of 80%. Figure 3-24 and Figure 3-22 

exhibit the voltage profiles of the cells cycled between the voltage window of -0.05 V 

and 1 V. The Nano Graphite + Silicon Nanoparticles cell performs excellently when 

compared to the datum cell and Nano Graphite cell in the first-rate test, however, the 

results overall were inconsistent, with the cell undergoing the cycle life tests performing 

>50% of the specific capacity of the datum cell. These results strongly suggest that 

further research is needed to refine the manufacturing process and optimize the material 

properties as poorly fabricated slurry and anodes were a result of issues at the casting 

stage as described in Graphite + Silicon Nanoparticles and Nano graphite + Silicon 

Nanoparticles Slurry and Electrode Preparation. As seen in the nano graphite fabrication 

process, the inconsistent results could possibly be a result of the challenges faced at the 

process stage. The SEM images displayed in Figure 3-25, show the nano graphite + 

silicon nanoparticles electrode micrograph after before a) and after b) c), 60 cycles. Pores 

in the surface structure of the electrode can be seen as well as a loss in structure all 

together which could explain the capacity loss. Despite these challenges, the nano 

graphite-silicon composite material shows potential as a good material for battery 

applications, and further research could help to refine the manufacturing process and 

address the challenges associated with working with this material. 
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c) 
AFTER CYCLING 

  50 µm  

 

  
 

 

 

 

Figure 3-25- SEM images of a) Nano graphite + silicon electrodes before 60 cycles b) after 60 

cycles and c) after 60 cycles showing porous and degraded surface. Images captured by 

Doctoral student Dan Gillard at Swansea University. 

b) AFTER CYCLING 

  50 µm  

a) BEFORE CYLCING 



79  

3.22 Anode Type Electrochemical Results Comparison 
 

Figure 3-26 – Anode Type Comparison Graph using the Rate Test Results comparing the best 

performing cell from each anode variation. 

 

 

Figure 3-26 presents a comparative analysis of rate tests conducted on three different anode 

types: Graphite, Nano Graphite, and Nano Graphite + Silicon nanoparticles. It is worth noting 

that the rate test cell incorporating the Graphite + Silicon nanoparticles failed, resulting in the 

absence of usable data. 

The electrochemical results demonstrate that Nano graphite + silicon nanoparticles exhibit the 

highest capacity among the tested anode types. Additionally, the rate retention, which 

represents the ratio of initial capacity to final capacity, is relatively high for the Nano graphite 

+ Silicon nanoparticles, as indicated by the flat shape of the corresponding graph. The flatter 

the graph, the higher the rate retention. 
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3.23 Electrochemical Testing Results Closure 

In this study, four different types of cells were tested and compared, using the composite 

fabrication methods other than the MACS approach, of which are described in Chapter 3: 

graphite, nano graphite, Graphite + Silicon Nanoparticles, and Nano Graphite + Silicon 

Nanoparticles composites. The results were varied and highlighted some important findings. 

The Graphite cells produced reproducible and consistent results, which were expected based 

on the literature. This suggests that the methodology used for testing was satisfactory when 

fabricating conventional materials. The nano graphite is problematic when it comes to making 

a slurry as there is significant variability in results, as well as cell failure. The Nano Graphite 

cells had consistently low capacity, which is consistent with literature on the poor performance 

of this material. However, the challenges of working with nano graphite, including issues in 

the casting stage and cracking, suggest that this material may be more difficult to work with 

than graphite. 

The Silicon composite cells produced mixed results, with some cells performing well and 

others performing poorly. The Nano Graphite + Silicon composite cell produced promising 

results in one cell but were inconsistent overall, likely due to the process challenges in the 

fabrication and casting stage. However, the results of the best performing cell suggest that the 

silicon material has potential for use in batteries, provided that the manufacturing and 

fabrication process can be optimized. Finally, the graphite-silicon composite cells completely 

failed. Overall, this study underscores the importance of carefully controlling the 

manufacturing process and optimizing material properties when working with different types 

of battery materials as well as the difficulty in doing so, and the sensitive nature of battery 

research. While some materials may perform well in certain conditions, others may prove 

more challenging to work with. The findings suggest that further research is needed to refine 

the manufacturing process and optimize material properties for each of these battery 

materials. Additionally, the 
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study highlights the importance of using reliable testing methodologies to ensure that results 

are reproducible and consistent across different cell types. 

