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Abstract 
Lithium-ion batteries are one of the key technologies to address the 

global climate challenge. Higher battery capacity could also be seen as 

indirectly influencing the entire value chain. One way to increase 

capacity is to add silicon to the graphite anode, since silicon can store 

much more lithium ions than graphite. Several high-performance 

schemes utilizing silicon nano solutions have been demonstrated. 

However, industrial-scale implementation of these solutions still poses 

a challenge. In this thesis I present a novel scalable furnace technique 

to create silicon nanoparticles attached to the nanographite flakes. The 

novel furnace technique allows compatibility with already established 

industrial-scale electrode manufacturing techniques, presenting itself 

as a promising strategy for engineering electrodes with endurable 

performance.
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Summary in Swedish 

Litiumjonbatterier är en av nyckelteknologierna för att möta den 

globala klimatutmaningen. Högre batterikapacitet kan också indirekt 

påverka hela värdekedjan. Ett sätt att öka kapaciteten är att tillsätta 

kisel till grafitanoden eftersom kisel kan lagra mycket mer litiumjoner 

än grafit. Flera högpresterande system som använder 

kiselnanolösningar har demonstrerats. Implementering i industriell 

skala av dessa lösningar är dock fortfarande en utmaning. I denna 

avhandling presenteras en ny skalbar ugnsteknik för att skapa 

kiselnanopartiklar på nanografitflak. Den nya ugnstekniken är 

kompatibel med redan etablerade industriella metoder för tillverkning 

av elektroder, och kan vara en lovande strategi för att konstruera 

långtidsstabila elektroder. 
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1 INTRODUCTION   

1.1 Need for higher storage capacity in lithium-ion 
batteries   

Lithium-ion batteries are one of the key technologies to address the 

global climate challenge. The global market for lithium-ion batteries is 

growing rapidly, at double-digit rates, reflecting the high demand from 

the increasing use of electric vehicles and the need to store renewable 

energy. To meet this sharply increasing demand, production capacity is 

being expanded rapidly around the world. The market is driven by the 

robust growth in electrical transport and storage of renewable energy.   

High-capacity batteries are of utmost importance in enabling electric 

transport, which will be the key technology to reduce the use of fossil 

fuels. Today, lithium-ion batteries are the only viable option for large-

scale green transport. Higher capacity means that less material is 

necessary per stored unit of energy; this means that the cathode 

electrode, compared with less environmentally friendly materials such 

as cobalt used in some lithium-ion batteries, will have less 

environmental impact per stored unit of energy. Higher battery capacity 

could also be seen as indirectly influencing the entire value chain. For 

example, when new factories are built – in our example with 10% higher 

capacity – the factory will be producing 10% more storage capacity with 

the same infrastructure. Or electric cars will be able to travel 10% 

further without needing to be recharged, and the same charging 

infrastructure could serve 10% more cars. Thus, increasing the charging 

capacity of lithium-ion batteries will improve the environmental 

footprint of the entire chain of the transport infrastructure, not only 

meeting the important goal of reducing fossil-fueled cars but 

contributing to the attainment of a sustainable society.   

The battery cells consist of a lithium-compound cathode and a graphite 

anode. A separator keeps the cathode and anode apart, while an 

electrolyte allows ionic transport between the electrodes. Intensive 

research efforts are currently being devoted to all parts of the battery 

cells to find ways to increase the storage capacity of lithium-ion cells. 

Our effort is aimed at optimizing the anode of lithium-ion batteries with 

a material that can have higher capacity than traditional anodes but can 
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also be produced by a cost-efficient synthesis method that has the 

potential for large-scale industrial implementation. 1–3  

1.2 Problem Description    

Traditional lithium-ion batteries use graphite as anode material, which 

has a maximum theoretical capacity of 372 mAhg-1 and poor capacity 

retention at high current density. Therefore, they are unable to fulfill the 

ever-growing energy demands of the modern world. On the anode side, 

one way to increase the capacity is to add silicon to the graphite since it 

can store far more lithium ions than graphite. Silicon in lithium-ion 

batteries can significantly increase their storage capacity. Furthermore, 

silicon is abundant, cheap, and environmentally friendly.   

A serious problem with silicon as an anode material, however, is the 

high (about 400%) volume expansion, leading to cracks in the material, 

loss of electrical contact, etc. Volume expansion and cracking causes 

the silicon particles to lose contact with graphene resulting in loss of 

electrical contact for silicon.  This quickly degrades the capacity of the 

cell. One significant solution to this problem is to reduce particle size 

to the nanometer region, and substantial research efforts to address this 

issue have led to many nano-sized solutions.   

Although these solutions have shown impressive increases in storage 

capacity when used as anode materials, they seem to be limited to the 

lab scale. For example, growing silicon nanowires directly on a silicon 

chip led to record high capacity, but it is hard to see how this method 

could be scaled up to industrial levels. Thus, many of these nano-silicon 

solutions are limited and do not go beyond laboratory-scale 

demonstration.1,2,4–12 

1.3 Objectives   

Lithium-ion batteries are crucial for a future green energy society. One 

critical parameter of these batteries is capacity – how much energy per 

kilo of battery could be stored. Silicon nanoparticles can enhance both 

the capacity and durability of the lithium-ion battery anode since it can 

store far more lithium ions than graphite. An intensive research effort 

on this issue has led to many high-capacity solutions. However, many 

of these solutions will not allow low-cost industrial implementations. 

This thesis aims to answer if such composites of nanographite and 
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silicon nanoparticles can be produced in a simple, cost-efficient and 

scalable way. 
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2 BACKGROUND  

2.1 Energy Storage Requirements   

In modern society we are accustomed to a standard of living and 

mobility that requires massive amounts of energy consumption. Energy 

can be harvested from various sources, such as fossil fuels and 

renewable sources, but to deliver energy on demand the energy must be 

stored.   

Different applications, such as personal and portable devices, industrial 

storage systems or electric vehicles have different energy storage 

requirements. For all these applications, there are specific technological 

needs in terms of energy storage capacity, power capability, and 

durability. Ragone plots are used to display the energy density versus 

power density of different energy storage devices.   

Traditionally, batteries have higher energy densities but slightly poorer 

power densities than supercapacitors. Thus, batteries are more suitable 

for applications requiring substantial amounts of energy, and that 

energy needs to be stored for a longer time. Super-capacitors, on the 

other hand, possess the opposite characteristics of having poor energy 

storage densities but excellent power densities. To date, lithium-ion 

batteries are the best solutions, having both higher energy and power 

density.   

Most applications require higher storage capacity and durability, 

resulting in the dominance of battery technology. These applications 

today include mobile phones, electric cars, laptops, and most small 

consumer electronic devices, both portable and stationary (with backup 

batteries).  11,13 

2.1.1 Batteries    

In this thesis, the focus is on electrode material for battery applications, 

specifically anode material. We provide a brief background to batteries 

here, focussing on the simplified storage principle in lithium-ion 

batteries. Batteries are available with a wide range of energy and power 

densities and have a lifetime of approximately 500 to 1000 

charge/discharge cycles. This makes batteries suitable for several 

applications, but not for applications requiring high power density and 

cyclability such as grid power buffering. Lithium-ion batteries (LIBs) 
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currently have the highest gravimetric and volumetric energy densities 

and are the battery of choice for most portable electronic devices, 

military applications, and electric vehicles.13 

 

 

Figure 1 Simplified plot of the energy storage for the various 

electrochemical energy conversion systems.14 

2.1.2 Primary Battery and Secondary Battery   

Batteries are divided into two types, non-rechargeable (primary 

batteries) and rechargeable (secondary batteries). Primary batteries can 

be used once and have electrode materials that are irreversibly changed 

during discharge. Secondary batteries, or rechargeable batteries, can be 

charged and discharged multiple times and have electrode material that 

can be restored by reversing the current. A battery stores energy 

electrochemically; that is, chemical compounds are formed at the 

interface between the electrode and the electrolyte, releasing electrons 

during discharge. During charging, electrons move in the opposite 
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direction and the chemical reaction reverses. A battery is an 

electrochemical energy storage device, which converts stored chemical 

energy into electrical energy through a reduction reaction and 

electrochemical oxidation reaction. 

2.1.3 The Lithium-ion battery (LIB)   

Lithium is the lightest metal, has the greatest electrochemical potential, 

and thus provides the largest specific energy per unit mass if used in 

batteries. LIBs with pure lithium as an anode could theoretically offer 

an extraordinarily high energy density. Figure 2 shows a simplified 

schematic sketch of the LIB with the working principle and the 

components of the LIB.   

 

 

Figure 2 Schematic sketch of the LIB with the working principle and the 

components of the LIB.15 

2.1.3.1 Principle    

LIBs, as well as all electrochemical cells, comprise two electrodes, the 

anode and the cathode, separated by an electrolyte. The cathode is a 

metal oxide, and the anode usually consists of graphite. The electrolyte 

can be either solid or liquid, but solid electrolytes are still quite rare due 

to the complex fabrication of solid-solid interfaces with good ion 

permeability. One exception is the use of solid polymer electrolytes and 

thin electrodes. Electrodes separated by a liquid electrolyte are kept 

apart by an ion-permeable separator. During charging, the lithium ions 



 

8  

move from the cathode (positive electrode), through the electrolyte and 

separator, to the anode (negative electrode) and intercalate into the 

electrode material. If graphite is used as an anode, intercalation simply 

means that the lithium ions are inserted between the graphene layers in 

the graphite structure. During discharge, the lithium ions move back in 

the opposite direction, restoring the lithium compound in the cathode 

and reaching a lower net energy state. Simultaneously, the electrons 

flow through the external circuit in the same direction.15 

2.1.3.2 Components of LIB   

Electrodes 

The battery is comprised of two electrodes, anode (negative electrode) 

and cathode (positive electrode), separated by an electrolyte. 

Electrolyte   

An electrolyte is an ionic conductor that provides a medium for the 

transfer of ions between the electrodes. The capacity of a cell mainly 

relies on the structural or electronic behavior of its electrode, but poor 

cell lifetimes are often caused by the side reactions occurring at the 

electrode-electrolyte interface, thus the choice of electrolyte plays a 

significant role in the performance of the battery. 

Numerous types of electrolytes have been used in lithium-ion batteries. 

Organic liquid electrolytes, ionic liquids, polymer electrolytes, 

inorganic solid electrolytes, and hybrid electrolytes. However, organic 

liquid electrolytes are the most used types. It consists of a solution of a 

lithium salt in organic solvents, typically carbonates, which are suitable 

solvents for Li salts. Ionic liquids have been recently considered as 

alternative electrolytes because they offer several advantages over 

carbonate-based electrolytes, including non-flammability and better 

thermal stability. Despite extensive research, no ionic liquids have yet 

been introduced into larger power batteries. Polymer electrolytes offer 

other advantages over their liquid counterparts, mostly in relation to 

safety issues. A solid electrolyte can also act as the separator of the 

electrodes.   

Separator  

The separator is a passive component in the LIB that prevents contact 

and electron transfer between the two electrodes. It is essential that the 
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separator is a good electrical insulator but a good ion conductor to allow 

the Li ions to diffuse freely through the separator. The material used in 

commercial separators varies depending on the choice of electrode 

material, the electrolyte, and the operating temperature range. The 

separators used are often the same as those of micro-porous polymers.    

Current collector    

Current collectors transport the electrical charges between the active 

electrode material and the external connection terminals of the LIB unit. 

The current collector must have low electrical resistivity, low interfacial 

resistance toward the electrode, and electrochemical stability in the 

electrolyte.9,19 Owing to its high conductivity, low weight, and 

favorable price, copper foil is the most commonly used anode current 

collector in commercial LIBs.15   

The thesis work is focused on anode material, and a brief background 

to anode material and the evolution of the new anode material utilizing 

silicon, their advantages, and limitations will therefore be discussed in 

a later section.   

2.2 Anode Material    

Currently, most batteries use graphite as an anode material due to its 

long cycle life, low working potential, abundant supply, and relatively 

low cost. However, graphite anodes have several drawbacks, such as 

relatively low energy density (375 mAhg-1) and safety issues related to 

lithium deposition. Thus, there is growing interest in developing 

alternative anode materials with low cost, enhanced safety, high energy 

density, and long cycle life.   

LIBs have been using graphite anodes since the introduction of the LCO 

(lithium cobalt) battery in 1991, and graphite or carbon continues to be 

the anode material of choice for most commercial LIBs. For high-power 

applications, some manufacturers use lithium titanium oxide anodes for 

improved power density and cyclability but at the expense of lower 

energy density and higher material cost. New developments in the field 

of LIB anodes have focused considerable attention on silicon due to its 

extremely high theoretical storage capacity and low cost. Silicon can 

facilitate up to 4.4 lithium ions per atom, compared to one lithium ion 

per six carbon atoms in graphite. Consequently, silicon would 

significantly increase the cell energy density. However, the large 
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volume change of silicon when lithium is inserted (about 400%) is a 

major obstacle, as it causes material cracking, and currently only small 

amounts of silicon are used with carbon. Many design strategies such 

as porous structure, yolk-shell, silicon nanowires, etc. are being 

thoroughly investigated to overcome these limitations. One of the most 

effective ways of solving this material crumbling issue seems to be the 

use of nanosized silicon particles embedded in a matrix of graphene, 

graphite, or conductive polymers.16 

2.2.1 Limitations of Si as an anode material   

2.2.1.1 Volume expansion and cracking of Si particles during 

lithiation   

Si-based anodes face significant challenges due to the large volume 

change ∼400% (shown in Figure 3) that occurs during the alloying 

process with lithium. Figure 3 shows the schematic of morphological 

changes that occur in silicon during the charging/discharging process. 