Furthermore, it should be noted that out of the 33-coin cells that were fabricated, 8 cells failed 

completely and only results from 15 cells could be recovered. In the context of this study, cell 

failure is identified as the point at which a cell ceases to yield any additional electrochemical 

results from the testing software. Further investigation is recommended to understand 

completely the failure mechanism. This highlights the difficulties in conducting reliable 

electrochemical testing within a limited time frame and emphasizes the need for improved 

repeatability in future work. Based on the statistics provided, the failure rate of the fabricated 

coin cells would be approximately 24% (8 out of 33 cells failed completely due to fabrication 

issues), and 12 out the 33 cells failed due to software issues which and furthermore the failure 

rate would be approximately 36% due to software testing issues. 
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Chapter 4.0 Feasibility Study: Matrix 

Assembly Cluster Source 

4.1 Introduction 

This chapter will present preliminary work on the synthesis of Graphite + Silicon Clusters 

nanocomposites using the Matrix Assembly cluster source (MACS), a novel technique that 

allows for the controlled assembly of nanoparticles into larger structures with precise control 

over their size, shape, and composition. This chapter will also outline the future work that will 

build on this feasibility study with the aim of developing high-performance graphite + silicon 

composites with enhanced mechanical, electrical, and thermal properties. 

This chapter will first describe the experimental setup used to create the nanocomposite using 

the Matrix Assembly cluster source, as well as the materials and methods used in the 

experiment. This chapter will then present and discuss the preliminary results of the 

experiment, including the surface composition of the composite and any observed properties. 

Finally, the electrochemical results of this novel material, Graphite + Silicon Nanoparticles 

outline the planned future work, including the research question or objective, the experimental 

or analytical methods to be used, and the expected outcomes and potential impact of the future 

work. 

4.1 Background 

Graphite and Silicon nanocomposites have garnered considerable interest in recent years, 

thanks to their exceptional properties. However, as highlighted in Chapter 3, the fabrication 

process for Silicon Carbon composites presents challenges due to its inherent nature. This 

necessitates a feasibility study for the development of a novel Nanocomposite fabrication 

method and the Matrix Assembly Cluster Source. 
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Nanocomposites have emerged as a promising class of materials with enhanced mechanical, 

electrical, and thermal properties due to their high surface area-to-volume ratio and unique 

nanoscale structure. Various methods have been employed to fabricate nanocomposite 

materials, including solution mixing, melt blending, and in situ polymerization. However, these 

methods often suffer from issues such as poor dispersion of the nanoparticles, low interfacial 

adhesion, and the use of toxic solvents. Recently, a novel method called matrix assembly 

cluster source has been developed, which offers a solvent-free and physical approach to 

fabricate nanocomposites. This method involves a cluster beam deposition method with the 

deposition of nanoclusters onto a substrate, followed by the assembly of these clusters into a 

matrix material using low-energy ion irradiation. This method has been shown to produce 

nanocomposites with improved mechanical and thermal properties (80).  The solvent-free 

nature of this method also makes it an attractive option for the fabrication of environmentally 

friendly nanocomposites. Thus, the matrix assembly cluster source method presents a 

promising approach for the fabrication of high-quality nanocomposite materials, which could 

have a wide range of applications in fields such as electronics, energy, and biomedicine. The 

specific device has been built in Swansea University and studies by Palmer et al, Cai et al and 

Spadaro et al explore the applications and working principles of the Matrix Assembly cluster 

source (83) (84) (85). 