The volume of the Si expands by about 400% during charging. The 

large volume expansion generates strong mechanical stress that causes 

pulverization of Si particles and loss of electrical connection from the 

current collector, leading to the poor cyclic performance of the 

electrodes if Si is used as the anode. 

The breakdown of Si particles occurring at ∼0.4V during the Li 

extraction is due to the particles being subjected to large stresses in this 

process because of the significant volume contraction. The initiation 

and propagation of microcracks are normally caused by tensile stresses. 

Both Si and the matrix are under compressive stresses after lithiation, 

which causes volume expansion and thus the Si particles remain mostly 

intact. After delithiation, the contraction of Si particles results in large 

tensile stresses, leading to the cracking of Si particles or the surrounding 

matrix, especially at ∼0.4 V (volume contraction reaches maximum).17   

2.2.1.2 Formation of solid-electrolyte interface (SEI) layer   

During lithiation, there is a formation of a thin layer of solid electrolyte 

Interface (SEI) layer on the surface of the Si particle due to the 

electrolyte decomposition on the surface of the anode at the low 

potential, as shown in Figure 3. The SEI layer breaks down into separate 

pieces during delithiation as the Si particle shrinks and the fresh Si 
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surface is exposed to the electrolyte. Later a new SEI layer continues to 

be formed on the newly exposed Si surfaces and after many cycles, a 

very thick SEI layer is formed on the Si surface.   

SEI formation on the Si particles is an irreversible reaction that 

consumes Li-ions from the cathode, leading to most of the capacity loss 

seen in the first lithiation/delithiation cycle of lithium-ion batteries. 

Moreover, the continuous formation of this layer also increases the 

resistance to Li-ion diffusion (i.e., the internal impedance of a battery). 

An implication of this is the irreversible loss of Li from the cell. As 

cyclable Lithium is a finite resource in a lithium-ion cell, this loss 

results in a capacity fade.  

 

 

Figure 3 Schematic of volume expansion, cracking, and SEI formation on Si 

surfaces   

In an operating battery cell, continuous growth of the SEI layer will also 

gradually deplete the available Li+ ions and the amount of electrolytes, 

thus reducing overall performance. Therefore, the formation of the SEI 

layer is responsible for both degradation of the capacity and the later 

cycle decrease in capacity.18–20  

2.2.1.3 Loss of conductivity   

Large volume change during lithiation and delithiation, cracking, 

formation of SEI layer, pulverization of active particles, and 

surrounding matrix lead to the disconnection of Si particles from the 

current collector.20 The disconnection of the conductive network 

between the Si particles and the current collector leads to a sharp rise in 
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the internal resistance of a Si anode. Because of the large internal 

resistance and the isolation of Si particles, the delithiation reaction is 

unable to complete, with some of the Li ions remaining in the Si 

particles. This results in irreversible capacity loss.21 

2.2.2 Methods to overcome the limitations of 
silicon anode   

2.2.2.1 Reduction in size of Si particles   

Great effort has been put into overcoming the limitations caused by the 

Si particles and improving the performance of the battery. It has been 

observed in many studies that reducing the size of Si particles to the 

nanometer range can significantly improve the cycling performance of 

anodes. Nanomaterials have genuine potential to have a significant 

impact on the electrochemical performance of the Si anode, as the 

reduced size of Si particles enables far higher intercalation 

deintercalation rates. In addition to this, the volume change can also be 

buffered after downsizing the Si particles to nano-size. The significance 

of the nano-sized Si on battery performance was demonstrated by 

several groups. Chen et.al.22 have prepared silicon nanowire-based 

battery electrodes that can circumvent these issues. These electrodes 

can accommodate large strain without pulverization, provide good 

electronic contact and conduction, and display short lithium insertion 

distances. They achieved the theoretical charge capacity for silicon 

anodes and maintained a discharge capacity close to 75% of this 

maximum, with little fading during cycling. Wu et.al. have prepared a 

silicon nanotube surrounded by an ion-permeable silicon oxide shell 

which cycles over 6,000 times in half cells while retaining more than 

85% of their initial capacity.22,23  

Extensive research has confirmed that there is a critical particle 

diameter of∼150 nm, below which the particles neither cracked nor 

fractured upon the first lithiation, and above which the particles initially 

formed surface cracks and then fractured due to lithiation-induced 

swelling.24–26 Hierarchically porous Si nanoparticles with amorphous 

structures as an anode for lithium-ion batteries has also shows high 

discharge/charge capacity, high cycling stability, and excellent rate 

performances. The electrodes allow for the controlled expansion of Si 
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and achieve high reversible capacity (2240 mA h g−1@120 mA g−1), as 

well as excellent rate capability and durability.27 

Thus, the nanostructured Si particles introduced several solutions to 

increase the performance of the Li-ion batteries. However, nanosized 

particles face many challenges such as high surface area, high 

manufacturing cost, and handling difficulty. The high surface area 

associated with nanoparticle size may increase the unnecessary 

reactions with the electrolyte, leading to the SEI formation which leads 

to poor cycling life, self-discharge, and high irreversible capacity. 

Furthermore, the higher resistance between the particles leads to poor 

conductivity. Hence, it is necessary to design electrode materials that 

have a critical size of the particles at which the capacity and cycling 

ability of the Li-ion battery is maximum but also have a low 

manufacturing cost. This approach has been employed in several studies 

but there is no commercially viable solution. 

2.2.2.2 Porous structure formation   

Silicon has severe drawbacks as it expands and contracts during cycling. 

This volume change leads to significant capacity loss during cycling. 

The formation of porous structures can significantly reduce this 

problem. The porous structure can accommodate the large volume 

change of silicon during the lithiation and delithiation process. Various 

nano-engineering strategies have been proposed to minimize volume-

related problems using Si nanoparticles, Si nanowires, Si nanotubes, Si-

C porous composites. An architecture consisting of Si nanowires 

internally grown from pores in the etched graphite particles 

demonstrates a high volumetric capacity density of 1363 mAh/cm3 with 

91% columbic efficiency and a high-rate capacity of 568 mAh/cm3 even 

at an extremely high discharge rate of 5C. These composite porous 

graphite structures can provide free space to accommodate volume 

change.28,29  

Mesoporous Silicon sponges have also been prepared by 

electrochemical etching of B-doped Si wafers, which were used to 

minimize the pulverization of silicon. These materials delivered a 

capacity of up to 750 mAhg-1based on the total electrode weight with 

>80% capacity retention over 1000 cycles. 
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Various approaches have been developed to synthesize porous Si and 

have shown encouraging results in terms of high capacity and long 

cyclic life. The capacity ranges from 750 mAhg-1 to 2820 mAhg-1and 

cyclic life ranges from 20 cycles to 1500 cycles. However, this 

performance is dependent on elasticity and porosity, leading to higher 

production costs when compared to low-cost graphite. There is plenty 

of scope to further reduce the production cost while improving cyclic 

performance.29 

2.2.2.3 Polymer binder to prepare composite of silicon   

To accommodate the volume expansion and related problems caused by 

Si particles, various designs of anodes have been proposed with 

different morphology or by insertion of silicon particles into a matrix to 

restrain the volume change of Si. As an alternative solution, recent work 

has shown that the choice of binder plays an important role in stabilizing 

the cycling performance of electrodes for Li-ion batteries. The 

conventional binder used for the preparation of anodes is 

polyvinylidene fluoride (PVDF), a thermoplastic material with poor 

elastomeric properties. PVDF when applied to silicon anode does not 

provide cycling stability due to its linear chain structure. Further, PVDF 

is soluble in volatile, flammable, and explosive N-methyl-2-

pyrrolidone, which causes serious environmental pollution. Thus, it is 

necessary to have an alternative elastomer binder that may have a better 

ability to accommodate the large volume change of Si than PVDF.30 

Studies show that the stiff, brittle sodium carboxymethyl cellulose 

(CMC) binder is more effective in enhancing the capacity retention and 

cycling performance of Si anode than PVDF. Li et al. showed that Si 

electrodes using CMC binder show vastly improved cycling 

performance as compared to the conventional binder, polyvinylidene 

fluoride.29 Bridel et al. proposed that CMC chains can bind to Si via 

covalent or hydrogen bonding depending upon the pH of the mother 

suspension. Instead of a covalent bond between carboxymethyl groups 

and Si surface, hydrogen bonding enables self-healing (i.e., breaking 

and reformation of the bonds). This means that a unique adaptable 

interaction accommodates substantial volumetric modification within 

the cycling electrode while maintaining its electronic wiring and 

integrity. Sodium-carboxymethyl cellulose as a binding agent has also 

shown remarkable performance. The binder´s chemical interaction with 
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the active masses is the major reason for long-lasting reversible lithium 

uptake/release.32 The extended efficiency and cyclic performance of the 

CMC binder can be attributed to its extended conformation in a solution 

that eases the networking process of the conductive additive and Si 

particles. 

The performance of the lithium polyacrylate (Li-PAA) is better than 

CMC binder, and the order of capacity retention is PVDF < CMC < Li-

PAA. However, promising new binders for lithium-ion batteries have 

been used to enhance their performance including polyacrylic acid 

(PAA), chitosan, alginate, gelatin, poly (methacrylic acid), polyvinyl 

alcohol, polyamide, chitosan oligosaccharides. These reports show that 

the choice of binder system plays a vital role in the performance of Li-

ion batteries.30–37 

2.2.2.4 Design of Si-C (graphene) anodes to enhance 

electrochemical performance   

Another major concern that limits the use of silicon in commercial 

batteries arises due to the cracking of these silicon particles. Cracking 

exposes silicon particles to a new layer of solid electrolyte interphase 

(SEI) layer during each charge/discharge cycle, resulting in a thicker 

SEI layer, further degrading capacity and cyclic stability. One way to 

overcome this limitation is to avoid direct contact between silicon and 

the electrolyte by coating the silicon particles with electrically 

conductive material. Carbon-based materials such as graphene, 

nanographite, and reduced graphene oxide (r-GO) have emerged as the 

best alternatives. The flexibility of carbon shells allows the silicon 

particles to expand without rapturing the carbon shells and thus protects 

silicon particles from cracking. Further, it improves electrical 

conductivity.38–41 

However, comparing all these design strategies, owing to the 

uncontrollable volume expansion of silicon, it is difficult for the 

structure of silicon carbon to be completely preserved. Different 

structural designs are often accompanied by the etching of HF, the use 

of template agents, and structures that are not mechanically strong 

enough to be suitable for industrial calendaring processes.42 

Studying these various design strategies to overcome the limitations of 

silicon as an anode material, silicon nanoparticles have emerged as the 
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best alternative due to cost and complexity issues associated with other 

strategies such as porous structure, yolk-shell, and silicon nanowires. 

But to introduce these silicon nanoparticle solutions to a wider market 

it is necessary to further improve the existing methods and develop new 

synthesis techniques with scalability and commercial viability in 

mind.    
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3 EXPERIMENTAL    

In this chapter, the preparation of the materials and the methods used to 

analyze the materials are explained.   

3.1 Materials   

In Paper 1 nanographite (NG) was synthesized by a large-scale tube 

shear process that allows high volume and low-cost production of 

nanographite-based devices and used as it is without further 

modification. NG is a mixture of graphene, multilayer graphene, and 

graphite nanoplatelets, and particles are below 100 nm in thickness. 15 

Si powder, with particle size ~1 μm, was obtained from VestaSi Europe 

AB, while PVA (polyvinyl alcohol) (average molecular weight: 9000–

10000) and sodium alginate were bought from Sigma Aldrich.   

In Paper II nanographite (NG) was synthesized by the same process as 

in Paper I and used as it is without further modification. Sodium alginate 

and Si powder (particle size ∼100 nm) were obtained from Sigma 

Aldrich.   

3.2 Preparation of Anode Material     

In a typical procedure, Si was dispersed in a polymer under vigorous 

stirring. The polymers have an adhesive quality with high mechanical 

strength and form a gel-like structure when dissolved in water. 

Exfoliated nanographite was then added to the suspension and stirred to 

form a Si/NG suspension. The suspension was stirred with continuous 

heating at 90 °C using a magnetic stirrer to form Si-nanographite 

hydrogels. The hydrogels were finally heated in a tube furnace at 800 

°C for 2h in a nitrogen atmosphere to form the Si-nanographite aerogels 

(SNGA).18,19  

3.2.1. Coating method (doctor-blading)   

For anode materials to be coated onto a flexible metallic foil, the 

standard doctor blading method was chosen due to its simplicity of 

operation and usage. Eventually, that will help us develop an easy, cost-

efficient, and potentially scalable manufacturing process. This method 

allows for the formation of thin films with a well-defined thickness. (30-

40 µm). A sharp blade is placed at a suitable distance from the substrate 

surface that is to be coated. The slurry consisting of SNGA, 
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nanographite, and a binder are then placed in front of the blade that is 

then moved linearly across the substrate. leaving a thin wet film after 

the blade.  