4.1 Fabricate Graphite + Silicon Nanocomposites 

using the Matrix Assembly Cluster Source 

The preliminary work section of this thesis focuses on developing an experimental setup for 

fabricating graphite-silicon nanocomposites using the Matrix Assembly cluster source. The 

resulting nanocomposites are characterized using various techniques to assess their structural 

and electrochemical properties and are evaluated as active materials in anode slurry and tested 

as coin cells. The insights gained from this preliminary work aims to investigate the possibility 
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of the fabrication of a graphite-silicon nanocomposites using the Matrix Assembly Cluster 

Source and this methods suitability for making nanocomposites for high performance anodes 

in lithium-ion batteries. 

4.1.1 Experimental techniques 

 
4.1.1.1 Matrix Assembly Cluster Source – Nanocomposites Fabrication 

 

The Matrix Assembly Cluster Source (MACS) is a novel technique for synthesizing 

nanostructured materials. In this method, a target material is heated by a laser or electron beam, 

which results in the ejection of atoms or clusters from the target. These clusters are then 

condensed onto a substrate to form a thin film or nanocomposite. The MACS process has 

several advantages, including the ability to control the size and composition of the clusters, and 

the ability to deposit materials without the use of solvents (86) (87). 

The experimental setup for the MACS system in this project, is now the third version MACS 

3 of this cluster beam source technique. The MACS 3 consists of a vacuum chamber, a target 

material, a substrate, and a laser or electron beam source. The target material is typically made 

of the material to be deposited as clusters onto the substrate, while the substrate can be any 

suitable material such as glass, silicon, or metal. The vacuum chamber is used to remove any 

residual gas molecules that may interfere with the deposition process. 

During the deposition process, the target material is heated by a laser or electron beam, which 

causes atoms or clusters to be ejected from the target. These ejected clusters travel through the 

vacuum chamber and eventually reach the substrate, where they condense to form a thin film 

or nanocomposite. The size and composition of the clusters can be controlled by adjusting the 

laser or electron beam parameters, such as the energy and spot size. 

Several studies have utilized methods similar to that of the MACS technique for synthesizing 

nanostructured materials, such as metal nanoparticles (88) metal oxide nanocrystals (Koike et 

al., 2012), and carbon-based nanomaterials (75). The MACS method has been shown to 
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produce high-quality films with a high degree of control over the size and composition of the 

clusters. Studies including a study by Martelli et al. (86) explored the use of producing 

nanoclusters using the MACS technique for catalysis. Figure 4-1 shows a schematic of the 

Matrix Assembly Cluster Source and Figure 4-2, a real-life image of the MACS in Swansea 

University in April 2022 and Figure 4-3 an Engineering Rendering. 

 

 

Figure 4-1 - MACS Schematic of inside the vacuum 

chamber showing the cold head and matrix assembly 

working principle. 
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Figure 4-2 - MACS at WCPC - Swansea University April 2022 
 

 
 

 

 

Figure 4-3- Engineering Rendering of the MACS created by Doctoral Student Morris Matthews. 



87  

4.1.1.1 Fabrication of MACS Graphite + Silicon Nanocomposites 

 

In this study, the MACS system was used to synthesize graphite-silicon nanocomposites for 

use as Novel nanostructured anodes for lithium-ion batteries. The SFG15 graphite was used as 

the substrate, while silicon was deposited as clusters using the MACS method. The resulting 

nanocomposites were characterized using various technique described in Chapter 2 to assess 

their structural and electrochemical properties. The details of the experimental setup and the 

characterization techniques used are described in the following sections. 