ZPV 2030 by Zehntner Testing Instruments was used to keep copper 

foil fixed with a vacuum and ZUA 2000 Universal Applicator by 

Zehntner Testing Instruments was used to coat the anode material. After 

coating, the foils were dried at room temperature for 24 hours. The 

thickness after drying was measured to be 30 - 40 µm for 1 mg cm-2, 

measured with a Millitast 1083-gauge sensor.   

3.2.2 Half Cell Assembly    

The half cells of these electrodes were assembled in a glove box filled 

with highly pure argon gas (H2O < 0.1 ppm and O2 < 0.1 ppm). Lithium 

metal foil was used as a reference and counter electrode.66 Lithium foil 

of thickness 125 µm from Cyprus Foote Mineral was used as reference 

and counter electrode. The electrolyte used was LP40 i.e., LiPF6 (1 M) 

in a mixture of ethylene carbonate (EC): and diethyl carbonate (DEC) 

in a 1:1 weight ratio. Celgard 2325 with a thickness of 25 µm was used 

as a separator. The specifications for the half-cell are as follows,    

 

 

Figure 4 The schematic of the preparation of the half-cell. 

The schematic of the preparation of the half-cell is shown in Figure 4. 

In a standard procedure, the anode, the separator, and the cathode are 

placed above each other as shown in Figure 4. The electrolyte was 
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added to the separator. Copper foil stripes used as a current collector are 

placed below the anode and above the cathode, making sure that the 

anode and cathode will have proper contact with the current collector 

without causing a short-circuit. This assembly was packed in a battery 

case (prepared using foil consisting of PET 12 µm / Al 9 µm / PE 

100 µm) using Multivac vacuum chamber C100 inside the glove box.   

3.3 Material characterization   

3.3.1 Scanning electron microscope (SEM) and Transmission 

Electron Microscope (TEM)   

The microstructure and surface morphology of the electrodes was 

investigated using a field Emission Scanning Electron Microscope 

(SEM) (FESEM; MAIA3, TESCAN) and a Transmission Electron 

Microscope at 300 kV Tecnai F30. (TEM)    

3.3.2 X-ray diffraction and Raman (XRD) 

Structural characterization was conducted using X-ray diffraction 

(XRD, Bruker D2 phaser). The X-ray diffraction method (XRD) was 

used to examine the crystallinity and phase purity of the electrode 

materials.   

Raman spectra of the samples were obtained using a Raman microscope 

(Horiba XploRA PLUS, laser excitation at 532nm) in a frequency range 

of 50–3000 cm−1.    

3.3.3 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis of SNGA and Silicon was performed using 

the Mettler Toledo TGA-1 instrument to calculate the weight 

percentage of silicon in the SNGA structure. Thermal analysis 

determines physical or chemical changes in a system under 

investigation, as a function of temperature. It is a useful technique for 

the characterization of materials which includes the determination of 

weight loss with an increase in temperature. 

In Paper III the growth of the silicon nanoparticles over the graphene 

flakes was investigated using a field emission scanning electron 

microscope (FESEM; MAIA3, TESCAN). To study the reaction 

mechanism of silicon nanoparticle formation, Thermogravimetric 

analysis-Mass spectroscopy (TGA-MS) was carried out for this slurry 
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mixture in both the nitrogen atmosphere and argon atmosphere. The 

studies gave us information about the gases released during the heating 

process.   

3.3.4 Electrochemical measurement   

A cyclic voltammetry (CV) experiment involves the scan of a range of 

potential voltages while measuring current. It shows the number of 

different oxidation states. In the CV experiment, the potential of an 

electrode is scanned from a predetermined starting potential to a final 

value and then the reverse scan is obtained. This gives a 'cyclic' sweep 

of potentials and the current vs. potential curve derived from the data is 

called a cyclic voltammogram. In this thesis, cyclic voltammetry (CV) 

tests were performed between 0.01 and 2.0 V at a scan rate of 0.1 mV 

s-1 using a Versastat4 Potentiostat. Galvanostatic charge-discharge tests 

of the cells were performed using a LabVIEW-based PXI system.   

Electrochemical impedance spectroscopy (EIS) is a widely used 

experimental method in electrochemistry. This technique uses an 

alternating current. EIS experiments typically vary the frequency of 

application across a range of MHz and kHz. The relative amplitude of 

the response and time shift (or phase shift) between the input and output 

signals changes with the applied frequency. In general, the change in 

semicircle diameter of an EIS curve indicates the change in charge 

transfer resistance that eventually is responsible for the intercalation of 

lithium ions. In the present thesis, EIS measurements were performed 

within the frequency range from 0.01 Hz to 1 MHz at an amplitude of 

10 mV using a Versastat4 Potentiostat.   
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4 RESULTS    

4.1 Paper I 

Silicon nanoparticles are created from silicon powder in a 

simple one-step thermal heating process.   

In Paper I, my colleagues and I have investigated if we could devise a 

simple method to prepare silicon-graphene anode material for lithium-

ion batteries.   

Silicon has immense potential to increase the battery capacity but 

problems such as volume expansion and non-conductivity, and the 

formation of the SEI layer need to be addressed. A possible solution to 

overcome these limitations is to use silicon nanoparticles. Research has 

led to many high-capacity silicon nano-solutions; however, they do not 

have the potential to go beyond a laboratory-scale demonstration to 

meet the high-volume demands of the industry.   

We have developed a novel method, which is scalable, using a simple 

thermal treatment of low-cost silicon powder and nanographite, 

resulting in a composite where silicon nanoparticles are grown on the 

graphene surfaces.  In this novel method we mixed silicon powder, 

PVA and nanographite in water and simply heat treated the composite 

in a tube furnace to form silicon nanographite aerogel (SNGA). The 

idea behind preparing the aerogel structure with the heat treatment was 

to create a porous structure that can create enough void space that can 

allow silicon particles to expand without cracking. Interestingly, when 

we analyzed the SNGA structure in the SEM, we discovered silicon 

nanoparticles attached to the nanographite flakes.  The electrodes were 

then prepared by mixing SNGA, nanographite and a sodium alginate 

binder.    
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Figure 5 SEM and TEM images of the electrode.19 

SEM images of the said electrode structure are shown in Fig 5, a–c, 

revealing the presence of nanoparticles on the nanographite flakes. To 

further analyze these nanoparticles, TEM images of the electrode 

structure were taken. Figure 5 e shows the TEM image of the SNGA. 

TEM analysis further reveals that, in the electrode structure, the 

nanoparticles covering the nanographite flakes are silicon-based.18  
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Figure 6 TEM images of nanographite aerogel structures.19 

For further comparison, the structure of only nanographite was further 

characterized by TEM. The TEM images of nanographite aerogel 

(nanographite + PVA) structures were taken for comparison (Figure 6). 

From the TEM images, it can be seen that these structures do not show 

the presence of any nanoparticles on the nanographite flakes. This 

shows that silicon undergoes some transformation during the thermal 

heating process to form silicon nanoparticles.   

4.2 Paper II 

Highly stable anode using silicon nanoparticles as a raw 

material    

In paper II, silicon powder from the earlier study is replaced by 

nanosized silicon particles, because even though we achieved good 

specific capacity in our earlier study using larger silicon particles (a 

fraction of these particles is converted to nanosized silicon particles via 

thermal heating), the rapid degradation of specific capacity in later 

cycles was still a major concern. The rapid degradation of specific 

capacity is due to the fracture of larger silicon particles.   

In addition to standard electrochemical studies of CV and charge- 

discharge, electrochemical impedance spectroscopy (EIS) studies were 

also conducted to understand the effect of changed parameters on the 

charge transfer properties. The EIS studies gave some insight into why 

the electrode is so stable. The stable performance of the electrode is 

attributed to a stable SEI layer. 
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Figure 7 Nyquist plot of the AG electrode before the cycle and after 5, 100, 

and 200 cycles.18 

It can be seen in EIS graphs that the semicircle associated with charge 

transfer resistance is of almost the same dimension. The diameter of the 

semicircle is almost similar after 5, 100, and 200 cycles, indicating 

similar charge transfer resistance after all these cycles. This is probably 

due to the thin and stable SEI layer, thus showing excellent cycling and 

rate performance.   

The cycling performance of the electrode at different current densities 

was tested. The discharge capacity of the electrode was much more 

stable, and the capacity fade for the electrode is minimal at different 

current densities and shows stable capacity during each discharge. From 

the earlier study, it is believed that a fraction of silicon microparticles 

are condensed and grow as nanoparticles on the nanographite flakes 

during the thermal heating process contributing to the better 

performance of the electrode, yet a large part of silicon microparticles 

were part of the composite that eventually caused capacity degradation 

after 200 cycles. In this study, we replaced silicon powder with silicon 

nanoparticles and obtained much more stable cyclic performance, 
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showing the need for better conversion efficiency of silicon powder to 

silicon nanoparticles.   

In these studies, we also replaced PVA with sodium alginate to form the 

aerogel structure (Si nanoparticles + NG + Sodium alginate) and 

followed the same thermal heating procedure to prepare the aerogel and 

then followed the similar procedure to prepare the electrode. The SEM 

images of this electrode revealed another interesting phenomenon, we 

do not see any silicon nanoparticles attached to the nanographite flakes 

when we replace PVA with sodium alginate and follow the thermal 

heating procedure, essentially strengthening the critical role of PVA in 

the formation of silicon nanoparticles in our first article. This further 

supports our theory of PVA decomposition and reaction with silicon 

powder in an inert atmosphere to form gaseous silane.18 19  

We have demonstrated a novel method for the scalable growth of silicon 

nanoparticles over nanographite flakes with gas-phase condensation for 

high-performance Li-ion battery anodes.   

4.3 Paper III   

A Novel CVD method for the growth of silicon nanoparticles 

over nanographite flakes with gas-phase condensation for 

high-performance Li-ion battery anodes 

The focus of this thesis is to devise a simple and scalable method to 

manufacture a silicon-graphene anode. The earlier two articles gave us 

some idea about the nanoparticle formation via the thermal heating 

process (Paper I) and the necessity of silicon nanoparticles for the 

stability of the electrode (Paper II), but the next step toward the 

industrial scalability of this silicon graphene composite is to gain a 

fundamental understanding of the thermal heating process that creates 

these silicon nanoparticles. 

In this article, an attempt has been made to understand the reaction 

mechanism of silicon nanoparticle formation. As discussed in an earlier 

article, the most likely mechanism for nanoparticle formation is the 

silane route and involves condensation of the gaseous phase of silane 

that forms silicon nanoparticles.   

As discussed in an earlier article (Paper I), one likely mechanism for the 

formation of nanoparticles is condensation of the gaseous phase of 
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silicon that forms silicon nanoparticles. The detailed study of the actual 

reaction mechanism is still under investigation, but to verify the 

condensation phenomenon the experimental procedure of composite 

preparation was modified, and this is explained in detail below.    

In the initial experiments (Paper I) silicon, PVA, and nanographite were 

all mixed together and then kept in a tube furnace for heating. The 

schematic shown in figure 8 describes the experimental arrangements. 

The first step was to prepare the mixture that was subsequently heated 

in an inert atmosphere at 800℃ to create the aerogel. Further, the 

aerogel was mixed with more graphene and a binder to create the paste, 

the paste was then coated on copper foil to prepare the electrodes. The 

electrode was analyzed in SEM.  

 

Figure 8 Schematic of sample preparation original recipe.19 

To confirm the involvement of gas phase condensation, the composite 

manufacturing process was changed. In a modified process, instead of 

mixing silicon, PVA and nanographite together, silicon /PVA mixture 

was separated from the nanographite; the nanographite was separately 

coated on the copper foil. The schematic in figure 9 describes the 

experimental arrangement. The idea behind the modification is to verify 

the involvement of gas phase condensation. The composite assembly of 

separate silicon/PVA mixture and nanographite were kept in close 

vicinity of each other for thermal treatment in the tube furnace. The 

furnace was then heated to 800℃ in an inert atmosphere. The SEM 

studies of the samples have shown the presence of silicon nanoparticles 

on the nanographite flakes in both the nitrogen and argon atmospheres, 

confirming the involvement of gas phase condensation but also 

signifying that silicon nanoparticles can form in both the nitrogen and 

argon atmospheres.  
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Figure 9 Schematic of modified sample preparation that confirms gas phase 

condensation. 

The next task, and one of the most challenging tasks, is to determine the 

actual reaction mechanism that forms the silicon nanoparticles on 

nanographite flakes. Thus, the study was conducted using TGA-MS 

(thermogravimetric analysis coupled with mass spectrometry) and 

TGA-FTIR (thermogravimetric analysis coupled to Fourier transform 

infrared spectroscopy) to find gases released during the thermal heating 

process. The study was carried out in both a nitrogen atmosphere and 

an argon atmosphere. The results from TGA-MS were crucial because 

they gave us a clear indication of the possible route for silicon 

nanoparticle formation.   