During the preliminary work done prior to this project, it was found that to achieve the desired 

nanocomposite material, it was essential to install an e-beam evaporator to evaporate the 

silicon. This is because silicon has a high melting point (1414ºC), making it difficult to deposit 

using the Matrix Assembly cluster source alone. The SFG15 substrate (500 mg) was placed in 

the deposition cup as shown in Figure 4-1. The e-beam evaporator was loaded with 1g of 

silicon metal. A composite of argon atoms and metal atoms, in this case silicon, matrix is then 

formed in the vacuum chamber, on the helium cooled copper cold head which is approximately 

10 K. The matrix consists of small metal atoms (or clusters thereof) embedded in a film of 

frozen Argon atoms. An ion-beam is then fired at the argon silicon composite matrix and a 

cascade of collision results in metal silicon clusters of approximately 1 nm depositing on the 

SFG15 substrate material. The deposition rate was not optimized at this stage, as this was 

preliminary work, and the focus was on characterizing the resulting material, as the specific 

amount of silicon clusters deposited onto the substrate cannot be confirmed and only 

approximated after deposition. To attempt to determine the amount of silicon nanoparticles 

deposited onto the resulting MACS powder nanocomposite (SFG15 Graphite + Silicon 

clusters), the resulting material was characterized using techniques described in Chapter 2, such 

as scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and X- 

ray photoelectron spectroscopy (XPS). 
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A 6% deposition rate with this percentage calculated through the hypothesis of creating 1nm 

thick silicon shell around a carbon atom, calculating that the required ratio of this 

nanocomposite should be 6% silicon 94% carbon. A schematic is included in Appendix A5. 

The resulting nanocomposite that is removed from the deposition chamber is in powder form 

and is referred to as the MACS powder (Graphite + Silicon nanoclusters). This powder is then 

used as active powder in the slurry preparation process for electrode fabrication. 

 

 
4.1.1.2 Slurry Preparation and Electrode Fabrication 

 

The slurry and electrodes for the MACS Graphite + Silicon nanocomposite was manufactured 

using the same methodologies outlined in Chapter 2. Figure 4-4 shows the punched electrodes 

used in the MACS half coin-cells. 

 

 
Figure 4-4 - MACS Graphite + Silicon Electrodes 
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4.1.1.3 Electrochemical Testing techniques. 

 

The MACS Graphite + Silicon Electrode material was tested in a half coin cell configuration, 

identical to other cell types in this project using the MACCOR testing software in the Johnson 

Matthey technology centre. The cells were tested using a rate test and cycle life test. 
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4.2 Results and Discussion (Preliminary) 

4.2.1 Powder and Electrode Characterization 

 
Table 4-1 - XPS stoichiometric results for MACS Powder (Graphite + Silicon nanoclusters) and 

Electrode of MACS Graphite + Silicon Nanocomposite. 
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Powder 
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Table 4-1 displays the stoichiometric analysis results obtained from XPS surface analysis of 

the material in two forms: The MACS powder which refers to the graphite SFG15 after the 

material has been decorated with silicon nanoclusters (approx. 1nm) and is now a graphite 

silicon nanocomposite used as active powder and the MACS electrode which is the casted 

electrode after slurry and electrode fabrication with the MACS powder. The XPS analysis did 

not detect the presence of silicon on the electrode's surface. It has been shown that XPS is 

capable of successfully detecting platinum nanoparticles on graphite and so it is likely that 

silicon is not presents and the MACS technique could have added extra defects to the graphite. 

Further investigation using complementary analytical techniques may be necessary to confirm 

the presence or absence of silicon in the electrode. TEM and EDS are recommended for both 

elemental composition characterization technique and observation of the individual clusters. 

Figure 4-6 a) illustrates graphite electrode before the MACS addition of silicon nanoclusters 

and Figure 4-6b) shows a graphite electrode after addition of silicon nanoclusters. 
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b) 

 
 
 

 

 

 

Figure 4-5 – a) SEM image of Graphite electrode b) SEM image of MACS Graphite + Silicon 

Electrode. Images captured and prepared by Doctoral student Dan Gillard. 