TGA-MS Analysis  

The experimental setup from figure 9 confirmed involvement of 

gasification followed by condensation to form silicon nanoparticles. 

The most likely gaseous compound that can form silicon nanoparticles 

after condensation is silane (see Paper III for references). The TGA-MS 

studies were thus focused on detecting the presence of silane and silane 

derivatives. The TGA-MS results of the Si+NG+PVA, Si+NG and Pure 
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PVA are shown in figure 10 and the peaks detected in TGA-MS with 

possible gaseous compounds are listed in table 1.  

 

Figure 10 a) TGA for the samples Si+NG+PVA, Si+NG and Pure PVA b) Mass 

spectroscopy of sample Si+NG+PVA for sample masses 30,31,32,44 c) Mass 

spectroscopy of sample Si+NG for sample masses 30,31,32,44 d) Mass 

spectroscopy of sample Pure PVA for sample masses 30,31,32,4443,44 
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Table 1 The most probable gaseous compounds released during the 

thermal heating process based on TGA-MS for sample Si+NG+PVA, 

Si+NG, Pure PVA. 

 

Mass  Possible Compound 

18, 28  H2O (Water), N2, CO (Nitrogen and 

Carbon Monoxide) 

30, 31 and 

32 

SiH2+, SiH3+ (Silane derivatives), and 

SiH4 (Silane) 

44 CO2 (Carbon dioxide), CH3CHO 

(Acetaldehyde) 

 

From TGA-MS results depicted in figure 10, we see peaks at masses 

30, 31, 32 and 44. We also found peaks at 18 and 28 which are not 

shown in the figure 10 but are listed in table 1. The mass 18 is related 

to water while the mass 28 corresponds to nitrogen and carbon 

monoxide which is not unexpected to find. The masses 30, 31 and 32 

may correspond to SiH2+, SiH3+ (Silane derivatives), and SiH4 (Silane) 

while mass 44 is related to the carbon dioxide and acetaldehyde. The 

most probable way of silicon nanoparticles formation through gaseous 

phase is via the silane route and the corresponding peaks are observed 

in the TGA-MS. This further strengthened our hypothesis about the 

silane route. 

The TGA curve in figure 10 a clearly indicates that most of the weight 

loss happens in the samples containing PVA while sample without PVA 

does not show any weight loss. Correlating thermal degradation with 

the mass spectroscopy analysis, it is evident that PVA decomposition 

plays a key role in silicon nanoparticle formation. Table 2 gives us a 

brief summery about the possible gaseous compounds released during 

PVA decomposition of which some could help to form silicon 

nanoparticles. Hydrogen-based solution is one possible route for silane 

formation, wherein H2 is released during the PVA decomposition that 

further reacts with silicon powder to form silane gas.  
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Table 2   The most probable gaseous compounds released during PVA 

decomposition that could help silicon nanoparticle formation.  

 

Mass number  Possible compound with Rel. 

intensity  

18  H2O, 100% 

30  C2H6(Ethane), 26.2% 

32 CH3H6 (Methanol), 100% 

44 C2H6O (Acetaldyhyde), 45.7% 

 

As we predicted, the most probable mechanism describing the 

formation of silicon nanoparticles was understood via the silane route, 

but it is challenging to capture the silane peak in TGA-MS. This is most 

likely due to that it is a two-step process gasification followed by 

condensation, thus the silane gas produced during the condensation and 

the amount of gas that reaches the detector are quite limited, making it 

very difficult to detect the gas in TGA-MS. Further studies have 

provided some clues about the possible reaction. 

From the figures 10 b, 10 c, and 10 d it is evident that the decomposition 

of PVA plays a significant role in the formation of silicon nanoparticles. 

To obtain further details on the gasification process that precedes the 

formation of silicon nanoparticles, and the role of PVA in the formation 

of silicon nanoparticles, thermogravimetric analysis coupled to Fourier 

transform infrared (TGA-FTIR) spectroscopy was carried out in an N2 

atmosphere on the samples Si+NG+PVA, and PVA.    

TGA-FTIR Analysis  

TGA-FTIR results of Si+NG+PVA and pure PVA at different 

temperatures is shown in figure 11.  A comparison of the FTIR spectra 

of thermal degradation compounds in the samples Si+NG+PVA (Figure 
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11a) and PVA (Figure 11b) indicates that the samples decompose in the 

same way and thus, the TGA-FTIR results further confirm that 

decomposition is associated with PVA. Further, TGA-FTIR gives the 

spectrum of the remnant which, although quite noisy, matches quite 

well with the spectrum of acetaldehyde. 

 

Figure 11 a) FTIR of Si+NG+PVA at different temperatures b) FTIR of pure 

PVA at different temperatures 

Both TGA-MS and TGA-FTIR results indicate the presence of 

acetaldehyde. Thus, our hypothesis that PVA decomposes into 

acetaldehyde with the release of hydrogen that reacts with silicon 

powder to form silane gas has been strengthened.  
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DSC Analysis  

Differential scanning calorimetry (DSC) was used to complement 

TGA-MS and TGA-FTIR results and to further study phase transitions 

and chemical reactions occurring during thermal heating. The DSC 

curve of the Si+NG+PVA (sample 1) dry, Si+NG (sample 2), PVA and 

Si+NG+PVA+extra Si is shown in figure 12.  

 

 

Figure 12 DSC curve for Si+NG+PVA (sample 1) dry, Si+NG (sample 2), PVA 

and Si+NG+PVA+extra Si 

The sample 1 (Si+NG+PVA) shows a peak at 300℃ while the sample 

2 which is Si+NG shows no peak indicating that the PVA plays an 

important role. The possible reaction mechanism is understood by 

studying the DSC curve of PVA decomposition. PVA undergoes 

pyrolysis, Acetaldehyde is one of the first components that PVA boils 

off in. So perhaps PVA, because it is in water, rather creates ethanol and 

then produces acetaldehyde with H2 release. Traditionally, 

acetaldehyde was produced by the partial dehydrogenation of ethanol:   

CH3CH2OH → CH3CHO + H2   
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The hydrogen then acts as a source for silane production. Silicon 

powder reacts with hydrogen to form silane, and then silane condenses 

to form silicon nanoparticles. Traditionally this reaction happens at 

500℃, but if copper is present copper acts as a catalyst. The reaction 

happens at a much lower temperature in presence of a catalyst (around 

300℃)44 

SEM Analysis  

Our analysis then led to two new experiments, where the first one is 

heating the above-mentioned composite assembly at 300 ℃ and at 500 

℃. In the first experiment nanographite was coated on copper foil and 

then kept in close vicinity of the silicon/PVA mixture for heat treatment, 

(see figure 9), and in the second experiment the copper foil was replaced 

with a ceramic substrate. The samples from both experiments were 

analyzed in SEM, and it was visible that, for the sample on the ceramic 

substrate the nanoparticles were completely absent at a temperature of 

300 ℃ (see figure 13a), but for the sample on copper foil silicon 

nanoparticles were present even at 300 ℃ (see figure 13b).  