 

 

The SEM image did not show any clear evidence of silicon nanoparticles on the electrode 

surface. This could be due to several reasons, such as the imaging conditions, the small size or 

low concentration of the particles, their uniform dispersion, or the presence of surface 

contaminants. The SEM image can be closely compared to the SEM micrograph of the Graphite 

electrode without any addition of silicon. Additional characterization techniques, such as TEM 

or XRD, may be necessary to confirm the presence and distribution of silicon nanoparticles. 

Unfortunately, due to time limitations within the project, further characterization techniques 

such as TEM or XRD were not pursued in this preliminary work. 

a) 
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4.2.2 Electrochemical Results (Preliminary) 

 
The following section presents the graphical electrochemical results of the MACS cells, 

tested using both the rate test and cycle life test. Figure 4-6, Figure 4-7 and Figure 4-8 

show the graphical electrochemical results of the MACS cells that were tested using the 

Rate Test, and Figure 4-9 an Figure 4-10 illustrate the Cycle Life test results. 

4.2.2.1 Rate Test 
 

 

 

Figure 4-6 - Rate Test, MACS Cells 1. 
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Figure 4-7 - Rate Test, MACS Cells 2 
 

 

 

 

 

 

 

 
Figure 4-8 - Rate Test, MACS Cell 3. 
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Figure 4-9 – Cycle Life Test, MACS Cell 4. 
 

 

 

 

Figure 4-10 – Cycle Life Test, MACS Cell 5. 
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The MACS Graphite + Silicon Clusters Cell 1 rate test exhibits an initial discharge capacity of 

406 mAh/g at C/20, as illustrated in Figure 4-6  From cycle 30 to cycle 60 after a cycling at 

1C, 2C and 1C for 10 cycles respectively, the cell has a capacity retention of 100% and an 

overall retention of 22% from cycle 2 to cycle 60. The MACS Graphite + Silicon Clusters Cell 

2 (Figure 4-7) exhibits an initial discharge capacity of 475 mAh/g and after formation of the 

SEI layer drops to 295 mAh/g after cycle 1 at C/20. At cycle 30, from 1C over 10 cycles, 2C 

over 10 cycles and 1C over 10 cycles, the capacity retention is approximately 96% with an 

overall capacity retention after cycle 1 of 16%. Cell 3 (Figure 4-8) rate test shows a 

significantly lower initial discharge capacity of 150 mAh/g after cycle 1 but also with a 

retention rate of 100% through cycle 30 to 60 at 1C, 2C and 1C. The cycle life tests, presented 

in Figure 4-9  and Figure 4-10 represent MACS Graphite + Silicon clusters Cell 4 and 5. As 

seen across all cells, both Cell 4 and 5 have high initial discharge capacities of 495  mAh/g and 

395 mAh/g respectively, which is 115 mAh/g and 15 mAh/g higher than the datum cell and 

around 4 times higher than the Graphite + Silicon nanoparticles, which exhibited mostly cell 

failure and a discharge capacity of 75 mAh/g. 

As can be seen, the cells exhibit higher initial discharge capacities and excellent capacity 

retention rates throughout multiple cycles. The MACS powder also proves to be easier to 

process compared to the other tested Silicon nanocomposites, in the slurry preparation and 

electrode fabrication process. This could be since there may not be Silicon present and further 

investigation of chemical composition characterization techniques and methodology 

refinement is paramount. These findings highlight the possibility of the MACS as a method of 

developing Silicon Carbon nanocomposites for use as anodes in lithium-ion batteries. 
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4.2 Overall Project Closure, Discussion and Future Works 

In conclusion, the results of this study suggest that the tested MACS Graphite + Silicon clusters 

anode has some potential to improve the performance of electrodes in energy storage devices, 

but further testing is needed. This study also demonstrates that it is possible to use the MACS 

approach to produce carbon silicon nanocomposites for application as an anode for lithium-ion 

batteries and it’s ESS potential. The Nano graphite + Silicon nanoparticles anode also showed 

an increased capacity compared to regular Graphite, good retention rate, and consistent, 

repeatable results are promising. 

However, the variation in results across the Nano Graphite, Nano Graphite + Silicon, and Gaphite 

 

+ Silicon suggests that there may be issues in process optimisation at the slurry, electrode, 

and coin cell fabrication stages. 

The cycle life test showed that the nano graphite + silicon nanoparticles had a lower capacity 

than the datum cell. However, the capacity remained stable and consistent over multiple cycles, 

indicating that the material has good cycle life characteristics. This is an important finding, as 

cycle life is a critical factor in the performance of electrodes in energy storage devices. The 

stable and consistent performance of the material over multiple cycles suggests that it could be 

a promising candidate for use in such devices. 

Several studies have investigated the use of silicon-based materials as an electrode material for 

energy storage devices, and the results of this study are consistent with those findings for the 

best performing cell. To conclude, repeats are essential. For example, a study by Zhang et al. 

(87) found that the incorporation of silicon into graphite-based electrodes led to improved 

electrochemical performance, including increased capacity and stability. The results of this 

study are consistent with these findings, as the tested material exhibited increased capacity and 

stable cycle life characteristics. However, it is important to note that the tested material is a 
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novel composite material that has not been extensively studied in the literature, and further 

research will be necessary to fully understand its potential as an electrode material. 

This study represents only preliminary work, and further refinement of the methodology is 

necessary. In future work, more in-depth characterization techniques, such as TEM or XRD, 

could be used to better understand the structure and composition of the material. Additionally, 

the performance of the all-anode materials could be evaluated under different operating 

conditions to determine its suitability for practical applications. Further refinement of the 

methodology and more in-depth characterization techniques will be necessary to fully 

understand and optimize the performance of the material. 

The battery manufacturing and testing process is lengthy and can take anywhere from a week 

to three months for a single cell to complete testing. Given the one-year timeframe for this 

master's project, there were some difficulties encountered in repeating results when cells failed 

during testing. Moreover, the preparation of slurries, which takes approximately four days to 

complete, is another factor that adds to the complexity of the testing process. These slurries are 

susceptible to moisture, which can have an impact on the results of the cell. As a result, it was 

important to take measures to ensure that the manufacturing process was as consistent as 

possible, to minimize any variability that could arise due to issues such as moisture 

contamination. 

This study provides a foundation for further exploration of the potential of the tested material 

as an electrode material for energy storage devices as well as the MACS approach for silicon 

carbon nanocomposite fabrication, in particular Nano Graphite + Silicon clusters made by the 

MACS to ‘complete the story’ and compare electrochemcial results and performance of this 

combination of nanocompiste. This would be highly reccomended as the next step for 

progression of this project. 
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Appendix 

 
A1. Coin Cell Table 

Table A-0-1 describes all coin cells that were manufactured and tested in this project and 

weather the cells failed or worked. ‘Outage’ means where the results of the cell were lost due 

to a power outage. 

 

 

 
Table A.0-1 - Cell Type Table 

 

Cell No. Cell Type Testing and 

 

Manufacturing Site 

Testing 

 

Software 

Fail/Worked 

1 Graphite Swansea University Astrol Fail 

2 Graphite Swansea University Astrol Fail 

3 Graphite Swansea University Astrol Fail 

4 Graphite Swansea University Astrol Fail 

5 Graphite Swansea University BioLogic Worked 

6 Graphite Swansea University BioLogic Worked 

7 Graphite Johnson Matthey MACCOR Worked 

8 Graphite Johnson Matthey MACCOR Worked 

9 Graphite Johnson Matthey MACCOR Worked 

10 Graphite Johnson Matthey MACCOR Worked 

11 Graphite Johnson Matthey MACCOR Failed 

12 Nano graphite Johnson Matthey MACCOR Worked 

13 Nano graphite Johnson Matthey MACCOR Worked 

14 Nano graphite Johnson Matthey MACCOR Worked 
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15 Nano graphite Johnson Matthey MACCOR Worked 