 

 

Figure 13 Samples heated at 300℃ a) Sample made on a ceramic substrate 

and b) Sample made on copper foil  

In the case of a temperature of 500℃, the nanoparticles were seen in 

the sample both on the ceramic substrate (see figure 14a) and on the 

copper substrate (see figure 14b). One interesting observation was that 
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for the sample on the copper substrate, the density of nanoparticles at 

500℃ was much higher than the sample on a ceramic substrate. This is 

probably because for copper substrate the reaction starts at around 

300℃, which allows more particles to be formed.  

 

 

Figure 14 Samples heated at 500℃ a) Sample made on a ceramic substrate 

and b) Sample made on copper foil  

To further strengthen our claim, the same experiment was carried out 

but PVA was instead replaced with ethanol. Based on the above 

analysis, ethanol should act as an H2 source, in the same way as PVA 

does, and should create silicon nanoparticles. The SEM analysis of the 

sample prepared with ethanol shows a significant amount of silicon 

nanoparticles attached to nanographite flakes (see figure 15a & 15b). 

Thus, it confirms the reaction mechanism that allows silicon 

nanoparticles to be formed via gas phase condensation of silane. These 

results were clearly in line with assumptions about the silane route and 

further strengthened the reaction mechanism theory.  

The detailed analysis shows, however, that all peaks of the mass 

spectrum are related to the PVA sample and do not show any peak 

associated with silane. As we predicted, the most likely mechanism 

describing the formation of silicon nanoparticles was understood via the 

silane route, but it is challenging to capture the silane peak in both TGA-

FTIR and TGA-MS, most probably because the silane gas produced 

during the condensation and the amount of gas that reaches the detector 
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are quite limited and thus make it very difficult to detect the gas in both 

TGA-FTIR and TGA-MS results.  

 

 

 

 

 

 

 

 

 

Figure 15 a) & b) Sample made on copper foil and heated till 800℃ but 

ethanol is used instead of PVA 

The novel manufacturing process is compatible with industrial-scale 

manufacturing techniques already established for the manufacturing of 

electrodes, offering a possible route for engineering electrodes with 

sustainable performance.   

 

  

a 
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5 DISCUSSION AND CONCLUSION     

In this thesis, we devised a simple and scalable method to grow silicon 

nanoparticles over graphene flakes via a simple one-step thermal 

heating method of pyrolysis. The advantage is that the process involves 

simple thermal heating and uses low-cost raw materials i.e., 

nanographite and silicon powder. Thus, it has tremendous potential for 

large-scale implementation.   

In the initial experiments, we used silicon powder as a raw material. 

The thermal heating process of silicon powder created silicon 

nanoparticles over the graphene flakes. The degradation of the battery 

capacity was still a challenge, mainly because only fraction of the 

silicon powder gets converted to silicon nanoparticles. Thus, in the 

second article, silicon naoparticles were used instead of silicon powder 

as a raw material and PVA was replaced with the sodium alginate to 

prepare the aerogel structure. The motivation behind the changed 

parameters was to study the role of silicon nanoparticles in the stability 

and cyclability of the battery. Interestingly in this case, there is no 

formation of silicon naoparticles over graphene flakes as seen in the 

first article. This gives an indication that the role of PVA is essential    

in the silicon nanoparticle formation.  

To enable industrial scaling, the main challenge was to gain a 

fundamental understanding of the reaction mechanism that forms 

silicon nanoparticles over the nanographite flakes during the thermal 

heating process and to optimize the process parameters. The study 

revealed that the formation mechanism describing the nanoparticles 

involves the condensation of silane gas. The electrode manufacturing 

process is thus further modified to allow silicon nanoparticles to 

condense over nanographite. The nanographite electrode was kept in 

close vicinity of the silicon-PVA mixture and the assembly was then 

heated in the tube furnace. The improved process enabled us to exclude 

the silicon microparticles and only grow the naoparticles over graphene 

flakes.   

From the first article, SEM and TEM results reveals the oxidation of 

silicon nanoparticles. Thermal oxidation of silicon takes place even at 

room temperature. If silicon is exposed to an oxygen or air ambient, 

there is a formation of a thin native oxide layer with 0.5-1nm on the 
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surface. The process of the formation of the oxide layer is quite fast. In 

the condensation process mentioned above, silicon nanoparticles are 

formed with very high surface area and hence, the probability of getting 

oxidation of silicon nanoparticles when the sample is taken out of the 

furnace is high. The properties of Si-SiO2 interfaces are highly 

dependent on how the oxide film is formed. Therefore, it is important 

to study the oxidation of silicon nanoparticles, the composition of 

silicon nanoparticles, its impact on the battery performance and the 

ways to reduce the oxidation. Partly oxidized silicon nanoparticles may 

however also be interesting for the battery application because the 

capacity of silicon oxide (1965 mAhg-1 for SiO2) is still substantially 

higher than graphite.  

The novel manufacturing process is compatible with industrial-scale 

manufacturing techniques already established for the manufacturing of 

electrodes. Despite offering a promising strategy for engineering 

electrodes with low cost scalable process, it still faces some challenges 

to reach the industrial stage.  

The most prominent challenge is then to understand the limits of the 

furnace technique that allows the maximum amount of gas condensation 

on the electrode surface. This will eventually maximize the content of 

silicon nanoparticles in the final electrode.   
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6 FUTURE WORK   

To explore the limits of the process, it would be interesting to continue 

the study of the condensation phenomenon and improve the process 

even further. Another interesting aspect, essential for the commercial 

feasibility of the approach, is to see if we can achieve roll-to-roll coating 

of nanographite composite on a suitable substrate, most likely copper. 

Suppose we can achieve roll-to-roll coating and then try to process this 

roll in the industrial furnace, which will allow silicon nanoparticles to 

condense over the nanographite. It would also be interesting to adapt 

this material by investigating the use of other binder systems.  
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ACRONYMS  

LCO                Lithium Cobalt Oxide  

LFP                  Lithium Iron Phosphate  

LIB                   Lithium-Ion Battery  

LMO                Lithium Manganese Oxide 

NG                  Nanographite  

NMC               Lithium Nickel Manganese Cobalt Oxide 

PVA                Polyvinyl Alcohol 

SNGA             Silicon Nanographite Aerogel Anode 

SEM                Scanning Electron Microscopy 

TEM               Transmission Electron Microscopy 
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