16 Nano graphite Johnson Matthey MACCOR Worked 

17 Nano graphite Swansea University BioLogic Outage 

18 Nano graphite Swansea University BioLogic Outage 

19 Graphite + 

 

Silicon 

Swansea University BioLogic Outage 

20 Graphite + 

 

Silicon 

Swansea University BioLogic Outage 

21 Graphite + 

 

Silicon 

Swansea University BioLogic Outage 

22 Graphite + 

 

Silicon 

Swansea University BioLogic Failed 

23 Graphite + 

 

Silicon 

Swansea University BioLogic Failed 

24 Graphite + 

 

Silicon 

Swansea University BioLogic Worked 

25 Graphite + 

 

Silicon 

Swansea University BioLogic Worked 

26 Nano graphite 

 

+ Silicon 

Swansea University BasyTech Worked 

27 Nano graphite 

 

+ Silicon 

Swansea University BasyTech Worked 

28 Nano graphite 

 

+ Silicon 

Swansea University BasyTech Worked 
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29 Nano graphite 

 

+ Silicon 

Swansea University MACCOR Worked 

30 Nano graphite 

 

+ Silicon 

Swansea University MACCOR Worked 

31 Nano graphite 

 

+ Silicon 

Swansea University MACCOR Worked 

32 Nano graphite 

 

+ Silicon 

Swansea University MACCOR Failed 

33 Nano graphite 

 

+ Silicon 

Swansea University MACCOR Failed 

 

 

A2. Graphite Electrochemical Results 
 

  The following section shows other completed cell results that have been processed. 

 

 
 

 
Figure A0-1 - Graphite Rate Test Result Cell 2 
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Figure A0-2 - Graphite Cycle Life Test Result Cell 3 (C/10) 

A3. Nano graphite Electrochemical Tests 
 
 

 
Figure A0-3 – Nano graphite Rate Test Cell 2 
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Figure A0-4 – Nano graphite Cycle Life Test Cell 3 

 

 
 

A4. Full XPS Results 

Table A0-2 - Full stoichiometric XPS Results 
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G 0 84 0 0 0 0.5 1.7 13.6 0.1 

G 0 84.3 0 0 0 0.5 1.8 13.2 0.2 

G 0 82.8 0 0 0 0.5 1.9 14.7 0.2 

NG 1.3 69.3 0 0.01 0.02 0.2 1.7 25.4 2 

NG 1.3 69.8 0 0.02 0.01 0.3 1.8 25.6 2.1 

NG 1.3 68.8 0 0.02 0.03 0.2 1.9 26.1 2.2 

Gr+NSi 0 81.2 0 0 0 0 1.7 14.8 2.2 

Gr+NSi 0 81.3 0 0 0 0 1.7 14.9 2.1 

NGr +NSi 0.7 61.7 0.4 0.04 0.07 1.3 0.2 30.3 5.3 

NGr + NSi 2 64 0.1 0.23 0.63 0.7 1.2 27.9 3.2 

NGr + NSi 2.1 64.1 0.1 0.24 0.62 0.6 1.2 27.9 3.2 

MACS Electrode 0 73228.7 17.8381 3.49498 21.9048 47.1168 1510.83 11051.6 0 

MACS Electrode 0 71127.9 4.01196 6.45692 19.6729 68.5204 1421.76 10149.1 0 

MACS Powder 0 36211.7 0 0 0 0 0 658.029 0 

MACS Powder 0 15776.2 0 0 0 0 0 290.708 0 
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A5. Silicon loading theory. 

Figure A 0-5 illustrates the Silicon loading theory based on the idea that a 1 nm silicon shell 

would surround a carbon atom. Although this will not be the morphology of the composite 

atoms, it acted as basis for desired silicon loading. 

 

 
 

Figure A6-5 - 1nm Silicon Shell coating a Carbon atom, showing the theory of why a 94:6 ratio was 

chosen for Graphite + Silicon cluster nanocomposite not to scale. 




